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DISCLAIMER

This report was prepared as an account of work sponsored by an
agency of the United States Government. Neither the United States
Government, nor any agency thereof, nor any of their employees,
makes any warranty, express or implied, or assumes any legal liability
or responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that
its use would not infringe privately owned rights. Reference herein to
any specific commercial product, process, or service by trade name,
trademark, manufacturer, or otherwise, does not necessarily constitute or
imply its endorsement, recommendation, or favoring by the United States
Government or any agency thereof. The views and opinions of authors
expressed herein do not necessarily state or reflect those of the United
States Government or any agency thereof.
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Sunnnary 

The design details of a low-S, D-T fusion reactor based on the 
Tokamak confinement concept is described. Included in the report are 
technological problems that have been assessed or uncovered, whether 
or not detailed solutions are presented. The thermal power output of 
the plant is 5000 MW. The basic structural material is 316 stainless 
steel and the heat transfer medium is lithium. Materials compatibility 
limits the maximum temperature to 500° C implying an electrical output 
of -1500 MW is to be expected. 

e 

The plasma is characterized by an average toroidal beta of .052 

and an average poloidal beta of 1.08. The nominal plasma radius is 
5 meters and the torus radius is 13 meters, giving an aspect ratio of 
2.6. The ion and electron temperatures are 11.1 KeV ffd 11 Kev, 3 respectively, and the average ion density is 0.8 x 10 (D+T) ions/cm . 
The mean particle confinement time is 14.2 seconds and the fractional 
burnup is 7.2%, and the burn time is 5400 seconds. 

The plasma is designed to operate with a double null point, poloidal 
field divertor that is consistent with the small aspect ratio of 2.6 
suggested by optimization studies. The field topology is created by 
superconducting divertor coils outside the main toroidal field magnets. 

The magnetic field at the plasma axis is 3.82 Tesla. The maximum 
field at the superconductor of the toroidal field magnets is 8.66 Tesla. 
This low maximum field is possible because the double-null, poloidal 
divertor allows the toroidal magnets to be reasonably close to the plasma. 
The maximum magnet bore diameter is 20.5 meters. The 8.66 Tesla maximum 
field also allows the use of NbTi as the superconductor, a present-day 
technology choice. The magnets are fully stabilized with copper and 
have a large, 2 cm x 2 cm conductor design. The support material is 
stainless steel and detailed stress calculations have been made to guide 
the magnet design. 

The neutron flux to the first wall gives a neutron wall loading of 
1.25 MW/m2. Radiation induced embrittlement has forced the first wall 
to be designed such that it can be changed every two years. This decision 
is made to ensure against costly brittle failures during operation. Liquid 
lithium is used to cool the UWMAK-I blanket, which is constructed of 
316 stainless steel and operated at a maximum temperature of 500° C. The 
pumping power associated with the lithium coolant is 22 MW, a completely 
reasonable value because of the unique flow design employed. 

Neutron and photon transport calculations indicate the breeding 
ratio in UWMAK-I is 1.49 and the doubling time will be as low as 2-3 _6 
months. The energy attenuation through the blanket and shield is -10 
Detailed heating calculations, based on kerma factors from the MACK program 



(recently developed at Wisconsin), were performed and reveal that the 
energy amplification of the blanket is -17%. It is found that 16.55 
MeV of energy is produced per 14.06 MeV neutron incident on the blanket. 
Thus, the total energy per fusion reaction, including the 3.52 MeV 
alpha energy is -20 MeV. This is in contrast to values of 22-27 MeV 
which have commonly been used in computing power output for fusion 
plants. The shield behind the blanket is composed of Pb, and B4C with 
stainless steel structure. Helium gas is used for cooling the shield. 

It is shown that radioactive stainless steel corrosion products, 
in large amounts up to 2500 Kg/year, must be removed from the coolant 
to avoid maintenance problems. Tritium is separated from the lithium 
coolant via yttrium traps. The afterheat and radioactivity at shutdown 
after ten years of operation are 32 MW

3 
and 1.6 x 109 curies, respectively. 

These values drop to < 1 kW
T 

and< 10 curies after 100 years of storage. 

Detailed power cycle, safety, environmental impact, architectural 
and economic studies of UWMAK-I are not included here and will be described 
in a subsequent report. 



Preface 

The purpose of this report is to present a comprehensive view 
of the _Qniversity of �isconsin Tokamak Reactor Design, UWMAK-I. This 
report does not, and cannot, contain all of the detailed thoughts and 
calculations that are behind this reactor concept. Such details appear 
in UWFDM's (University of Wisconsin Fusion Design Memos) which are 
liberally referenced throughout the text. 

It is quite possible that some of the numbers or ideas expressed 
here may have to be changed in the first few months after this issue. 
Therefore, we have tried to make each chapter as self-consistent as 
possible so that pages can be removed and inserted without disrupting 
an orderly numbering sequence of tables, figures, references, etc. in 
other chapters. The reader will note that each copy of this report is 
numbered and periodically replacement pages will be sent to the owner 
to update this report. 

Four parts of the UWMAK-I analysis were not completed by the 
printing of this report; power cycle, building design, economics and 
environmental impact. These sections should be finished by the middle 
of 1974 and will be the subject of another report. (Vol. II, UWFDM-68) 

Several of our colleagues must be acknowledged for their support, 
stimulation and encouragement in the writing of this document. We wish 
to express our appreciation to Professors Kerst and Symon of the University 
of Wisconsin Physics Department, Dr. H. K. Forsen of Exxon Nuclear 
Company and Professor M. W. Carbon, Chairman of the Nuclear Engineering 
Department of the University of Wisconsin. 

The preparation of this report represented no small task and we 
must commend several people for their skill, patience and dedication in 
the assembly of this document. Mrs. Connie Linehan did a remarkable job 
of typing the report and coordinating the secretarial activities. She 
was ably assisted by Mrs. Suzan Steindorf. Mr. Ralph Brittelli, the 
project admistrative assistant, and Chi-Kin Lin provided invaluable 
support for the final assembly and presentation of the ideas in this 
design. Other graduate students which in one way or another contributed 
to this project include Mr. Max Sherman, Mr. William Weber and Mr. Bruce 
Yeazell. 

We enthusiastically acknowledge the financial support received from 
the Wisconsin Electric Utilities Research Foundation and the USAEC Division 
of Controlled Thermonuclear Research. Without their help and encouragement 
we would not have been able to pursue this very important study. 

G. L. Kulcinski, Director 
Fusion Feasibility Study Project 

R. W. Conn, Associate Director 
Fusion Feasibility Study Project 
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I. Introduction 

1 

The recent advances in magnetic confinement of hot plasmas have 
generated considerable optimism regarding the prospects of generating 
electrical power from the controlled fusion process. Much of this 
optimism is based on the success of the Tokamak confinement concept. 
Given these steps forward, it is proper and timely to begin serious 
studies of the technological aspects of power generation from the 
fusion process. In 1972, a group of SGientists and engineers at the 
University of Wisconsin initiated a design study of a large electrical 
power generating station based on the Tokamak concept and fueled with 
deuterium and tritium. The goal has been to develop a self consistent 
study from the standpoint of plasma physics, neutronics, materials, 
magnets, power cycle, environment, resources, and cost. In this paper, 
we summarize the design features of a 5000 MWth D-T Tokamak conceptual 
power reactor called UWMAK-I (Qniversity of !'{_isconsin Tokamak) . A much 
more detailed descriQtion of this study is described in a University 
of Wisconsin report. (!) 

II. Details of the Conceptual Design 

The UWMAK-I is based on the Tokamak confinement concept (2) and 
has been designed with the philosophy that decisions should be made, 
whenever possible, on present-day technology capabilities. This means 
invoking as little extrapolation of present-day capabilities as is 
possible. The goal has been to perform a scoping study in sufficient 
detail to uncover potential technological problems that may be important 
as the CTR effort increases and the goal of fusion power comes closer. 

The basic power parameters of UWMAK-I are sunnnarized in Table 1. 
The reactor operates with a D-T plasma and has a double-null, axisymetric 
poloidal divertor. Overall views of the plant are shown in Figures 1 & 2 

and a detailed cross section view of the reactor is shown in Figure 3. 

The reactor has been sized by optimizing the cost per unit power 
in a S-limited system, where the costs are assumed to scale as the 
magnet costs. Constraints imposed by an air-core transformer with 
superconducting windings have been included. From these studies, the 
power output from UWMAK-I is set at 5000 MWT, The aspect ratio is 
2.6 with the wall loading limited to 1.25 MW/m2 by radiation damage. 
The minor radius is determined to be 5 meters and the torus major 
radius, 13 meters. 

Reactor startup makes use of an air-core transformer with super-
conducting windings, a configuration most consistent with the small aspect ratio 
demands of cost optimization. The transformer and divertor coil currents 
are programmed to rise with the plasma current producing a time changing 
flux through the plane of the plasma. For UWMAK-I, the divertor actually 
provides 60% of the flux needed to energize the plasma current so that the 
transformer proper need provide only 40%, The current in the plasma rises in 
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FIGURE 3 

Cross Section View of UWMAK-I Fusion Reactor 
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a controlled manner to its operating value of 20. 7 Mamps in 100 seconds. 
A total of 430 volt-seconds are required to energize the plasma current. 
After the poloidal field of the plasma current soaks through the 
surrounding structure, the core flux is held constant if there is a 
bootstrap currentC3) , However, this has not been assumed. Rather, the 
resistivity has been assumed to be anomolously high by a factor of 
3 , 5  relative to the Spitzer resistivity. This implies an extra 330 
volt-seconds for a 90 minute burn time and a total volt-second 
requirement of 760. 

The operating cycle of UWMAK-I is given in Table 2. The burn 
time of 5400 seconds (90 min. ) compares with a total recharge time of 
390 seconds (6. 5 min,) , This gives a duty factor of 93. 3% for the 
operating cycle. However, the plant factor is closer to 80% when 
scheduled outages are included. This is discussed shortly. 

Plasma heating to ignition is via the use of neutral beams. Ohmic 
heating alone is insufficient. Neutral beams of 500 KeV injected 
tangent to the magnetic axis, penetrate the UWMAK-I plasma when a low 
density startup is used. (Initial ion density on axis is 3 x 1013/cm3. )  
With tangential injection, all ionized neutrals are on circulating orbits. 
The profile of power deposition per plasma particle is peaked on axis. 
The beams are turned on innnediately after the plasma current has risen 
to its final value. Using 500 KeV beams and 15 MW of power, the plasma 
ignites in 11 seconds, Faster startups can be achieved by using more 
power but this is not advantageous in UWMAK-I. In the 500 KeV beam 
case, 99, 5% of the beam is trapped in the plasma. Thus, neutral beam 
heating appears to be an effective way to ignite a large, power 
producing reactor such as UWMAK-I. The injection geometry and a graph 
of power deposited per plasma particle by a 500 KeV beam versus radius 
is shown in Figure 4. A table of beam power and associated times to 
ignition are given in this figure. 

The neutral beam heating is to be accomplished using 10 deuterium 
atom beams and 10 tritium atom beams. The 500 KeV D 0 beam is produced 
by starting with a 1. 5 KeV n+ beam produced in a scaled version of the 
duopigatron. To produce the 1. 5 amperes equivalent of deuterium atoms, 
a 2. 14 ampere negative deuterium ion beam is required. This beam is 
produced by passing a 1. 5 KeV deuterium beam through a series of cesium 
gas cells and accelerating D- in this way. The 500 kV acceleration 
requires five electrodes with 2125 aligned 3 nnn holes on 19. 5 cm diameter 
electrodes. The sources discussed in reference 1 represent an extrapola
tion of existing technology, especially as far as beam power and pulse 
length are concerned. Also, the area of negative ion sources is still 
in its infancy and the 19. 5 cm size of the electrodes is a considerable 
increase of existing sources. 

Once ignited, the plasma is assumed to rise in �10 seconds to the 
operating conditions listed in Table 3. If the scaling is quasi
classical (that is, the diffusivity varies as T-1/2 but contains an 

-
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TABLE 2 
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SEQUENCE FOR UWMAK-I 
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GAS BREAKDOWN) CURRENT RISE PHASE 

OHMIC HEATING 

HEATING BY NEUTRAL BEAM INJECTION TO IGNITION 

INCREASE TO FULL POWER FROM IGNITION 

THERMONUCLEAR BURN) PELLET FUELING 

PLASMA COOL DOWN BY IMPURITY INJECTION 

SHUTDOWN PLASMA CURRENT AND REVERSE 

TRANSFORMER AND DIVERTOR COILS 

EXHAUST CHAMBER 

COMPLETE CURRENT REVERSAL IN TRANSFORMER 

PURGE RESIDUAL GAS - REFILL WITH FRESH 

(D+T) FUEL 



8 

LOW-DENSITY STAR T UP WITH NEUT RAL BEAMS 

0 

BT - 38.2 KG 

13m 

BEAM 
PATH 

EXAMPLES: 

1.0 

POWER 
DEPOSITED 

per 
.5 

PLASMA 
PARTICLE 

n( o) - 3 x IO 
1 3 IC m3 

0 

500 Kev BEAM 

r 
a 

.5 

P OWER (MW) Tl ME T O  IGNITION ( sec) 

15 11. 0 

30 5.3 

50 3.6 

75 2.2 

Figure 4 

1.0 



9 

PLASMA PARAMETERS 
( Un sta b I e Equ ilib r ium Point ) 

Tions = I I. I Ke V 

T8 1 = 11.0 KeV 

i'iD+T=0.8 x I014tcm3 

iia = .0295 x I014/cm3 

i='c = 14.2 sec 

Conf inement Spoiling 
Factor = 450 
Zeff = 3.5 

q (a) = 1. 75 

a = 5 m  

R = 13 m 

rw= 5.5 

A= 2 .6 

a:= 38 .2 KG 

88 (a) = 8.4KG 

Plas ma Vol. = 6400m3 (nominal) fb = 7.2 °/o 
n Tc = 11. 35 x 10'4sec- cm-3 Chamber Vol. =7750m3 (nominol) 
P8 = 1.01 

Pt1, = .052 

Table - 3 

Wall Area = 2830m2 (nominal 

14, = 21 x 106 Amp s. 
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anomalous multiplicative coefficient relative to the classical value 
of the diffusivity, ) then plasma operation under these conditions (2) 
is thermally unstable and requires feedback control. Pseudoclassical 
and neoclassica1 (5) diffusivities are cases in point. The anomalous factor, 
S = 450, in Table 3 is relative to the neoclassical value (5) of Di 
at the plasma conditions listed. The confinement time has been obtained 
from T = a2/4D�. We have suggested this operating mode because the cost 
of the transformer, divertor and main toroidal field coils are 55% less 
than for operation at a thermally stable equilibrium. (A comparison 
of selected parameters between thermally stable and unstable equilibria 
are given in Table 4. ) The main toroidal magnets are estimated to 
cost $83 million and the transformer and divertor coils $70 million. 
The power supply for the transformer and divertor coils is -$66 million. 
Thus, a 55% increase in these costs would imply an additional 120 
million dollars. It is argued that this is more than sufficient incentive 
to consider operation in a thermally unstable condition using feedback 
control, should some form of quasi-classical scaling prevail. 

The UWMAK-I design impose� a conservative limit on s8 of one. 
Present experiments achieve a S8 of about one-half and the recent, low
aspect rati£, MHD equil:_ibrium studies of Callen and DoryC4) give, as a 
best case, s� -. 1 and Se-2 · F£r UWMAK-.!_, we have chosen values inter
mediate between these and set s8-1 and s�-.os. 

To achieve favorable operating conditions with quasi-classical scaling, ene 
losses fron the plasma have to be increased via the addition of 0.95% argon 
impurity atoms. Further, as noted above, the average confinement time of -15 sec 
is 2 orders of magnitude shorter than is predicted by neoclassical theory. 
Such reduction in confinement time, relative to neoclassical scaling, 
is required to both achieve a favorable power balance at Ti= 11. l KeV, 
as listed, and to remove spent fuel (a-particles) so that a respectable 
(D+T) ion density can be maintained. For these operating conditions, 
the plasma is a low S (Bm=0. 052, s8=1. 07) , low field (B 0 = 3. 82 Tesla) 
reactor producing 5000 MW

T
, based on a total of 20 MeV ter fusion event. 

If the bootstrap current exists, the plasma is assumed to operate at 
these conditions until impurity buildup from wall erosion (because the 
divertor is not 100% efficient) , causes excessive losses and requires 
shutdown and restart. Otherwise, the burn time, determined by available 
core flux, is 90 minutes. 

The method for producing the desired operating confinement time, density, 
and temperature remains an unsolved problem. Recently, we have analysed 

(6) plasma operation in UWMAK-1 assuming the dissipative trapped ion instability 
governs the transport. It is possible to produce thermally stable 
plasma equilibria in.the optimal, 12-16 KeV, ion temperature range at 
plasma currents of about 15 M amps and confinement times of approximately 
2 seconds. This short T will place a significant burden on the system 
divertor and on the fueling requirements. These possibilities will be 
discussed in a future paper. 
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PLASMA PARAMETERS for UWMAK-1 

Ps = 1.oa �. • .052 

A = 2 .6 ; q(a) • 1.75 

THERMALLY UNSTABLE 
EQUILIBRIUM 

THERMALLY STABLE 
EQUILIBRIUM 

(Based on Anomalous C lassical  Sca ling) 

11 28 

.8 X 10 14 .367 X 1014 

7.2% 42% 

14.2 61 

s; (Tesla) 3.82 4.7 3 

RELATIVE MAGNET 

COST FACTORS 1.0 

BURN TIME - 90 minutes 

Table 4 

1.55 
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The plasma characterized in Table 3 is assumed to be fueled during 
operation by injecting solid (D+T) pellets to make up for losses due to 
fusion and diffusion. The use of neutral beams for this purpose is highly 
questionable. Beam pene§ration is more difficult at the peak operating 
density of 1. 2 x 1014/cm and further, the leakage rate of 3. 6 x 1022 (D+T) 
ions/sec means that -3000 MW of power are required when 500 KeV beams are 
used. Higher energy beams i�ply even larger power requirements and are 
clearly not economical. Fueling is therefore assumed to be via pellet 

6 injection, using either 20 micron radius pellets at the rate of 20 x 10 
pellets per second or, if larger pellets are feasible, 2 mm radius pellets 
at 20 pellets per second injection rate. The former requirements are closer 
to current technology, assuming the plasma can withstand pellet injection in 
the first place. 

The method for injecting such pellets to speeds sufficient for pene
tration of the plasma is a difficult, and essentially unsolved problem. 
The reason is that, based on ablation rates for single pellets, millions 
of volts of accelerating potential appear to be required to achieve the 
required pellet velocities. Given the inherently large power requirements 
of neutral beams for fueling purposes, the area of pellet acceleration 
and injection requires much further study. If it is possible to inject 
pellets in the 10-100 micron size and achieve penetration, then the fuel
ing picture changes. In this case, the technology of pellet manufacture 
and acceleration may be at hand. Experiments to be performed by 
Hendricks(?) on ATC should indicate, first, if the penetration depths 
required can be achieved and, second, whether pellet injection and 
the ablation process has a detremental effect on plasma confinement. 

We note that if Tokamaks have confinement times of -10 seconds, 
they will require fueling for economical operation. The main reason for 
this is the relatively long start-up times required by Tokamaks to 
reduce the stored energy requirements to acceptable levels. For example, 
a 100 second start-up time in UWMAK-I requires an energy storage unit 
of -20 MW-hr and a peak power requirement of -1000 MWe during that phase 
of the cycle. 

UWMAK-I utilizes a double neutral point poloidal divertor generated by 
superconducting coils outside the toroidal D-m.a.gnets. The coil locations, 
currents, and separatrix (plasma boundary) are shown in Figure 5. The particles 
diffusing from the plasma are collected by a flowing lithium surface with 
a trapping efficiency of 96%. The lithium flows down the face of a stainless 
steel plate, under gravity alone, and the flow rate of 10 kg/sec is such 
that no additional cooling of the backing plate is required. This is shown 
in Figure 6. 

The use of a double null divertor is consistent with the low aspect 
ratio design suggested by optimization studies. It also allows the magnets 
to be closer to the plasma so that the maximum field at the superconductor 
of the main toroidal field magnets is 8. 66T for 3.82T on axis. This means 
one can choose NbTi as the superconductor, a present-day technology choice. 
The difference between a double null and single null divertor in plasma 
shape is shown in Figure 7. The single null requires the magnets to be 
further from the magnetic axis and thus require a higher maximum field to 
produce the same field on axis. It also requires more core space so that 
it may require a larger aspect ratio. 
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Each sector of the torus is to contain a complete vacuum system composed 
of eight 75 cm aperture mercury diffusion pumps and sixteen cryopumps. 
Half of the cryopumps are in operation at any given time, the other half 
are free for degassing. This system is backed by Roots blowers and a mechanical 
forepump and, in conjunction with the lithium collector surfaces, provides 
a pumping speed of 2. 6  x 108 l/sec and a base pressure of 10-5 torr. 

The main toroidal field magnets are superconducting using NbTi cryogenically 
stabilized with copper. We have concluded that such fully stabilized magnets 
are the most feasible and that there is no need for unstabilized magnets. 
The NbTi filaments are contained in a large 2 cm x 2 cm conductor and 
the conductor is mechanically mounted, not loosely wound. Winding with 
wire or tape is impossible for such large bore magnets. A list of the 
magnet characteristics are given in Table 5 and some of the unique features 
of the UWMAK-I magnets are sunnnarized in Table 6. It is concluded that 
gross current densities of -1000 Amps/cm2 are high enough for at least 
24T and that there is therefore no reason for the magnets to be unstable. 
Unstable magnets save only on the copper and would require a more expensive 
filament design. 

The maximum attainable field at 4. 2° K is 8. 66T. By pumping on the 
helium, it is possible to get 10. 7T at 1.8 ° K, still with NbTi superconductor. 
Thus, even operation at the plasma point requiring 4. 73T on axis (as 
would be the case for the thermally stable plasma point in UWMAK-I) 
does not require new superconductor development. It is felt, however, 
that new conductor fabrication technology is required since wire and tape, 
which are now available, are unsuitable for large bore magnets such as 
will be required in CTR plants. To date, no large conductor production 
lines are known to exist. 

The magnet support material is stainless steel and detailed stress 
calculations, such as those shown in Figure 8, have been made to guide 
the magnet design. An adjustable shape, constant tension design has 
been evolved which has a characteristic "D" shape with a high average 
stress in the structure. A disc design is employed which uses cooling 
on both sides (the conductors are embedded on both sides of the disc). 
The "D" shaped discs provide a solid mounting skeleton for the conductor, 
and provides the best structure since steel is as close as possible to the 
conductor. 

Radiation effects in the copper can be readily countered by adding 
more stabilizer material so that shielding design is governed by heat 
deposition and refrigeration costs in the magnets. The latter costs are 
low, -$9 million. 

The supply of helium is a potential problem area. 
requires 250,000 liters with 200, 000 liters in storage 

hours of operation during a refrigerator malfunction. 

The magnet system 
to allow for 24 
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UWMAK- 1 M AGNET CHARACTERI STI CS 

M IN I MUM BORE D IAMETER 1 4 .  8 meters 

M AX IMUM F IELD AT SUPERCONDUCTOR 8 .66T 

SUPERCON DUCTOR 

STAB I L I Z ER 

SUPPORT MATER I A L  

MAX IMUM STRESS I N  STEE L 

MAX I MUM STRA IN  I N  COPPER 

TOTAL AMPS PER CONDUCTOR 
CONDUCTO RS PER D I SC 

D I S CS PE R M AGNET 
N U M BE R  OF M AGNETS 

G RO SS CUR RENT D E N SITY 

Ta bl e 5 

Nb Ti 

C u  

S. S. 
kgf 

4220 -2 (60,000 psi )  at cm 4.2 o K  
. 002 

102 12 AMPS 

60 

34 
12 

1 3 18 AMPS /cm2 
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UN I Q UE UW MAK - I  MAG NET FE ATURE S 

I .  FULLY STAB I L IZED  MAG N ET ( COPPE R ) 

2 .  N b T i  SUPE RCO N DUCTO R  F I L A ME NT S I N 

L ARGE 2 cm x 2 cm CO N DUCTO R  

3.  FO RGE D ,  PANC AKE DE SIG N 

4 .  DE S I G NED TO 2/3 Y I ELD PO I NT of ST.  STEEL AFTE R 
DETAI LED  ST RE SS A N ALY SI S 

5 .  ADJUSTABLE SH APE ,  CO N STANT TE N SIO N  DESIG N 

6. MATE R I ALS A ND M AG NET CO N ST RUCT IO N  COSTS 

a. N b T i  5 °10 d .  Fabr icat ion 
a Asse mb ly  4 1 °/o 

b .  Cop per 22 °/o 
e .  Refrigeration 4 °10 

C. St .  Stee l 28 °/o 

To b i e  6 
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F IG. 8 
STRESSES I N  UWMAK- I MAGNETS 

4 220 kgf/c m 2 

(60,000 PSI)  

STRE SS I N  
316 S.S. 
DISCS 

' ' 
I NSIDE OUTSIDE 
SURFACE SURFACE 

D ISTRIBUTION ACROSS DISC 
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The power supply for the transformer and divertor coils is a major 
cost item and has not yet been designed in detail. However, energy 
storage for 100 second pulses will probably be via superconducting magnets. 
Preliminary estimates reveal that a 18 MW-hr unit coupled with a Graatz Bridge 
would be require,d. 

The blanket of UWMAK-I is shown schematically in Figure 9 and the 
operating characteristics are listed in Table 7. It is 73. 5 cm thick 
and separated from the 77 cm thick magnet shield by a 1 cm vacuum gap 
to allow for thermal insulation. 

The coolant, moderator, and breeding material is lithium. The 
general flow pattern of the Li in the heat removal cells is shown in 
Figure 10. The lithium enters the reactor at 283° C and leaves at 483° C. 
This relatively low temperature is dictated by the corrosion rate of 
Li on the structure material, 316 stainless steel (SS) . The maximum 
operating temperature of the 316 ss is limited to <500° C and this means 
that 1500-2500 kg of metallic corrosion product must be removed from the 
primary lithium circuit per year. The coolant cleanup is necessary to 
avoid plugging the primary heat exchanger and high radioactivity levels 
in thR maintenance areas. The maximum pressure in the Li coolant is 
28 kg f/cm2 at the reactor inlet and drops to 21 kgf/cm2 at the first 
wall of the blanket. The total power required to pump the Li is 
22 MWe, or -1. 5% of the plant output. This number is quite low due 
to the present design which reduces the average coolant velocity and 
avoids excessive eddy current losses. 

The structural material chosen for UWMAK-I is 316 SS. This choice 
is consistent with our design philosophy to use present day technology 
whenever possible. The steel industry has a long established record of 
providing large quantities of high quality fabricated components. Recently, 
the quality assurance procedures of the industry have been upgraded 
further to produce nuclear grade components for the LMFBR program. There 
is a wealth of thermal, mechanical, chemical, neutronic, physical and 
economic data on 316 SS both in liquid metal and irradiation environments. 
No such data exists for refractory metals nor is there an established 
industry for these metals at the present time or in the foreseeable future. 
The choice of 316 SS does limit the operating temperature to 500 °C because 
of corrosion, but if that were not the case, a maximum temperature of 
650 ° C could not be exceeded because of excessive creep. Hence, our 
design philosophy has been to limit the 316 SS temperature to <500 ° C 
at all points in the reactor. Such a decision means that the efficiency 
of the reactor will probably be limited to -30%. The maximum stress in 
the 316 SS is calculated to be about 914 kgf/cm2 at the first wall . 

The first wall of the UWMAK-I blanket has been designed to be replaced 
every two years because of radiation induced embrittlement. The first 
20 cm has been arranged in sections such as shown in Figure 11. These 
sections have been designed so that they are easily removed and a new 
section replaced in suitable hot cell facilities. The decision to replace 
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BLANKET ANO SHIELD CHARACTER IST ICS 

DIMENSIONS 

BLANKET 73.4 cm 
VACUUM GAP 1 .0 cm 
SHIELD 77.0 cm 

BLANKET COOLANT- L ITH IUM 

PRESSURE 28. 1 l(gf 
2 (400os i a )  

Tin 283°1:m 

- ------ -----

Tou_t__ 483 ° c 
_ PUMP I NG __ POWER ---------------l --22 MW8 

srRUCTURE -
Tmax 
MAX I MUM STRESS -- -----
CORROS ION  � ---- RATE 

FIRST WALL -

,__ __ LIFETIME 
NEUTRON WALL LOADI NG 
HEAT LOAD 

SH IELD -
COMPOSITION 
COOLANT 

Ta b l e  7 

I 316 STAINLESS STEEL 
500° C 

1 9 1 4  ��f2�3.000 DS i )  
i 1500- 2500 Kg /yr ,- - · -- ---

2 yeors 
1. 25 MW / m2 

12.5 watts I cm3 

84C. Pb. 316 SS 
He, 50 atm , 200° c 



FIG. 10 ISOMETRIC VIEW OF 
UWMAK-I HEAT 
REMOVAL CELLS 
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this wall every two years causes a -6% reduction in the plant factor. 
Approximately 500, 000 kg of 316 SS must be removed and disposed of each 
time the entire heat removal cells are replaced. 

A complete plan for reactor disassembly has been developed and 
included in the overall plant layout. The reactor torus has been divided 
into 12 modules which can be disassembled and withdrawn into the module 
repair track (Figure 2 , 3). Figure 12 shows an isometric view of one 
module on its motorised vehicle. This module will be transported to 
a hot cell where the heat removal section (including the first wall) 
can be safely removed and replaced. The details on the blanket and 
shield disassembly can be found in Reference 1. 

Finally , the shield composed of layers of B4C and Pb and cooled 
with helium gas. (Figure 9) The former materials are used to slow down 
and absorb thermal neutrons, and absorb the high gaIID11a fluxes from the 
blanket. The total heat generated in the shield is 50 MWT

, 

Neutron and photon transport calculations give a breeding ratio 
in UWMAK.-I of 1.49 with a doubling time on the order of 2-3 months. 
(Table 8) The tritium breeding is likely to be adequate for all un
certainties in nuclear data or design. The energy attenuation through 
the blanket and shield is -4 x 10-6. Detailed heating calculations , 
based on kerma factors from the MACK programC8), were performed and 
reveal that the energy amplification of the blanket is -17% , Figure 13 
outlines the steps in performing the heating calculations and indicates 
the computer programs utilized. It is emphasized that with MACK and 
LINK ,  a self-consistent analysis has been performed that accurately 
conserves energy. It is found that 16.55 MeV of the energy are produced 
per 14.06 MeV neutron incident on the blanket. Thus , the total energy 
per fusion reaction, including the 3.52 MeV alpha energy ,  is 20.08 
MeV. This is in contrast to values of 22-27 MeV which have been used 
in computing power output for fusion plants. The physical reason for 
this relatively low energy amplifications can be seen in Tab le 9. Here , 
an integral energy balance test which uses Q-values and reaction rates 
only, gives 19.92 MeV per fusion. Comparing with the 20.08 obtained by 
integrating over the spatial distribution of the heating shows the reliability 
of the calculational approach outlined in Figure 13. The presence of 
endoergic reactions with high Q-values has a significant impact. For 
example , in iron the Fe (n ,y) reactions give 0.452 MeV but (n , 2n) reactions 
with a high threshold energy contributes negatively to the energy balance 
an amount , -.585 MeV. Thus , the energy gain expected from captures in 
Fe is offset by the endoergic reactions , such as (n , 2n) and (n , p) ,  

The blanket design shown in Figure 9 contains a stainless steel 
rather than a graphite , reflecting zone. It has been found that the 
steel yields higher attenuation and greater energy amplification than 
graphite. The shield design also shown in Figure 9 has been oprimized via 
parametric studies with respect to composition and to thickness. The 
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1- Front motorised caterpillar 
2- Lithium inlet or outlet 
3- Front magnet dewar support 
4- Front blanket support bar 
5- Magnet support shear beam 
6- Vacuum port shield 
7- Toroidal magnet in its dewar 
8- Vacuum connection 
9- Shield 

26 

t 

10- Rear blanket support rods 
11- Heat removal cells 
12- Blanket seal flange 
13- Neutral beam injection port 
14- Particle collection plate 
15- Rear motorised caterpilar 

1n r:mrn 1 ?  

-
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NEUTRON IC CHARACTERISTICS OF 
UWMAK - I BLANKET AND SHIELD 

TOTAL ENERGY PER NEUTRON 20.08 Mev 

BREED ING  RAT I O  1 . 49 

DOUBL I N G  TI ME 2- 3 MONTHS 

ENERGY AMPLIFICATION 1 7. 8  % 

ENERGY LEAKAGE TO MAGNET S  - 6  4.17 x 10 Mev 
PER Mev TO FIRST WAL L  

HEAT TO  F I RST WAL L  I .  77 MW I m 2 

Table 8 
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NEUTRON 8 GAMMA HEAT I N G  IN  U WMAK- I 

NEUTRON 

H EAT I NG 

12.42 MeV 

14. 06 MeV 

N EUTRON 

NEUTRON FLUX 

( AN I SN ) 

NEUTRON a GAMMA 

KERMA FACTORS 

( MACK ) 

GAMMA PROD. 

CROSS SECTIONS 

( LAPHANO ) 

GAMMA SOURCE 

( LINK ) 

GA MMA FLUX 

( A N I SN ) 

GAMMA HEATING 

4. 1 3  MeV 

NEUTRON + GAMMA HEAT I NG 

16. 55 MeV 

ENERGY PER FUS ION  - 20. l MeV 

F i g u r e  1 3  



TABLE 9 

MAJOR ENERGY - MASS CONVERSIONS IN UWMAK-1 

Q ( MeV ) x ( React ion Ra te ) ; ( M eV I neutron  incident ) 

Q = Q -Va l ue + Decay E nergy 

6 
Li 

7
Li 

Fe 

Cr 

Ni 

( n  , 2 n ) ( n  • y ) ( n • p ) ( n , d ) ( n , a )  ( n , n' x ) SU M 

- .022 .00025 -0.00 1 9  - 4.228 - . I I  I +4.094 

- . 455 0.0055 - -0.062 - - 1 .489 - 2 .00 

- . 585 . 452 - 0.0482 - .005 1 - -0. 175 1 

- . 075 . 206 -0.0099 - - .0226 - .005 1 +Q.093 1 

- .0047 . 1 257 - .0072 - .0031 - .0664 .0 5 1  

O ther mate ri a l s  +0.278 

Tota l 2 .34 1  

TOTAL ENERGY = ( l4 .06 + 2 .34 ) +  3 .52 = 19 .92 MeV  PER FUS ION 

N "' 
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blanket and shield are thinner than in most previous designs and 
the blanket could be made thinner yet, from a neutronics viewpoint . 
Its size is presently limited by the requirements of blanket heat 
transfer . The effects of 61i enrichment have been investigated and 
found not to help the energy production. However, 4 cm of beryllium 
could raise energy production by -9% . 

Radiation damage studies of the UWMAK.-I blanket-shield-magnet combina
tion revealed several severe problems . Table 10 lists the major infor
mation from the present work . The most severe problem stems from the 
fact that the uniform ductility of the 316 SS first wall will be reduced 
below 1% in 2 years or less at a neutron wall loading of 1 . 25 MW/m2 . 
This reduction in ductility extends back into the Li header and reflector 
region , which are 20-50 and 50-65 cm , respectively , from the first 
wall . (See Figure 4). It appears that the headers will have to be changed 
every 10 years and the reflectors every 15-20 years if one wishes to 
avoid costly failures during reactor operation . Such a conclusion 
stems from the displacement damage above and does not account for the 
effect of 298 atomic parts per million per year of helium nor the 636 
appm per year of hydrogen generated in the 316 SS . 

Swelling in the solution treated 316 SS first wall of UWMAK-I due 
to the production of voids was calculated to be a maximum of 7 . 9% after 
two years of irradiation . If 20% cold worked 316 SS were used , the 
maximum swelling value drops to 0 . 25% . Hence , we have decided to use 
the 20% CW 316 SS in the UWMAK-I design . Betailed calculations through 
the heat removal cells , the headers and the blanket reflector reveal that 
even with the use of cold worked steel, swelling values of >20% could be 
experienced in 30 years at 30 cm from the first wall . (see Figure 15) 
The coolant headers may have to be changed every 10 years and the reflectors 
every 15 years due to swelling as well as embrittlement . 

Sputtering and blistering effects on the UWMAK-I first wall reveal 
that operation at the thermally unstable plasma point should not cause 
any severe problems due to wall erosion if the first wall is replaced 
every 2 years . (Figure 16) The total wall removal rates should not 
exceed -0. 44 mm in this time period. The major contribution to wall 
erosion is from the 14 MeV neutron sputtering that has been recently 
reported by Kaminsky (9) . 

Investigation of radiation induced swelling in the B4
c ,  transmutation 

of the structural alloy, degradation of thermal and electrical insulating 
material and reduction in superconducting properties of NbTi reveal 
minimal effects. Some concern arose about increased resistance in the 
Cu stabilizer, but proper design and periodic annealing at room temperatures 
can alleviate those problems . 

A summary of the major integral wall loading limitations is given 
in Table 11. As stated above, the most limiting feature is the embrittlement 
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- MAJOR RADIATION DAMAGE . INFORMATION FOR UWMAK- I 

3 16 SS FIRST WALL - NEUTRON WALL LOAD ING 1 .25 MW/m2 

MAX . D ISPLACEMENT RATE 18.2 yr 1 

Cu STABILIZER 

Nb - Ti 
SUPERCONDUCTOR 

MYLAR 

- I  MAX . HE PRODUCTION RATE 298 appm yr 
MAX . H PRODUCTION RATE 636 a ppm yr 1 

Tmax.- 500°C , T - 283°C 

UNIFORM DUCTIL ITY AFTER 2 YEARS-<.5 °/o 
MAX .  SWELL ING FOR 2 YEARS 

7.9% ( ST 3 16 SS ) 
0. 25% ( 20% CW 316 SS ) 

MAX .  WALL EROS ION RATE 0.22 mm- yt 1 

MAX.  BORON ATOM BURN UP 3.2 x 1019 

cm3 yr 1 
-5 - I  6x l0 dpa yr 

MAX . CHANGE Tc < 1° K ( 30years with 
per iodic warm up ) 

MAX . CHANGE Jc <5_ 0
/o (30 years with 

period ic warm up )  
4 - I  MAX . EXPOSURE 2 .8x l0 RAD yr 

Ta b l e  10  
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FIGURE 14 

ANT ICIPAT ED UNIFORM ELONGAT ION REMAINING 
IN ' 3 16 SS AFTER IRRADIAT ION IN UWMAK-1 
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WALL EROSION OF UWMAK-I 
FIGURE 16 316 SS F IRST WALL 10-------------------------------� 

E 
-,,

-' 

-,,,,-' 
E I � 
I � 
z � 
0 ,� - , 
� I 
a:: I 

W I 
I 

..J I 
..J I 

� OJ 

----,
--

--.,--
_, ,- 14 Mcz V n 

\ 

__ ..... ----

0, T SPUTTERING 

O�I L.--__ ...._ __ J.-__ _._ __ ...J-__ _._ __ _ 

0 5 10 15 20 25 30-' 
IRRADIATION TIME -YEARS 



TABLE I I  

SUMMARY OF MATTERIALS LIMITATIONS 

DUE TO RADIATION DAMAGE 

PHENOMENA 

DUCTILITY (UNIFORM ELONGATION>0.5 %) 

SWELLING C flV/Vo < 10 %> 

WALL EROSION C< I mm ) 

I NTEGRAL WALL 

LOADING LIM IT _ 

MW-YEARS/m2 

2 

6 

6 

w 
V, 
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of the 316 SS which limits the lifetime to -2 MW-yr/m
2

• This means the 
wall could run for 2 years at 1 MW/m2 or 1 year at 2 MW/m2 , etc. It is 
also evident that swelling and surface problems could limit the UWMAK-I 
first wall life to -4 years if the ductility problem could be solved. 

The extraction of tritium from the Li coolant is accomplished with Y 
traps. The breeding ratio of 1.49 is so high that doubling times of 3 

to 4 months are indicated. However , when fueling ,  heating and vacuum 
ports are included in the design, it is expected that the breeding ratio 
may drop to a lower level. It still may be desirable to "spoil" breeding 
in UWMAK-I and breed more energy . Such possibilities are being investigated. 

A diagram of the tritium removal scheme is shown in Figure 17 with 
appropriate liquid metal flow rates and temperatures. It is noted that 
a small amount of lithium is removed from the primary coolant loop , 
the temperature lowered to - 300° C and the lithium passed over a yttrium 
extractor bed. There are two extractors for the primary loop such that 
the tritium can be extracted from one unit while the other is in service. 
Only one extraction unit is required for the sodium secondary loop. The 

. pertinent para�ete�i; for the trI�f_?m system are listed in Table 12. 

The formation of radioisotopes in the blanket represents two potential 
hazards, radioactivity and afterheat . Table 13 summarizes the important 
radioisotopes produced per kWth in UWMAK-I and their maximum permissible 
concentration (MPC) in km3of air per curie. A biological hazards 
potential (BHP) was calculated by dividing the activity by the MPC. The 
BHP ' s  for 316 SS are also included in Table 13 and compared to alternate 
materials for CTR blankets. It can be seen that 316 SS is considerably 
better than Nb-lZr from the standpoint of BHP but that a V-20Ti system 
would be even more desirable. Detailed analysis of the specific radio
isotopes and their half lives are examined in Reference 1. 

The decay of the radioisotopes mentioned above generated heat 
that must be dissipated to avoid severe temperature problems in the 
event that the reactor loses coolant. Pertinent information on afterheat 
in UWMAK-I with heat removal cells of three different materials is shown 
in Figure 18, The afterheat after 10 years of operation at 5000 MWT is 
-31 MW for 316 SS , -30 MW for Nb-lZr ,  and 23 MW for V-20Ti at shutdown. 
This radioactivity drops off quite rapidly for the vanadium system but 
remains rather stationary in 316 SS and Nb-lZr for 1-2 years. Both of 
these latter systems show a considerable drop in the 2-20 year period 
decaying to less than 50 kW in 100 years. Calculations of the maximum 
temperature rise rate under adiabatic conditions reveal values on the 
order of -0.1 ° C sec-1, More realistic approximations of the rate of 
heat leakage indicate the maximum value is unlikely to exceed 0.01 °C 
sec-1 indicating that emergency cooling requirements are minimal. 

At this point , the areas which have not been covered in this paper 
should be enumerated. The details of the steam cycle and overall plant 
efficiency are currently under study and will be reported elsewhere C7 ) , 
The design of the containment structures and auxillary systems (cooling 
towers , transformer yards, etc.) has also begun. Economic analysis as 
well as safety and environmental impact studies are also underway. 
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Table 12 

Sununary of Tritium Extraction System Characteristics (a) 

Tritium Tritium 
Coolant Temp. Extraction Accumulation Leakage 
System Range °C Method �er Day (kg) Ci/day 

Primary Yttrium Metal 1. 05 (b) 10 . 1  
Lithium 283-483 Bed 

Secondary Yttrium Metal -0 
Sodium 261-411 Bed 

Diver tor Yttrium Metal 7 . 4  T + 5 .  OD 
2x10-4 Lithium 200-325 Bed 

Sodium 190-265 

Divertor 
25 Charcoal-cooled 0 . 3  T + 0 . 2D lxl0-4 

Vacuum with liq . He 

Helium 50-200 Metal getter 1 . 1  X 10 -6 low 

Total 10 . 1  

(a) Based upon thermodynamic calculations ; no kinetic considerations 
(b) At maximum breeding ratio of 1 . 49 

Total Na 

or Li (kg2 

1 .  73x10 6 

7 . 6xl0 5 

3 . 4x10 4 

6xl0
4 

Tritium Con-
centration in Li 

or Na EE m (wt . ) 

5 

3 . 3x10 -4 

0. 24 
3xl0-4 

Not applicable 

Not applicable 

Total 

Tritium In-
Ventory 
(kg) 

in Li 8 . 7  
in beds 1 .  0 

in Na 2 .  5x10 
in beds -0 

in Li 8xl0-3 

in beds 3 . 25 in Na 2x10 

0 . 3  

low 

13 . 5  

-4 

w co 
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Table 13  

Major Radioac tive Isotopes in UWMAK-I First Wall 

With Various Blanket Materials (a) 

tl/2 
Activity 

System Isotope Ci/kW (l) 

Fusion-all H3 12 . 3y 60 

v4 9  331d 0 . 67 

316 Structure Fe55 2 . 94y 14 0  

only Co58 27d 29 

Ni57 1 . 5d 1 . 1 

Mn54 313d 24 

Co60 
5 . 25y 4 . 7  

Total ( c) -310 

Nb-lZr Structure Nb92m 10 . 2d 152 

Nb9 5m 
3 . 75d 5 0  

Nb95 35d 42 

Sr8 9  
54d 38 

Total ( c) -300 

V-20Ti S c4 8  1 . 83d 12 . 1  

Ca
4 5  152d 2 . 6 

Sc46 
85d 1 . 87 

S c4 7 3 . 4d 1 . 58 

Total ( c) -56 

(a) Neglect all isotopes with t112 < 1 day .  

(b) lO year exposure 

( c) Including isotopes not listed . 

Maximum 
Permissible 

Concentrat;on 
µCi/cm 

2 X 10-7 

1 X 10-lO 

3 X 10-8 

2 X 10-9 

1 X 10-lO 

1 X 10-9 

3 X 10-lO 

1 X 10-10 

1 X 10-lO 

3 X 10-9 

3 X 10-lO 

5 X 10-9 

1 X 10-9 

8 X 10-lO 

2 X 10-8 

Biological 
Hazard 

P�tential 
km of air/kW

(t ) 

0 . 30 

6 . 7  

4 . 6 

14 . 5 

11 

24 

15 . 6 

-80 

1 , 520 

500 

14 

12 6 

-2 , 200 

2 . 5 

2 . 6 

2 . 3 

0 . 07 9 

-9 
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As a final point ,  it should be noted that the real usefulness of 
such a design effort lies not with the hope that such a system will 
actually be built ,  but rather in focussing attention on areas of 
technology that require further work before meaningful reactor studies 
can be completed. We fully expect that some features of UWMAK-1 design 
will be changed as new discoveries are made in plasma physics,  material 
behavior , and reactor technology in general. Hopefully , other laboratories 
will also complete detailed studies, and by noting the best features from 
many systems , we will be able to begin the design of the first real fusion 
power plant in the 1980 ' s. 
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IL Plasma 

The design of the fusion reactor UWMAK-I presented in this 
report is based upon the Tokamak concept of plasma confinement. In 
this chapter, the analyses relating to the operation of the plasma 
are presented in individual s ections to allow separate presentations 
for the various important  questions involved. The sections are 
ordered to roughly follow the chronology of events one expects in 
Tokamak operation. The first section presents a general overview of 
the principles of the Tokamak confinement concept and includes a 
discussion of the gen eral philosophy we have followed in performing 
the plasma analyses. The second section contains an examination 
of the problem of sizing a Tokamak reactor. The scaling laws for 
the power of the reactor with a pressure-limited plasma (low-6 
plasma) are analyzed. This leads to an optimization analysis that 
allows one to intelligen tly size the reactor. Subsequent sections 
deal with the ,, transformer and start-up phase of operation , the 
problem of plasma heating to ignition using energetic neutral beams , 
and the question of fueling the plasma during operation. This is 
followed by sections on the analys is of the possible operating 
conditions· in a CTR Tokamak and the problem of plasma control during 
operation. We examine in detail the question of thermally stable 
versus thermally unstable operating conditions , and the problems of 
plasma control, which is especially importan t  if the plasma operates 
in a thermally unstable condition. Also discussed here are additional 
points relating to system optimization and the role of the diffusion
driven bootstrap current ,  which can allow steady-state operation. 

Each section in this chapter is reasonably self-contained ao 
that the reader can separately examine the analysis of each problem 
area. However , there is much cross referencing to other sections 
and other chapters since all the topics covered in this report are , 
to one extent or another , inter-related. 

Before turning to the various sections , we summarize here the 
essential results ,  including some of the problem areas that have been 
identified. The detailed reasoning behind the results are given in the 
sections that follow. 

UWMAK-I operates with a D-T plasma at a poloidal beta limit of s"8-l ,  (the 
over bar indicates average) and has a double null, poloidal field divertor. 
The reactor has been sized by optimizing the cost per unit power in a 
S-limited system, where the costs are assumed to scale as the magnet 
costs. Cons traints imposed by an air-core transformer with super-
conducting windings have been included. From these s tudies , the power 
output from UWMAK-I is set at 5000 MWT

. The aspect ratio is 2. 6  
with the wall loading limited to 1. 25 MW/m2 by radiation damage (see 
Chapter VI). The minor radius is determined to be 5 meters and the torus 



Il-2 

major radius, 13 meters. Reactor startup makes use of an air-core 
transformer with superconducting windings, a setup most consistent 
with the small aspect ratio demands of cost optimization. The divertor 
coils are progrannned to rise with the plasma current and produce a time 
changing flux through the plane of the plasma. For UWMAK-I, the divertor 
actually provides 60% of the flux needed to energize the plasma current 
so that the transformer proper need provide only 40%. After the initial 
soak phase has terminated, the core flux is held constant 
if the bootstrap current (B� = Ii. limit) is present. B� denotes the peak, 
rather than average, beta. If no bootstrap current materializes, the core 
frux is increased slowly to make up for the resistive drop. The burn 
time is determined to be 5400sec, or 90 min. , and the total change 
in core flux is 760 webers. 

Plasma heating to ignition is via the use of neutral beams . Ohmic 
heating alone is insufficient. Neutral beams of 350-500 KeV injected 
tangent to the magnetic axis, penetrate the UWMAK-I plasma when a low 
density startup is used. (Initial density on axis is 3 x 101 3/cm3 . ) 
The profile of power depositon per plasma particle is peaked on axis. 
The beams are turned on immediately after the plasma current has risen 
to its final value . Using 500 KeV beams and 15 MW of power, the plasma 
ignites in 11 seconds. Faster startups can be achieved by using more 
power but this is not advantageous in UWMAK-I. In the 500 KeV beam 
case, 99. 5% of the beam is trapped in the plasma . Thus, neutral beam 
heating appears to be an effective way of igniting a large, power 
producing reactor such as UWMAK-I. 

The neutral beam heating is to be accomplished gsing 10 deuterium 
atom beams and 10 tritium atom beams. The 500 KeV D beam is produced 
by starting with a 1. 5 KeV D+ beam produced in a scaled version of the 
duopigatron . To produce the 1. 5 amperes equivalent of deuterium atoms 
for each beam, a 2. 14 ampere negative deuterium ion beam is required. 
This beam is produced by passing a 1 . 5 KeV deuteron beam through a 
series of cesium gas cells and further accelerating the D- obtained 
in this way . The 500 kV acceleration requires five electrodes with 
2125 aligned 3 mm holes on 19. 5 cm. diameter electrodes. The sources 
discussed here represent an extrapolation of existing technology, 
especially as far as beam power and pulse length are concerned. Also, 
the area of negative ion sources is still in its infancy and the 19. 5 
cm .  size of the electrodes is a considerable increase over existing 
sources . 

Once ignited, the plasma is assumed to rise in temperature in a 
controlled manner to the operating conditions given in Tables II-F-1 
to II-F-3. Assuming the transport coefficients show classical scaling 
with density and temperature, albiet with altered or anomalous coef
ficients, plasma operation is in a thermally unstable state and requires 
control. We have suggested this operating mode because the cost of the 
transformer, divertor and main toroidal field coils are 50% less than 
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for operation in a thermally stable condition. To achieve favorable 
operating conditions, energy losses from the plasma had to be increased 
via the addition of . 95% argon impurity atoms relative to the ion density. 
However , this is not essential. Without any b remesshahling enhancement , 
the power output drops by only about 8%. Further , the average confinement 
time of -15 seconds is three orders of magnitude shorter than is pre
dicted by neoclassical theory. Such reduction in confinement time , 
relative to neoclassical scaling , is required to both achieve a power 
balance at T .  = 11. 1 KeV ,  as listed , and to remove spent fuel (a-particles)  
so  that a re!pectable (D+T) ion dens ity can be maintained. In  terms of 
Bohm times , the confinement time of 14. 2 seconds is :100 Bohm, time's .: For 
these operating conditions , the plasma is a low S (Sm=. 052 ) , low field 
(S0 = 38. 2 K Gauss)  reactor producing 5000 MWT , based on a total of 20 
Me� per fusion event. If the bootstrap current exists , the plasma is 
assumed to operate at these conditions until impurity buildup from wall 
erosion (because the divertor is not 100% efficient) , causes excessive 
losses and requires shutdown and restart. Otherwise, the burn time, 
determined by available core flux , is 90 minutes .  Thus , this design is 
not predicated in the existence of a bootstrap current. 

The method for producing the desired plasma operating conditions 
at a desired value of confinement time is an unsolved problem, as is the 
method of plasma control. Some preliminary ideas on these questions are 
included in the sections which follow. The control system, however , 
should have a response time on the order of . 1  seconds or less to 
stabilize temperature excursions. 

The plasma is assumed to be fueled during operation by injecting 
solid (D+T) pellets to make up for losses due to fusion and diffusion. 
The use of neutral beams for this purpose is highly questionable. Beam

14 3 
penetration is more difficult at the peak

22perating density of 1. 2 x 10 /cm 
and further , the leakage rate of 3. 6 x 10 (D+T) ions/sec means that 
-3000 MW of power are required , when 500 KeV beams are used. Higher 
energy beams imply even larger power requirements ,  which are clearly 
too large as is. Fueling is therefore assumed to be vig pellet injection , 
using either 25 micron radius pellets at the rate of 10 pellets per 
second or , if larger pellets are feasible , 2 mm radius pellets at 20 
pellets per second injection rate. The former requirements are within 
current technology , assuming the plasma can withstand pellet injection 
in the first place. 

The method for injecting .2tatn pellets to speeds sufficient for 
penetration of the plasma is a difficult , and essentially unsolved , 
problem. The reason is that , based on ablation rates for single pellets ,  
millions of volts of accelerating potential appear to be required to 
achieve the required pellet velocities. Given the inherently large 
power requirements of neutral beams for fueling purposes , the area 
of pellet acceleration and injection requires much further study. 
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If it is possible to inject pellets in the 10-100 micron size and 
achieve penetration, then the fueling picture changes dliamatically. 
In this case, the technology of pellet manufacture and acceleration 
is at hand.  Experiments to be performed by Hendricks on ORMAK and 
ATC in the next several months should indicate, first, if the pen
etration depths required can be achieved and, second, whether pellet 
injection and the ablation process has a detrimental effect on plasma 
confinement. 

This sunnnarizes the essential results of this chapter. The 
reasoning and analysis behind these results are presented in the 
sections which follow. 
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II-A . Principles of Tokamak Operation 

A Tokamak (l-3) is a diffuse toroidal z-pinch in which the 
nested set of flux surfaces is generated by the current that is 
induced to flow in the plasma itself . It is characteristically a 
low-S device, where B is the ratio of the average plasma pressure to 
the magnetic field pressure, 

<p> s = _.._ __ _ 

B2/2µ 
/ t  0 

(1) 

The plasma in a Tokamak is confined by the poloidal magnetic field, 
Be, generated by a current carried in the plasma itself, and by the 
toroidal field, B¢, The basis for the equilibrium analysis of such 
a system is 

j x B - Vp = 0 

where j is the plasma current density . The basic 
geometry are shown in Figure II-A-1 along with the 
of a torus . An externally appliei electric field 
component of the plasma current, j, which in turn 
field .  

(2) 

coordinates of this 
fundamental dimensions 
drives the toroidal 
generates the poloidal 

A main characteristic of a Tokamak is the use of a strong toroidal 
magnetic field to suppress MHD instabilities . (4, 5 ) In particular, a 
strong B© will suppress the helical kink instability if the MHD 
stability factor, 

- r B¢ 
q (r) - R B (r) (3) 

e 
is greater than one throughout the plasma and the vacuum region .  Further, 
the plasma current which produces Be provides the rotational transform 
required to suppress the flute instab ilities (6) . ,and to counteract the 
grad B¢ drifts .  For a current density which decreases in r (j ¢ (r) 
decreases from the plasma center to the edge), the criterion to suppress 
local flute perturbations is the Kruskal�Shafranov limit, 

q (r) > 1 .  o < r < a (4) 

In addition to this limitation on the stability factor
, 

q, there 
is an additional limitation on the plasma B ,  namely, that l 2, ) 

(5 ) 

where S is the ratio of the average plasma pressure to the pressure of 
the pol%idal magnetic field and A is the plasllfa aspect ratio . (2) At 
Se - A, the last closed, nested flux surface_has shrunk down to the 
plasma surface itself. Further increase of Se causes a splitting of 
the magnetic surfaces inside the plasma boundary with a resultant 
deleterious effect on plasma confinement . The two criteria stated by 
equations (4) and (5 ) are fundamental to Tokamak operation and will be 

' , ,t 
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met in all the plasma analysis to be reported . 

In a Tokamak, therefore, the plasma current plays the dual role 
of generating the pinch field to trap the plasma and the rotational 
transform required for stability. To drive this current, the plasma 
itself is treated as a single turn secondary of a transformer. 
Energizing the primary side produces a toroidal electric field, E

q>
, 

which causes gas breakdown and plasma formation and drives · 
the tormidal plasma current. The transformer may have an iron or an 
air core and can have either normal or superconducting windings. An 
air-core transformer with superconducting windings allows for the 
smallest aspect ratio and this type of transformer is used in UWMAK-I. 
Its design is discussed in Section II-C. 

The plasma has a finite resistivity that varies with electron 
temperature as Te

-3/2 Therefore, plasma heating will be associated 
with the plasma current, although this Joule heating is insufficient 
to ignite a fusion reactor plasma. Additional heating in Tokamak 
devices has been obtained hr compression of the plasma in the major 
radius (the ATC experiment)

(9) and by the injection into the plasma 
of high energy neutral particle beams. (10) Because it requires an 
externally produced E

qi
, the Tokamak is inherently a pulsed device. 

However, at htgh temperatures and low collision frequency (in the 
banana regime of ne6classical theory), trapped particle effects have 
led to the prediction that there will exist a diffusion driven current 
(a current proportional to a density gradient) which can provide the 
required rotational transform and trapP.ing magnetic field, even without 
an externally produced electric field, (11, 12) This is the so-called 
"bootstrap current" and is predicted to exist with E

qi 
= 0 when 

s8 � YA. s 0 is the ratio of the peak plasma pressure to poloidal 
magnetic fi�ld pressure at the plasma boundary. Under these circumstances, 
plasma operation could be truly steady state unless other factors, 
such as impurity buildup, limit the burn time. If steady state 
operation is not possible, long burn should be feasible if the impurity 
problem can lte_controlled using dive�tors. 

The basic ideas regarding equilibrium of a plasma in a Tokamak (Z ) 

can also be understood by examining Figure II-A-2 , If the plasma 
were a straight cylinder, the poloidal magnetic pressure would be 
equal around the plasma boundary. However, because of the toroidal 
curvature, the poloidal field is stronger on the inside of the plasma 
loop than on the outside. Without additional fields, the loop would 
tend to expand in major radius. Therefore, it is necessary for plasma 
equilibrium to have an additional, vertical field produced by external 
windings, which subtracts from the poloidal field on the inside of the 
loop and adds to it on the outside, thus producing an equil ibrium 
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configuration. Of course, in many present day experiments, eddy 
currents driven in a conducting shell surrounding the plasma 
generate the vertical field required to maintain the discharge 
in equilibrium(l) but in reactors, it seems clear that an externally 
produced vertical field will be required. Indeed . this vertical field, 
added to the poloidal field generated by the plasma current, produces 
a resultant magnetic field topology that leads naturally to a poloidal 
field divertor. A separatrix can be produced in this way which 
becomes a natural plasma boundary. Two such configurations are shown 
in Figure II-A-3. Magnetic surfaces inside the separatrix remain closed 
in the plasma volume. However, particles on field lines outside the 
separatrix are carried away from the plasma surface and can be collected. 
The details of the vertical field design and magnetic field topology 
are discussed in Chapter III, which deals with the divertor for UWMAK-
I .  

I f  the vertical field, BL, is absolutely uniform, then the plasma 
loop has no restoring force in case of vertical displacements. To 
stabilize the loop against such displacements, the vertical field 
must have some curvature characterized by a decay index(B) 

R dB
.L n = - - -

B c)R (5)  

For stability against vertical displacements, one requires n > 0, and 
for stability against hormzontal displacements, n must be less than 
. 42.  The vertical field produced by the divertor coils, as discussed 
in Chapter III, is characterized by a decay index in the interval 
[ O ,  , 42 ]. 

As discussed, the poloidal field generated by the plasma current 
provides a rotational trans£orm. When this poloidal field is super
imposed on the strong toroidal field, B

�
, the resultant field lines 

are helical, as shown in Figure II-A-4. The rotation generated by the 
poloidal field compensates for the outward drift of particles caused 
by the gradient in the toroidal field. The toroidal field is stronger 
on the inside of the torus, varying as 1/R from the inside to the 
outside of the loop. 

This gradient in B can also produce a class of particles which 
cannot reach the inside�of the plasma loop. Since effects associated 
with these trapped particles are most important in the reactor regime 
of plasma parameters (high temperature, low collision frequency) , 
we mention briefly the basic effects of particle trapping on diffusion 
and conduction phenomena in Tokamaks. Only the physical aspects are 
discussed as they relate to the work in this report. The theoretical 
work of the past several years, (13-17) which has led to our understanding 
of Tokamak plasmas and yielded both transport coefficients (l3-16 ) and 
a complete set of transport equations, (173a l1 7b�) will not be reviewed. 
The transport equations are discussed in Section II-F, where plasma 
temperature and density profiles are discussed and the equations for 
fusion reactor plasma energy balance studies are derived. 
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The gradient in B as illustrated in Figure II-A-5 and can be 
described by the equat�on 

Bo 
B = ��----

</) (1 + .E R 

where B; is the toroidal field at R . 
approximated as 

cos8 ) 

When A 

r 
B

<P 
- B¢ (1 - R cos8 ) . 

(6) 

R/r >> 1, this can be 

(7 ) 

The field is stronger on the inside of the torus and a particle 
following a helical field line as shown in Figure II-A-4 enters 
zones of higher magnetic induction as it moves to the inside of 
the torus . Conservation of the total energy leads to the equation 

2 
v i I 

m -2
- + µB = constant (8 ) 

where v I f is the parallel velocity of tlfe guiding cep. ter ,  � is the 
particle mass, and µ the magnetic moment derived from the gyro motion 
of the particle . µ is given by 

2 
m v.1. 

µ = ---2B 

where Vi is particle velocity perpendicular to the field . 

(9) 

From equation (8 ) , it is clear that if the maximum of v, c  is small 
enough , or if the variation of B

cp 
can : be large enough , tne particles 

can have v1 1 = 0 at some point prior to reaching the inside of the 
torus .  Such a particle is mirrored back from this turning point and 
is thus trapped . In the absence of drift effects , the trapped particles 
follow an arc between the turning points, as shown in Figure II-A-6 . 
Drift effects displace these arcs such that the resulting orbits, 
projected onto the (r , 8 ) -plane, have the banana shape also shown in 
Figure II-A-6 . The width for electrons of the banana orbit at the 
midplane is given by �r , 

(10) 

where p: is the gyro radius of an electron in the poloidal magnetic 
field. This is the important result because it means the step size 
which enters into the diffusion coefficient is the gyro radius in the 
weak magnetic field, B

8
• This leads to an enhanced diffusion in high 

temperature , toroidal plasmas compared with diffusion in a straight 
system. Nevertheless, the results yield basieally classical scaling 
laws for the particle and energy confinement times, which is the most 
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encouraging aspect of the recent Tokamak research. 

In the high temperature regime where CTR plasmas will operate , 
the plasma is essentially collisionless. In particular , the 
electron-ion collision frequency , vei ' which scales like T-3/2 , is 
less than the frequency of oscillation between turming points ,  called 
the bounce frequency, 

�;h i� the electron thermal velocity. The diffusion coefficient 
in this regime is given by 

= 1, 12 (1 + T

T
i ) q

2
A

3 / 2
vei

p
e2 . V < w ' ei bounce 

e <P 

(11) 

(12) 

where T
i 

and T are the ion and electron temperatures and v
i 

is the 
electron-ion cSllision frequency , Since the classical diffUsion 
coefficient is veiP!m ' there is considerable enhancement of the 
diffusion coefficient due to trapped particle effects. 

The heuristic explanation for the form of the neoclassical 
diffusion coefficient , equation (12) , is explained by recalling that 
the fraction of particles trapped (3 ) is the order of 1/IA. Also , 
trapped (untrapped) particles that make a transition to being un
trapped (trapped) because of collision with other particles . have a 
step size for diffusion equal to tr. The diffusion coefficient will 
be obtained from an expression like 

0e _ (step size)2 

� characteristic time 
(13 ) 

The characteristic time is the collision time for a particle to 
scatter from trapped to untrapped and vice-versa. This collision time 
is shorter than the 90° collision time because it involves smaller 
scattering angles to make the trapped-untrapped transition. Thus ,  the 
characteristic time becomes 

T90o 
Teff � -A- ' 

Further , the characteristic step size can be written in terms of 
e P
ep 

as 

an 
Noting that the particle flux , r ,  is proportional to ar

t ' where 
n
t 

is the number of trapped particles ,  and that 

(14 ) 

(15)  
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(16a) 

(16b ) 

A similar analysis can be performed for the thermal conductivity and 
the results show the importance of including neoclassical effects in 
the analysis of Tokamak reactors. 

This introduction has been a brief overview of the principles 
of the Tokamak confinement process and an indication of some specific 
effects important to understanding transport phenomena in a Tokamak. 
It is not our intent here to completely review the status of present 
Tokamak research. However, it is worthwhile to comment on the 
philosophy we have tried to follow in performing the plasma studies for 
UWMAK-I. 

We have made reasonable extrapolations based on present day 
understanding of Tokamak operation and have tried to use present theory 
wherever _ possible. When it has been necessary to introduce anomalous 
factors, such as the spoiling factor to reduce confinement time as 
discussed in Section II-F, these factors are noted explicitly and 
discussed fully. Limitations on "§

8
, add q have be�n adhered to and, in 

fact, we have been conservative in the choice of S . Plasma 
operation, from startup and heating through shutdo� and recycle, 
has been treated in a consistent manner . The system has been designed 
assuming steady-state operation with E¢ = 0 and J¢ driven by the 
density gradient but this is not essential. If no bootstrap 
current exists, the plasma will operate for a burn time of 5400 sec, 
during which it can be considered quasi-steady-state. These two 
alternative modes of operation are included and analyzed. 
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II-B.  Optimization 

In carrying out the various plasma analyses, and indeed in 
sizing the reactor itself, it is first necessary to decide on the 
fuel cycle and on the values of the plasma minor radius, a, and the 
torus major radius, R. In particular, one wants to optimize both 
the power and, more importantly, the cost per unit power .  The analysis 
presented in this section addresses these i.uestions for a Tokamak 
reactor . The peak plasma beta poloidal, s6, is limited to IA (see 
section II-F) , A = R/a, and the constraints of fixed power and limits 
on torus core space relating to transformer performance are considered . 
It will be shown that the core constraint makes the cost relatively 
independent of the maximum magnetic field strength for reactor powers 
greater than 5000 megawatts thermal and that the cost actually 
increases with magnetic field strength for reactor powers less than 
5000 MW. As a result, the maximum magnetic field strength should be 
determined by the desired neuteon wall loading . 

To summarize the results of this section, the D-T fuel cycle is 
used and the reactor size is 5000MWth ' a = 5 meters and R = 13 meters .  
We turn now t o  the details explaining how these conclusions were reached. 

For a near-term reactor, there are three fuel cycles which could 
be used and the question here is the choice among these . As will be 
clear, for a near-term, low-8 reactor such as UWMAK-I, the deuterium
tritium (D-T) cycle is the most feasible . The basic · ,fuel 
cycles are : 

1) Deuterium - Tritium (D-T) cycle : 

4 1 
+ 2He ( 3 .52  Mev) + 

0
n ( 14 . 0 6 MeV) 

2) Deuterium - Deuterium (D-D) cycle : 

3 
__........,..1T ( l . Ol MeV) 

..-50% 

"so%��He (. 82 MeV) 

+ ? (3 . 03 MeV) 

1 + 0n (2. 45 MeV) 

3) Deuterium - Helium -3 (D-
3He) cycle : 

2 3 4 1 
1

n + 
2

He """?
2He (3 . 67 MeV) + 

1
H (l4 . 67 MeV) , 
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Of course , within each of these cycles , reactions from other cycles 
take place. For example , the tritium produced in D-D reactions 
can be bgrned i� situ re�ulting i� D-T

7
neutrons8 Other reactions , 

such as Li (p , He) He , Li (d ,T) Li , Li (p ,y) Be , etc , could 
be the basis for long-term CTR fuel cycles. However , the Coulomb 
barrier is so large in all these reactions that plasma temperatures 
in excess of lMeV are required before a net power output can be 
expect3d. Thus , we limit the discussion here to the D-T ,  D-D , 
and D- He cycles most likely to be used in the near-term future·. 

The choice between these cycles becomes clear for a low-8 
reactor when one examines the fusion c3oss sections for the various 
reactions. The cross section for the 1T (d ,n) He reaction has a larger 
maximum value peaking at lower energies than any of the other 
reactions. More important from a reactor standpoint is the fusion 
reaction rate , <crv> , where < > indicates an average over a 
Maxwellian distribution of target nuclei. The variation of 
<crv> with plasma ion t

3mperat�re is shown in figure II-B-1. The 
reaction rate for the 1T (d , n) He reaction has a higher maximum 
occuring at lower temperatures than the other reaction types. The 
importance of this is that one can ignite a D-T plasma at lower 
temperatures ( __;5 KeV for T1) .  Further , Tokamaks have 8-limited 
plasmas so that , as we show shortly , 2h� expr2ssion for the power 
in such a system is proportional to 8 B <crvfr : 2 For a given magnetic 
field strength and fixed 8 ,  we need only <crv>/T , which is plotted in 
figure II-B-2 for the three cycles under discussion. Again , the D-T 
cycle parameter has a larger maximum value and it occurs in the 
temperature range 10-15 KeV. Thus , a D-T plasma makes better use , 
in a 8-limited system , of a given magnetic field strength. As 
noted , this low optimum temperature range (10-15 KeV) translates 
into lower ignition and operating temperatures. For these reasons , 
UWMAK-I is 2ssumed

3
to operatd on the D-T cycle using a 50-50. 

mixture of 1n and 1T in the plasma . 

We turn now to the question of the optimum size for UWMAK.-I. 
To begin , consider first the question of optimization with respect 
to the plasma radius , assuming the major radius , R ,  is fixed . The 
expression for the power is 

(17) 

where n is the ion density , <crv> the fusion reaction rate , Ef is us the amount of energy per fusion event , and f is a factor to account 
for the ion spatial profile in temperature and density. For a 
8 - limited reactor , 
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this expression becomes 

C S8°
2(B1j 

p - () 'I' = --
q
-
4

-
A
"""'z

----

Using the relationship B�R = constant and the assumption that s� = /A, 

With 

0 

B 4 

P = C _m_ (1  o 4 

C 
0 

q 

Tb a 4 - - - �  R R 
5 

a 

2 •  
R 

B is the toroidal magnetic field at the plasma axis , B is the 

(18) 

(19)  

miximum field value at the superconductor , T is the vfcuum gap 
plus blanket and shield thickness , and q is �he MHD stability factor. 
The geometry is shown in Figure II-B-3. We note later that the 
assumed S-limit has little effect on the basic results reported here . 

The analysis here assumes a 
fixed value for the plasma temperature , T ,  implying the temperature is 
independent of variations in the other parameters or that the other 
parameters can be vii�jd to maintain the temperature at the desired 
value. Conn et al, in studying steady-state solutions for Tokamak 
systems using self consistent energy balance and diffusion equations ,  
has found the temperature to be very insensitive to variations in the 
plasma radius for operating temperatures of 10-15 keV. (Also , see 
section II-F. ) While the fixed temperature assumption is no longer 
valid for operating temperatures above about 25 keV , the conclusions 
presented here are still found to be qualitatively correct. 

By maximizing the power in equation (19) with respect to5the Tb plasma radius , a ,  the maximum power is found to occur at a = 
9

R(l - �) . 
'.Che maximum power is given by 

( 20) 
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The relative power as a function of plasma radius is shown in 
figure II-B-4 which is a plot for a reactor having R = 12 . 5m and 
Tb

= 2 . 5m , parameters from Reference 19 . As will be shown later ,  
core space limitations as well as neutron wall loadings may limit 
the plasma radius to values less than the unconstrained optimum . 

To minimize the relative cost/power ,  the following assumptions 
appear justified : 

(1) the cost of the reactor scales as the magnet cost 

(2) the magnet cost is proportional to the energy stored in 
the magnetic field ,  E . 

(20) 0 . 8  
Lubell (21?as shown that the magnet cost is proportional to E 
and Boom has s�o� , for more limited cases , that the cost is 
proportional to E · . (see also chapter VII which given the de
tails regarding tRe scaling of magnet costs . ) The stored magnetic 
energy can be expressed as 

and approximated by 

E s 
- B 2 Rr 2 

q> m 
= B 2 [R m 

2 r2 
r ] m m --

R 

(21) 

(22)  

where r is the magnet inner radius and is equal to (a+Tb) . The 
approxiHkte expression is accurate to 10% for r /R ratios less than 
O . 7 . m 

Combining (22)  with (19) , the cost per unit power can be 
expressed as 

Co r 2 R5 

Cost/Power = K = --·---m..,-__________ _ 
B 2 q4 (R - r ) 2 a5 

m m 

(23) 

This expression can be minimized with respect to the plasma radius , 
a ,  and a minimum found at 
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min 3R 
/ 4otb a = 10 [ + /l + 9R 

] - Tb ( 24) 

Figure II-B- 4bshows the variation of cost per unit power with minor 
radius , a. These studies have indicated that the optimum aspect ratios 
are found to have values between 1. 7 to 2. 5. 

The variation of power and cost per power as a function of the 
major radius , R , is shown in Figure II-B-5. It can be seen that while 
the power increases by a factor of eight in going from R = !Om. to 
R = 15m. , in accordance with equation (20) , the cost per unit power 
decreased by only a factor of two. Therefore , there is little 
economic gain in building Tokamak reactors with R > 15m. The same 
analysis has been done for the limit S8 = A with similar conclusions. 

Let us look now for a set of reactor parameters (R , a) that mini
mizes the cost (the stored magnetic energy) subject to the constraint 
of fixed power. We choose a maj or radius R = aA, solve the power 
equation (19) for the plasma radius , a ,  and then calculate the stored 
magnetic energy , E ,  given by equation (22 ) .  We can repeat the 
procedure , generating a locus of constant power points in the (R, a) 
plane and look for a minimum in E • Figures II-B-6 , 7 and 8 show 
the variation of Cost/Power vs. A�pect Ratio at a fixed power of 
5000 MWT for different values of Th ' the blanket and shield thickness ; 
B ,  the maximum magnetic field at the superconductors ; and , q ,  the 
Ml¥n stability factor. A minimum can be found and as shown in the 
figures , occurs at aspect ratios 1. 6 to 1. 7. This minimum in the 
aspect ratio has been found to be independent of the power (1-10 GW ) , 
maximum magnetic field strength (6-20 T) , and thickness of blanket 
and shield (1. 5m. -2. 5m. ) .  The use of the more accurate expression for 
E makes the minimum more pronounced. 

s 

A plot of the minimum cost/power at three power levels , as a 
function of maximum magnetic field strength at the superconductors 
is shown in Figure II-B- '9 • The cost decreases monotonically with 
magnetic field. This behavior is altered dramatically when a core 
constraint is imposed. 

Since all Tokamaks require an air or iron core transformer to 
create the toroidal plasma current , space must be provided for this 
transformer ,  its windings and the toroidal magnet windings. (The 
transformer is described in detail in section II-C. )  The following 
constraint must be satisfied ; 

(25 ) 



E 

� -
Cl) -z 
:::> 
>-
<( a::: 
!:: 
CD 

-
0:: 

0 

I I -D - 1 0 

POWER AND COST / PO\VER vs. MAJOR RADI U S  

1 60 

140 

1 20 

100 

80 

60 

.. 

40 

20 

.... 

0 
10 I I  1 2  1 3  

R ( METERS ) 

FIGURE I I-D-5 

16  
-

14  � 
z 
::> 

1 2  >-
0:: 
<( 

10 1-

1
8 

I 

6 

- 4 

2 

1 4  1 5  

-
m 
0:: 
<( -
0:: 
I •  I 

3 
0 
a. ' 
t-
Cl) 
0 
(.) 

II 

� 



-
z 
::> 

>-a::: 
<t 300 
.... 
CD 
0::: 
<( -
LU 
:S: 200 
0 
a.. 
...... 

0 
o ·  
II 100 

� 

r r -n- 1 1  

CO ST I POWE R v s. A S PECT R AT IO  

Bm = 8. 6 T  

P = 5000 MW 
Tb

= 1 .5 m 

q = 1 .5  

ASPECT R AT IO  

FIGURC I I-D- 6 



500 

400 

-
� -z 
::> 

� 300 
<( 

-
al c:: " -
� 
W 200 
� -
0... 
...... 
Ien 
0 u 
II 

� 
1 0 0  

I I - D- 1 2  

COST I POWER VS. ASPECT RATIO 

2 

B m  = 8. 6  T 

3 4 
ASPECT 

5 6 
RAT I O  

FIGURE II-B- 7 

P = 5000 M\V 

'b = 2 .5  m 

q ::; 1 .5  

7 8 



-
z ::> 
>-
et:: 
<( 

� 
al 

-
et:: 
LLJ 
3 
0 

' 
� 

0 
0 
II 

� 

5 00 --, 

I I · B - 1 3 

COST I POW E R  v s. A S PE CT RATIO 

400 

300 

200 

100 

2 

P = 5000 M W  

'
b 

= 2.5 m 

Bm = 8 .6T 

q • 1 .5 

3 4 5 
l,\SPECT RATI 0 

FIGURE II-B-8 

6 7 



-

a:: 

-
a:: 

,. 

1e 
� 

I I -D- 1 4  

250----------·-----�-.------------�---------.----------

200 

1 50  

1 00 

50 

MINIMUM COST /POVVER VS. MAGNETIC FIE LD 
( N O  CORE CON STRA I NT ) 

q = t5 
'b== 2.5 m 

� I OOO MW 

5000 MW 

iO,OOO MW 

7.0 8.0 9.0 10.0 1 1 .0 12.0 13.0 

Bm ( TESLA ) , 
FIGURE II-B-9 



I I-B-15  

where r is the radius of the transformer windings , H is the combined 
thickne�s of the primary and toroidal magnet windings , T is the 
vacuum gap plus blanket and shield thickness , and "a" th8 plasma 
radius (see Figure II-B-3.) For an air-core transt�rfer with super
conducting windings , r can be computed as follows 0 

7T r 2 B o sp (26) 

where B is the superconducting primary field and L and I� are the 
plasma �jng inductance and current , respectively. sjnce 

and 

B = 
µoicp 

= 
� 

8 · 2na qA 

L � JJ R (ln BA - 1.75) , 
p 0 

it follows that 

r 0 

B (R-r ) a  
[ m

B : (ln BA - 1.75) ] 1/2. q sp 

(27) 

(28) 

(29) 

This equation is only an approximation and is conservative because 
of the transformer action of the divertor coils (Section II-C) , For 
the family of (R , a) generated in the previous section , the (R , a) 
minimum is chosen that satisfies the constraint expressed by Equation 
(25) .  The effect of the core constraint i s  to increase the minimum 
cost , move the minimum cost reactor to higher aspect ratios and to 
introduce an aspect ratio dependence on magnetic field strength. 
The larger the magnetic field ,  the larger the aspect ratio for minimum 
cost. Figure II-B-10 shows these trends. For power levels less that 
5000 Mw(th) ,  the cost/power actually increases with magnetic field 
strengt:h. By comparing Figure II-B·.:..10 with Figure II-B-··9 , it can 
be seen that the cost of a 1000 MW reactor is a factor of three higher 
and the 10 , 000 Mw (th) reactor , 50% higher at 12T , because of the core 
constraint. Physically , the larger magnetic field strength requires 
smaller major and plasma radii to satisfy the power constraint. In 
order to satisfy the core constraint , a set of (R, a) values must be 
chosen that is far from optimum. A similar plot for a larger stabil
ity value , q = 1.75 used in UWMAK-I , is shown in Figure II-B-11, The 
same qualitative behavior exists but is not as severe as for the 
q = 1.5 case . However , when q = 2.5 ,  the core constraint has only a 



300 

250 

-

-
LIJ 1150 

' .... en 
0 
0 
II 

� 
100 

I I - D- l G  

COST I POWER VS. MAGNETIC FIELD 

( WITH CORE CONSTRAINT )  

(PNw = 0.75) *" ( 1 .30) 
)( 

( 1 .70) 
)( 

1000 M W  
{0. 8 5 )  

q = 1 .5 

Tb = 2.5 m 

H = 2.0 m 
( PN#1 Mw2/m ) 

C l .70) 3000 M W 

(3.50) 
------�(�l ·��;:5)�

-
�(2�K5�0:!)---�� 10,000 MW 

7.0 8 .0 9.0 10.0 

Bm ( TESLA ) 

FIGURE II-B-10 

1 1.0 1 2.0 13.0 



300 

-

� 250 
<t 

CD a: <t -
lLJ 
3 ·200 
0 
,, 
1-
(f) 
0 
0 
II 

150 

100 

I I - L - 1 7  

I I I 
COST/ POWER VS. MAGNETIC FIELD 

( WITH CORE CONSTRAINT) 

<�w= 0.25) 

---'*"E-------.. ._-;c-::o.·10 > 
(PNW = 0.40) 

<�w
= 0.50 ) ( 0.70) 

IOOO M W  

q = 1 .75 
Tb=2.5 m 

H = 2.0 m  
2 ( PNW1rt MW I m  ) 

2000 MW 

3000 M W  

� - 5000 M W  (PNW • 0.60) ------�)("----------
( 1. 15)  

--:(�I •5i<-0�)-------
10 , 000 MW 

80--�-a...��...,_�__._��--�---'---�_,__��--�--�--' 
5.0 6.0 7.0 8.0 9.0 10.0 1 1.0 

Bm ( TESLA ) 
FIGURT: II-D-1 1  

1 2.0 1 3.0 



I I -B- 1 8  

small effect . In this case, since the power is inversely proportional 
to q , larger major and plasma radii must be chosen to satisfy the 
power constraint . This larger (R, a) more easily satisfies the core 
constraint but the cost/power is more than twice the q = 1 . 5 case.  

The core constraint has also moved the minimum cost reactor to 
higher neutron wall loadings . Materials studies as discussed in 
chapter VI, have indicated that the neutron wall loading may be the 
limiting constraint in the design of a power reactor . In both Figures 

II-B-1 0 and II-B-1 1, the neutron wall loadings (P ) are given in parenthesis . 
nw 

Figure II-B-1 2  and Figure Il-B-1 3  show the sensitivity of the 
results to variations in the blanket-shield thicknes s  and primary 
toroidal windings, respectively . The abs olute cost/power is very 
sensitive to these variations because the smaller thicknes s  allows 

the same magnetic field on axis for a lower field at the magnet and 
consequently, a lower cost . Also, the same behavior with magnetic 
field exists as in Figure II-B-1 0. For the 2000 MWT reactor, an in
crease in magnetic field yields an increase in cost whereas the cost 
of the 5000 MWTreactor is almost independent of the field . Since it 
is unreasonable to expect blanket-shield plus vacuum gap plus in
sulation thicknes s  to be les s  than 1 .5m .  and since the toroidal plus 

primary winding thickness will be at least 1 m . , these results are 
realistic . 

In summary, it has been found that the core constraint significantly 
increases the cost for CTR Tokamak reactors under 5000MW

T . Actually, 
the cost increases with increasing field for reactors smaller than 
5000 MW

T . The size of UWMAK.-I was therefore determined as follows . 
For the reasons just mentioned, the system power was set at 5000 MWT . 
From a materials viewpoint (see chapter VI) , a max�mum allowable 
neutron wall loading is considered to be 1 . 25 MW/m for a two-year 
wall life .  The wall loading was therefore set at this value . When 
the total energy per fusion reaction, E

f 
, is set, there is then only 

a single allowed value of r R, where r �sa + o and o is the distance 
from the plasma boundary towthe first �all . This relationship 
between neutron wall loading and r R is given in Ftgure II-B-1 4  
for various reactor powers . To obfain the wall loading for any 
given r and14eagtor power, one simply multiplies the value of the 
ordinati by E • , with Ef in MeV . As dis cus sed in Chapter V, 

fus 
us 

UWMAK-I produces 20MeV per fusion event .
2 

Thus, for a 5000MWT plant 2 
with a neutron wall loading of 1 . 25 MW/m , the product r R is 71 . 5  m 
The distance, o ,  is chosen as 50 cm such that a 3 .5 MeV �-particle, 
born at the edge of the plasma (at r=a) on a weakly trapped banana 
orbit, will not contact the first wall. Further the optimization 
studies just dis cus sed indicates that an aspect ratio of 2 . 6 is 

nearly optimal and is consistant with the core constraint . With 
A=2 . 6 and the other parameters fixed as described , the plasma 
radius must be 5 meters and the major radius 13 meters . The geometry 
and size of UWMAK-I is now set . The remaining sizes, such as blanket 
and shield thicknes ses and magnet bore, are discus sed in the chapters 

on those topics . 
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II-C. Start-Up 

At the start of each burn cycle ,  the plasma current required 
for Toka.IJlak operation is generated by having the plasma act as a 
single turn secondary of a transformer. Energizing the primary side 
of the transformer produces an electric field that causes gas break
down and plasma formation in the torus (the plasma could be preionized 
by other means)  and drives the plasma current. Once the desired 
operating condition is attained and the diffusion-driven current 
(bootstrap current) is sufficient , according to neoclassical theory, (12, 13) ; 

no electric field is required. Operation could then be truly steady-state 
unless other factors , such as impurity buildup , limit the burn time. 
If the bootstrap current is nonexistent , then the necessary electric 
field to maintain the plasma current is small and can be obtained by a 
slowly rising primary current in the transformer. In this case, the 
Tokamak reactor is a pulsed device but the burn time per pulse can 
conceivably be quite long. The reactor can thus be considered steady-state 
during the burn . (For the design in this report , the burn time is 
approximately 5400 sec or 90 minutes. ) 

In th is section , we discuss the design and operation of the transformer. 
The primary is assumed to be superconducting and the coupling to the 
plasma is via an air-core. The transformer currents are assumed to vary 
from some positive value to some negative value giving a total change 
in the transformer current of ZIT · This procedure gives the smallest 
core size. The exact limits for the transformer current s  are determined 
by minimizing the required magnetic poloidal field energy. This then 
minimizes the maximum required power. The determination of these values 
is discussed shortly. Alternatives to the above approach include using 
a normal conducting primary programmed to vary from some maximum current 
to O with an air-core or using a superconducting primary progrannned the 
same way with an iron core. Both these possib ilities were studied and 
were found to require larger core sizes than the design chosen. (23) 
The smallest possible core size is required to allow the smallest 
possible aspect ratio (see Section 11-B, Optimization ) .  

During the burn , the plasma current I (t )  is constant at the design 
value , 1¢ · For simplicity , we assume that¢1

¢ (t) ri&es linearly in time 
during the startup as shown in Figure II-C-1 . The time , T

1
, has been 

chosen as 100 seconds to keep dB/dt on the superconducting coils low 
(maximum B = . 6kG/sec , thus keeping the heat load small) . In addition, 
T1 = 100 seconds keeps the maximum power requirements during startup to 
aoout 1000 MWe. 

The plasma resistance is shown in Table I for various values of the 
electron temperature. For T1=lOO sec,  the inductive reactance during 
the current rise is wL -10-6 ohm. Thus for Te < SCO ev , the plasma acts 
like a resistive load whereas for Te > SCX) ev ,  the plasma is an inductive 
load. To a first approximation, we will O:eglect the resistive phase and 
assume . that over the entire time 



I I-C-2 

I
'P 

( t )  

Fi gure ][ -C-1  



II-C-3 

Table I 

Electron Temperature Resistivity* Resistivity** Resistivityt 
(KeV) (olun-cm) 

. 01 2 X 10-3 7 . 3 X 10-3 7 X 10-3 

. 1  8 X 10-5 
2 . 9 X 10

-4 2 . 8  X 10
-4 

1 . 0  3 X 10-6 
1 . 1  X 10-5 

1 . 05 X 10 -
5 

10 1 X 10-7 3 .65 X 10 -7 3 . 5  X 10 -7 

* based on Spit zer resistivity 

** based on neoclassical resistivity assuming a flat temperature profile . 
The conductivity is assumed to vary as . 

1/2 
a = asp [ {l - 1 . 95 <f) + . 95 <f) J  

where a is the Spit zer conductivity .  The values in the table are 
obtaineapby averaging over the minor cross section .  

a
s t based on a =  pit zer, assuming a nominal value of Zeff � 3.5 . 

Zeff 
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of current rise, the plasma acts like a perfect conductor with 
"frozen" poloidal flux. 

The inductance of the plasma increases as the poloidal field of 
the plasma soaks into the blanket. This process will continue for a 
few seconds after T1 and means that an increase in the core flux is required 
to maintain the plasma current constant at I©. Thus, the required 
waveform for the core flux is that shown in Figure II-C-2. 

After the soak phase has terminated, the core flux is held 
constant if the bootstrap current is present or is increased slowly 
to make up for the resistive drop if the bootstrap current does not 
appear. The value of the plasma resistivity has been anomolously 
high relative to the Spitzer value. Neoclassical theory predicts a 
reduction in conductivity ih the banana regime due to trapped electron 
effects. The predicted variation is 

cr (r) = a (l - 1.95 (-R
r

) + 95 (.!.) ) sp • R 

where a is the Spitzer conductivity. Assuming a flat temperature 
profile�Pwe can average cr (r) over the minor radius and obtain, for 
UWMAK-I parameters, <a> = (Osp/3.65 ) . In addition, the conductivity can 
be reduced due to impurities by the effective Z of the plasma. For Zeff 
defined as 

we have 
<a> = 

1 = --

a 
sp 

l n . z: 
J J j 

or, for the resistivity, n ,  

n = n (3.65 ) z 
ff " sp e 

Thus, for Zeff - 3, the resistivity can be anomolous by a factor of 10. 
However, it is not clear yet that these effects are multiplicative as 
indicated and for the remaining analysis, we will use the Spitzer 
resistivity at 11 KeV (the temperature during the burn, see section II-F) 
as a benchmark case and consider other cases relative to it. 

For a 90 minute burn time, the volt-second requirement is 94.7 
for the Spitzer resistivity case. Therefore, using the neoclassical 
resistivity implies 345.7 wolt-seconds are required and if the resistivity 
is anomolous by a factor of 10, the volt-second requirement becomes as 
high as 1000. 
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The divertor coils (see Chapter III) are progrannned to rise with 
the plasma . They p1mduce a time changing flux through the plane of 
the plasma and hence, must be considered in designing the transformer 
primary. For UWMAK-I, the divertor provides 60% of the flux needed 
to energize the plasma current so that the transformer proper need only 
provide 40% . The mutual inductances of the plasma with the transformer 
and divertor coils has been calculated using the plasma magnetic major 
radius of 14 meters as opposed to the geometric plasma radius of 13 
meters. The choice has been made based on the fact that the plasma 
currents are displaced toward the outside to obtain radial equilibrium . 
A more detailed j ustification is given in Section III . The mutual 
inductances were determined in terms of complete eliptical integrals, 
The currents were considered to be single filaments at the coil 
locations. The finite size of the coils has not been neglected in the 
self-inductance calculations, where expressions from Grover (56) were 
used. The divertor coil currents must be off at t=O in order to prevent 
particles from going to the wall during breakdown and plasma formation,  
The currents in the divertor coils then rise to +In and generate the 
necessary vertical field and the appropriate divertor geometry .  The 
magnetic flux which will be stored in the blanket as the eddy currents 
decay is provided by the transformer primary windings, not by the divertor 
coils . Likewise, if a constant electric field is required to maintain 
the plasma current, this field must be supplied by the transformer 
primary only and not the di.vertor currents (s:ilnce they are fixed in 
relation to the plasma current . ) 

The transformer coil currents have been determined in the following 
manner . The flux through the circle enscribed by the magnetic axis due 
to the divertor currents and the plasma current is calculated using a 
computer code described in Section III-B, Divertor Magnetic Field Design. 
The radius rr of the transformer at the midplane (see Fig . II-C-3) is 
chosen consistent with the size of the D-windings and the anticipated 
size of the coils . A field line generated only by the plasma current 
and passing through rT is calculated . This field I = Rb. is placed at 
the center of each segment by the plasma current . This procedure gives 
the location and relative magnitudes of a set of currents which produce 
flux through the center but negligible magnetic field in the vicinity 
of the plasma. The transformer currents determined above are then scaled 
(maintaining relative magni tudes) to satisfy the "frozen" poloidal flux 
condicion, 

� (R, t=O) = � (R, t > Tl), (32) 

where � (R, t) is the poloidal flux through the circle enclosed by the 
magnetic axis at time t . The final divertor currents and the transformer 
current change in the initial startup phase are given in Figure II-C-4, 
The transformer currents ' have been diviped ' into 5 finite coils at the 
positions indicated. Since all the transformer currents are proportional, 
more detailed analysis of the current wave shape will be described in 
terms of the transformer coil Tl, 
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We have previously indicated that the divertor current as a 
function of time is determined by the plasma current. The transformer 
coils have been placed such that the field contributions at the plasma 
is small. Therefore, the magnitude and sign of Tl at any time is 
arbitrary by design and other considerations determine its value. 
In particular, the required flux change and the desire to minimize both 
the magnetic energy and the power determine the current in coil Tl. 
The latter conditions will also determine the size of the magnetic energy 
storage unit and the power rating of the SCR bridge required. 

One can see the importance of correctly choosing the rang� of 
transformer currents by examining Figure II-C-5. The total poloidal 
magnetic energy which is used in the analysis is the only measure of 
energy that has a clear meaning. Due to the mutual coupling of the 
plasma, divertor coils and transformer coils) it is impossible to 
associate a certain fraction of the energy to the plasma, another 
fraction to the diverto�, etc. Curve A plots this total poloidal 
energy as a fraction of time for transformer currents ranging from 
2IT + 0. The range in curve B is +I/2 + -I/2 and results in a dramatic 
decrease in the maximum required energy at point 1. The optimum condition 
occurs when the poloidal magnetic field energy is equal at the beginning 
(point 1) and at the end (point 2) of the burn phase. A logical range 
would be +I/2 to -I/2, which assumes that the minimum energy occurs 
at I(Tl) = O. In our system, this is not the case. As indicated in 
Figure II-C-6, the minimum total energy occurs at I(Tl) =-6.35 x 106 Amps 
and this dictates a transformer current of 61/2-6.35 at the beginning 
of the burn. The location of the minimum depends on the self inductance 
of the transformer coils, itself a function of lrT I and the particulars 
of the design determining the coil cross section. �is shift, however, 
has proved to be small and easily corrected. At t=O, Tl has a current 
of (61/2-6.35 + 10.47) 106 Amp, where 10.47 x 106 is the current change 
necessary to bring the plasma current to its operating value of 20.7 MAmps. 

It is important to note that the value of 6I is directly proportional 
to the plasma resistivity. As the 6¢ required increases, the minimum 
energy previously described also increases, as shown in Figure II-C-7. 
For small resistivity values, little extra energy need be provided. However, 
this required ene�gy rapidly increases and reaches 30% for n = Sn Spitzer. 

The present design can accomodate up ton= Sn Spitzer before the 
critical field of 8.6 tesla is seen by the coil T4, the position of 
maximum field. A limited amount of additional flux change can be obtained 
by subdividing the transformer current beyond the five discrete coils 
already provided. 

The instantaneoqs power required by the system has also been calculated 
using the inductance matrix previously computed in the calculation of 
the energy. The power can be written as 
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The peak power required from the line or a superconducting energy storage 
unit determines the major SCR bridge necessary for the system. The 
peak power during the startup and shutdown phases is almost independent 
of the absolute values of the transformer current,having values around 
1000 MW. The coils contributing most to the power requirements are the 
divertor coils, which are charged and discharged during the startup and 
shutdown. On the other hand, the peak power of the reset phase is 
strongly dependent on both the range and the magnitude of the transformer 
currents since the divertor coils are idle at this time. The optimum 
current ranges previously defined also yield the lowest peak power 
values in this phase. For example, the power values 

corresponding to the energy values of curve A 
(Figure ll-C-5) in the reset phase was -1500 MW as opposed to 750 MW 
for the optimum case. The 61 burn also affects the magnitude of the 
peak power in the reset phase. However, where n < 7 n , the reset phase 
does not determine the peak required power. Figure ll�E-8 follows the 
development of the plasma and transformer currents, the total poloidal 
energy and the power as a function of the time during the power cycle. 

Having indicated the impact of anomalous resistivity on transformer 
design, and having discussed some of the uncertainties in just how 
anomalous the resistivity will be, we will use the neoclassical case 
of n = 3.50nsp for the design basis case in further discussions of the 
UWMAK-I reactor. 
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II-D. Neutral Beam Plasma Heating to Ignition* 

1. Introduction 

The prospect of heating toroidally confined plasmas by energetic 
neutral beam injection has stimulated much interest and optimism in the 
beam heating technique and predictions for present day experimentsCl-4), 
lend SUPP.Ort to this optimism. Results have recently been reported from 
the ATc, (5) CLEo (6) and QRMAK (7) , experiments where modest amounts of 
power have been injected via neutral beams. Although the Tokamak in
jection experimental program is still at an early stage, these recent 
results indicate heating rates consistent with expectations with no 
apparent adverse effects on plasma confinement. 

The analysis is primarily for UWMAK-I, but the results are generally 
applicable to toroidal systems. We have indicated wherever possible, the 
implications of our results for other, in particular, smaller feasibility 
or reactor size plasmas. 

The plasma model and method of solution are discussed in Section II-D-2. 
However, several general assumptions applicable to the model are the 
following: l) the presence of background neutral gas and impurities in 
the plasma are not considered; 2) the possibility of a deleterious plasma 
response due to neutral injection (9) is not included; 3) neoclassical ion 
transport and pseudoclassical electron transportC15, 16) are the only 
transport effects examined. Possible ad�itional effects on transport, 
such as trapped particle instabilities(lO) are not studied. The remainder 
of the paper is structured as follows. In Section II-D-3, we discuss the 
results obtained from the study of a particular large CTR Tokamak system. 
In Section II-D-4, injection criteria are applied to a smaller system 
and the resulting beam energy and power requirements are discussed. The 
general conclusions of the analysis are summarized in Section II-D-5. 

2. The Calculational Model for Plasma Simulation 

To simulate the time evolution of the plasma parameters during heating, 
a two-fluid numerical model, accounting for electromagnetic field diffusion 
and energy flows within the plasma, is used(ll-13) , The electron-ion 
rethermalization, bremsstrahlung and synchrotron radiation, ohmic heating, 
thermonuclear alpha particle heating and heating by means of injected power. 
The governing equations for the system are written in cylindrical coordinates 
and depend only on the minor radius, r, and the time, t. Toroidal transport 
coefficients, accurate to first order in E = 1/A, the inverse aspect ratio, 
are used. The equations are as follows: 

*The references for Section II-D are at the end of this section. 
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where W is the radial diffusion velocity, P(r) is the injected power 

densityrand E0 is the neutral beam particle energy. 

2)  Particle Diffusion 
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where Q. is the ion heat flux and f
bi 

is the fraction of beam power 

absorbe� by the ions. 

4) Electron Energy Conservation: 

-4,77 X 10
-12 (T - T,) 

e 1 

T 3/2 
e 

2 2 n Z, lnA 
1 

A, 
1 

2 
- l .£....(r [l nW T + Q ]) +�<av> E f + 6.25 x 1015

E J 
r ar 2 r e e 4 DT a. a.e (j> (j> 

+ P(r)fbe 
- P

Brem - p
sync 

(37) 



----"� ---�-----------

p 
Brem 

dT 
e 

II-D-3 

9. 48 x l0
-1 7 z: n

2 
T

l/Z 
1 e 

(39) 

(40) 

(41) 

Q
e 

is the electron heat flow, f
b 

, is the fraction of beam energy absorbed 
by the electrons and R is the wall reflectivity to the synch�otron 
radiation. Equations (34) , (36) and (39) signify that a diagnoal 

simulation model is being used. We do not include cross flow terms, 
such as energy flow due to density gradients or particle flows due to 
temperature gradients, which are expected on general grounds(l 7) . 
PBrem and P

ij
ync represent energy losses from bremsstrahlung(l8) and 

synchrotronll9) radiation, respectively. 

The first term on the right hand side of equations (35) and (38) accounts 
for electron-ion rethermalization, and P(r) fbi and P(r) fbe are external 

sources of energy for the ions and electrons, respectively. Also 
Ea = 3. 5 MeV is the energy of the alpha particle produced in a D-T fusion 
reaction, fai and fae are the fractions of the alpha energy deposited in 
the ions and electrons, respectively(14) . The form of the particle and 
energy source terms due to neutral beam injection will be developed shortly. 

5) Electromagnetic Equations: 

(42) 

E
</> 

= nJ
</> 

(43) 

In equations (33) to (43) , lengths are in cm, time is in milliseconds, 
density is in cm-3 temperature and energy are in eV, current density is 
in amps/cm2, electric fields are in Volts/cm, and magnetic fields are in 
gauss. 

As has been noted, it is still uncertain which theory describes present 
day experiments and whether or not direct scaling of any existing theory 
to large plasmas is appropriate. In this analysis, the electron heat 
conduction coefficient is assumed pseudoclassica1(15, 16) and the ion heat 
conduction coefficient is taken as the banana �egime of neoclassical theory(l7) . 
The particle diffusion coefficient, DL, can be assumed zero for the large 
plasmas studied in this paper. This siwplification is justified by estimating 
the particle confinement time as T � � . Based on the initial plasma 
conditions and taking D to be pseuHoclas�ical, typical particle confinement 
times are found to be greater than 50 seconds. The time scale for heating 
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the plasma is expected to be on the order of 10 seconds or less so that 
particle diffusion during the heating phase is negligible. The plasma 
density profile thus changes during heating only as a result of the addition 
of plasma particles by neutral injection. The transport coefficients used 
in the numerical simulation are given by, 

K. 
1 

K 
e 

DJ. 

= 

1/2 2 0. 68 E Pie 

10 2 
nv p e e e 

"" 0. 

(44-a) nv. 
1 

(44-b) 

(44-c) 

The forms of bremsstrahlung and synchrotron radiation loss terms and the 
electrical resistivity are those of Rose and Clark(l8), Rosenbluth(l9) , 
and Spitzer(20), respectively. A reflection coefficient of 0.9 is assumed 
in the case of synchrotron radiation. 

Equations (35) and (38) include terms representing the energy deposited 
in the plasma by alpha particles produced in deuterium-tritium fusion 
events. We assume that the flux surfaces in the plasma are circular and 
that an alpha particle deposits 3,5 MeV uniformly over the flux surface 
on which it is produced. In addition, the characteristic slowing down 3 
time for an alpha particle in an electron density of 3 x 1013 electrons/cm 
at a temperature of 5 KeV is less than half a second. Therefore, it is 
assumed that the alpha particle energy is instantaneously deposited in 
the plasma. 

The equations for the model are non-linear coupled differential 
equations and require linearization of the transport coefficients. 
Following linearization, an implicit finite difference method(21) is used 
to obtain the time dependent radial profiles. Details of the numerical 
solution method are given by Dory and Widner(l2) . 

The neutral beam heating phase of reactor startup is assumed to 
follow initial gas breakdown and the time during which the plasma current 
rises to its final operating value. During the beam heating phase, the 
plasma current remains fixed and the core flux is increased to make up 
for the resistive drop as the plasma temperature increases. Thus, the 
times to ignition given in the next section refer strictly to the beam 
heating phase and do not include the current rise time. 

The analysis here begins with a fully ionized plasma characterized 
by the following relatively flat radial dependent profiles: 

T.(r, t=O) T. (l-r2
/a

2
)

l/3 
+ lOeV, T. = 500 eV (45) 

1 10 10 
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E
¢

(r, t=O) = nJ
¢

(r, t=O) 

(46) 

(47) 

(48) 

(49) 

The initial temperature profiles are assumed relatively flat because the 
conceptual reactor, UWMAK-1, is proposed to operate with an axisymmetric, 
poloidal field divertor. The action of the divertor should mean that a 
relatively rarefied zone, dominated by atomic processes, will surround 
the plasma outside the separatrix. The 10 eV temperature is inserted to 
indicate the presence of this blanket plasma. The density profile given 
by equation (47) is also relatively flat and the factor, .95, means the 
density on the edge will be roughly 20% of the center line density. We 
have varied the boundary temperature from 10 eV to 100 eV and varied both 
the shape of the density profiles and the density of the plasma at the 
edge. It is found that the plasma heat up rates are basically not affected. 
On the other hand, beam penetration is strongly dependent on the density 
profile. Actual beam power deposition profiles for different density 
profiles will be given shortly. Finally, the safety factor, q(a) , is 
set at 1.75 and the initial profiles are consistent with q > 1 at all 
plasma radii. 

The energetic neutral beam injected into plasma is assumed to be 
composed of a deuterium-tritium neutral of atomic mass 2. 5. A single 
equivalent atom beam of zero cross sectional area (pencil beam) is 
considered. In practice, the required total power would be injected by 
several neutral beams located symmetrically around the torus to minimize 
the disturbance of axisynnnetry in the plasma. Rome, Callen and Clarke(22) 
have recently studied the injected energy density deposition rate profiles 
which result from finite beams. We find, using the computer code developed 
in their work, that the pencil beam approximation is accurate except in 
the region near the plasma center. For the UWMAK-I system, the pencil 
beam and finite beam give essentially the same results for r � .15a. In 
addition, the time required to heat the plasma to ignition is not sensitive 
to the detailed injected energy profile near r = 0 since the toroidal 
plasma volumes in this region are small. 

The neutral beam strength is defined, in equivalent amperes, by 

(50) 

where P is the beam power in watts and E is the beam particle energy 
in electron volts. The number of particlgs injected into the plasma per 
second, I/e, where e is the electron charge, is accounted for in equation (33) . 

The neutral beam particles are ionized in the plasma primarily by 
electron and ion impact and by charge exchange(23) . The geometry for 
neutral beam injection tangent to the center of the cross section is shown 
in Figure II-D-1, For a neutral current, I , entering the plasma, the 
attenuation of the beam as a function of di�tance along the injection 
chord is given by, 
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(51) 

(52) 

a is the charge exchange cross section, o. is the ion impact cross ex i 
; <ov> · h Ma 11' d 1 · section, -- is t e xwe ian average e ectron impact cross section, 

0 

v is the neutral particle velocity and s is the distance along the chord. 
I� is assumed that the cross sections are functions of the relative 
velocity of the colliding species only. For the beam energies examined 
in this paper (E0 > 100 KeV) ,  ion and electron impact ionization are 
dominant and chafge exchange is small. Thus, neutral injection is not 
a source of warm neutrals as it can be in present injection, .experiments. 
Numerical values of the cross sections are given in references (23) and 
(24) .  We use the approximation to the data given by Sweetman(25) and 
shown in Figure II-D-2. In the worst case, equivalent to a 200 KeV hydrogen 
neutral, the error introduced by this fit to the attenuation cross section 
is 25%. 

The drift orbits of the fast ions produced as the neutrals are 
ionized must be considered in determining the energy density deposition 
rate in the plasma. It has been shown that ions produced parallel to the 
magnetic field follow orbits which are approximately circular and centered 
at x = xs, when projected onto a plane containing the plasma cross sectionCl, 22) , 
The stagnation distance, x , is defined by 

s 

(53) 

and for 500 KeV injected ions, the center of the orbit is x � 7 cm in 
a system the size of UWMAK-I. Since Xs is less than 7 cm fSr injection 
energies less than 500 KeV, this small shift in the orbit center is neglected. 
Thus, the fast ions resulting from injection are assumed to traverse circular 
orbits centered at r=O. 

The fast ion slowing down time, as for the alpha particles is short 
compared with the particle confinement time so that it is assumed the 
ions deposit energy instantaneously over the flux surface on which they 
are produced. The radial shape of the energy density deposition rate for 
a particular beam energy is calculated numerically using the attenuation 
and orbit considerations just outlined and the assumed plasma density 
profile. In addition, the total beam power has a radial distribution 
in the plasma. Therefore, the total power deposited is defined as 

a 

P = 2TIR J 2nr P
0
. f (�) dr, 

T o 
o,, 

(54) 
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where P(r) = P f(r) is the energy density deposition rate profile, 
P

0 
is the powe� density at r=O, and f (r) is the radial shape factor 

for a beam of energy E0 • The shape factor f (r) is calculated numerically 
and is included in equations (35) and (38) in this manner. 

In a large plasma governed by the transport laws we have assumed, 
the time scale for rethermalization be'f:ween plasma electrons and ions 
is small compared to the plasma heating time. Therefore, the heating 
times calculated are not sensitive to the exact fraction of the injection 
energy absorbed by each plasma specie as the fast ion slows down. We 
have assumed 70 percent of the injected energy is absorbed by the 
electrons in all cases considered in Sections II-D-3 and II-D-4. 

3. Plasma Heating by Neutral Beam Injection 

The approach of the plasma toward thermal equilibrium, considering 
only ohmic heating and no beam heating, has been calculated for a five 
second time interval. The peak ion temperature as a function of time is 
given on Figure II-D-3. Using the Spitzer formula for electrical resistivityC20), 
heating alone is not sufficient to ignite the system. Since the temperature 
rise due to ohmic heating is a relatively slow process, there is no advantage 
in delaying injection heating until the ohmic heating phase has concluded. 
Therefore, injection heating will begin innnediately after the plasma current 
has been fully established, i. e. ,  t=O with respect to the heating phase. 

We now consider the neutral beam energy and power that are required 
to ignite such a reactor size plasma. Clearly, the beam must be energetic 
enough to adequately penetrate the plasma before ionization occurs. On 
the other hand, the beam energy is bounded from above by requiring that 
a large fraction of the injected neutral particles be trapped in the plasma. 
In large systems, such as UWMAK-I, this maximum energy requirement is really 
inconsequential since trapping of the injected neutrals is highly efficient. 

Since the plasma is quite large in this system, we have chosen to 
ignite the plasma at low density, n0 = 3 x 1013/cm3, to improve beam 
penetration. We assume subsequent fueling after ignition can build the 
plasma density to a desired operating value. In addition to the penetration 
problem, the stored energy in the hot, dense operating plasma is very high, 
on the order of 1000 M.J. Therefore, it is advantageous to ignite the 
system at a lower stored energy(l) . By heating the plasma to a temperature 
above the ignition temperature, the stored energy will increase further 
due to thermonuclear power, and fueling can then be accomplished by alternate 
means(26) . 

The radial shapes of the power density deposited in the plasma from 
100, 350 and 500 KeV beams are shown on Figure I[-D-4. The shape factors 
are independent of the total power in the beams and are normalized to 1. 0 
at the radius of maximum deposition. The fraction of the 100, 350, 500 KeV 
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beams trapped in the plasma are >.999, >. 999, and >. 995, respectively. 
The effect of different density profiles for the 350 KeV beam is shown 
in Figure II-D-5. It is clear that the most concave density profile 
gives the most peaked power deposition profile. However, we have found 
that the plasma heating rate and the time to ignition are only slightly 
affected. 

Since we consider plasma heating at a density below that desired 
during the burn, we are interested in both igniting the plasma and 
perhaps more importantly, in achieving a prescribed heat up rate to 
allow for subsequent fueling and density bu�ldup. A rigorous monitor 
of plasma behavior relevant to ignition and heatup is the plasma stored 
energy, W, defined as 

t 
W(t) = f (P

a
+ P

OH + P
IN J - P

L
)dt' (55) 

0 
Here, P , P

OH' and P
IN J 

are the powers due to alpha particles, ohmic 
heatingaand Ynjection, respectively, and PL is the total power loss from 
the plasma volume. The rate of change of the stored energy is 

aw (t) 
dt (56) 

From equation (56), one sees of course that W will increase without injection 
if 

(57) 

This condition, P + P
0H 

= P
L

, can occur at low temperature when the 
plasma approachesaa thermal equilibrium maintained by ohmic heating. 
It also occurs at a higher temperature when the power deposition from 
alpha heating becomes dominant and the plasma ignites. As the plasma 
approaches the lower temperature equilibrium, the stored energy is 
increasing but dW/dt is decreasing and a2w/dt2 is negative. This 
equilibrium point is thermally stable, i.e., stable against excursions 
in plasma temperature. On the other hand, if beam heating is used until 
a2w/at2 becomes positive, the plasma will have reached the higher 
temperature, thermally unstable, ignition point and the plasma will have 
ignited. (If plasma resistivity is anomalously large� ohmic heating'alene 
could drive a2w/dt2 positive and the plasma will ignite without auxiliary 
heating. ) Once a2w/at2 is positive, the plasma will have a positive heatup 
rate even if beam heating is discounted. The reason is the second 
derivative, 

(58) 



80 

<( 

70 
<(-_J 0 
Q. � ' 
I.L. -:, 
0 45:  -- 20 
L&J 
(!) >-
Z<.!> 
<( a:: 
:cw Oz 

L&J 

0 0 
w 

L&J� 10 t-o 
<( t-a:: Cl) 

3f+--0 "t'J 

0 
0 

II-D-14 

(c) 

.. ,, 

(b) 

(a) 

BEAM POWER 75 MW 
BEAM ENERGY 

(a) 100 KEV 
(b) 350 KEV 
{c} 500 KEV 

(c) 

(o) 

.,.,,---- (bl 

5 10 

t-TIME (sec) 

------ . -----·-··· 

Heatup rate as a function of time for 75 MW of power injected at 100, 
350, and 500 KeV for 5 seconds 

Figure II-D-6 
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10 sec 
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Radial ion temperature profiles after 1, 5, and 10 seconds resulting from 
injection of 75 MW of 100 KeV neutrals for 5 seconds. 

Figure II-D-7 
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Radial ion temperature profiles after 1,5, and 10 seconds resulting 
from injection of 75 MW of 100 KeV neutrals for 5 seconds. 

Figure II-D-8 
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Radial ion temperature profiles after 1, 5, and 10 seconds resulting 
from injection of 75 MW of 500 KeV neutrals for 5 seconds. 

Figure Il-D-9 
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Heating rate as a function of time for 25  and 50 MW of power at 500 KeV 
injected for 10 seconds 

Figure II-D-10 
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can be positive only when Pa is dominant since 
!t (]C)H

- P
L

) is negative 

d dT · . · 
Th f . . . . h an � is positive . ere ore, assuming constant 1nJ ect1on power, t e 

igniEion condition is 

(59) 

At the time of ignition, injection can be discounted and the plasma will 
heatup at an accelerating rate . 

Figure II-D-6 illustrates these points by showing the heating rates 
resulting from 75 MW of injection for 5 seconds and for three different 
beam energies . In all cases, the plasma is ignited in less than 5 seconds. 
Ignition occurs where dW/dt is a minimum. When the beams are turned off 
at t = 5 sec, the 500 KeV case exhibits the fastest heatup rate, approximately 
7 . 5  MJ/sec . However, the 100 KeV beam has been more efficient in heating 
the plasma than the 350 KeV beam . When the beams are turned off, the 100 
KeV case gives a heating rate of 5.9 MJ/sec compared to 2 . 3  MJ/sec from 
the 350 KeV beams . The reasons for this difference can be understood by 
examin;ng the ion temperature profiles in Figures II-D-7, D-8 and D-9 . 
One notes first that injection of 500 KeV beams for 5 seconds produces 
high ion temperatures in the central zone of the plasma . Therefore, 
the production rate of alpha particles is also high in this zone and 
the £esult is an appreciable total alpha power production . In the 100 
KeV case, the maximum ion temperatures are lower and occur near the plasma 
edge . However, the plasma volume associated with the high temperature 
zone is greater than for the 500 KeV beam case . As such, the total alpha 
power produced is again appreciable . The 350 KeV neutral beam is calculated 
to produce a relatively uniform ion temperature profile . However, the 
te.mperature level of approximately 6 KeV means the total alpha power produced 
is, in fact, less than in each of the previous two cases . The result is 
the low heatup rate of 2 , 3  MJ/sec once injection is terminated. We conclude 
that the plasma heatup rate resulting from injection at constant power 
for a specific length of time depends on the ion temperature profiles 
established in the plasma . This in turn is clearly a function of the 
beam energy. 

Turning to another point, Figure II-D-10 illustrates the effects of 
using different beam powers at a given beam energy . The calculations were 
for 10 seconds of neutral beam iny ection in both cases . For 25 MW of 
500 KeV beams, the plasma bareiy ingites and d2W/dt2 is positive but small . 
The heatup rate is thus also small . On the other hand, 50 MW of power 
produces a heatup rate of approximately 24 MJ/sec . This can be compared 
to the 75 MW, 500 KeV, 5 second injection case shown in Figure II-D-6 
where the heatup rate at the end of injection is 6 . 8  MJ/sec . A cross 
comparison of Figures II-D-6 and II-D-10 indicates, for various beam 
energies and different beam powers, the time required to ignite the plasma 
and the heatup rates which result from injection times in the 5 to 10 
second range. 

Some further comments should be made on the temperature profiles 
shown in Figures II-D-7, 8, 9. In the 100 KeV case shown on Figure II-D-7, 
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Figure II-D-11 
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Power for ignition as a function of time to ignition 
(a=Sm ) using 500 KeV beams 

Figure II-D-12 
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the beam energy is too low to penetrate the plasma appreciably. The 
injected power is, therefore, deposited in the outer plasma regions. 
Yet even with the steep temperature gradients that develop, energy 
transport from large to small plasma radii is too slow to cause 
appreciable temperature increase at the plasma center. The implication 
is that for large plasmas operating at low q values, and governed by 
the transport coefficients we have assumed, the plasma energy balance 
is local. That is, two adjacent volumes of plasma are only weakly 
coupled energetically. As such, the plasma temperature profile can be 
expected to follow the inj ected power profile. 

The strongly inverted temperature profiles in the 100 KeV beam case 
are similar to profiles predicted to develop from skin currents and may 
have adverse effects on plasma confinement. The questions of plasma 
equilibrium and s.tability are not investigated here. Rather, we have 
determined the beam energy necessary to produce non-inverted temperature 
profiles. The injection profile for a 350 KeV beam does not have a 
local peak off axis, as is seen in Figure II-D-4, case (b) . The temperature 
response to a 75 MW, 350 KeV neutral beam has been computed and the 
profiles are given in Figure II-D-8. As with the 100 KeV beam, though 
to a lesser extent, the temperature profiles are locally peaked off axis 
even though the injected energy density deposition rate is maximum on axis 
and is monotonically decreasing to r=a. This result is clarified by 
considering Figure II-D-11. 

Figure II-D-11 shows the 350 KeV injection case, renormalized on a 
power deposited per plasma particle basis. Since the plasma density 
decreases monotonically with radius, the 350 KeV beam produces a heating 
rate (as opposed to an energy density deposition rate) which is a maximum 
on axis but is also locally peaked near the plasma boundary. Therefore, 
even a constant power density input can result in preferential heating 
off axis because the plasma density decreases with radius. 

A 500 KeV beam does yield plasma temperature profiles in this 
reactor size plasma that are not inverted. Yet this energy is less 
than the approximately 1 MeV beams previously suggested to achieve 
adequate penetration in a somewhat smaller toroidal plasma(23) . We 
find that a lower beam energy is acceptable for three reasons ; 1) a 
low density startup is used, (3 x 1013cm-3 vs 3 x 1014cm-3 in reference 
(23) ), 2) the density profile is included in the calculation, and 3) the 
variation with radius of the plasma volume per radial increment along 
the tangential injection path shown in Figure II-D-1 is included. The 
temperature response to 75 MW of 500 KeV beam particles is shown in Figure 
II-D-9. Again, we discontinued injection heating in the calculations 
after 5 seconds. 

The use of 75 MW of neutral beam power gives examples of fast plasma 
heating and thus rapid startups. Since the burn time for reactors may 
be long, (such as the 90 minute burn assumed for UWMAK-I) , a slower 
startup is acceptable. A slower startup may be desirabl-e since there is 
a trade-off between the time :!Jo ignition and the power required .  Figure 
II-D-12 shows the power required for ignition as a function of the time 
to ignition, using 500 KeV beams. Even a long startup (for example, the 
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15 MW case) requires only about 10 seconds. Depending on the additional 
time required to increase the density and temperature to operating 
conditions after ignition, the time for ignition can be shortened by 
increasing the beam power. 

4. Impact of Results on Other Machines 

To determine how these results scale with system size, we have 
analyzed a system with a plasma radius of 2 meters, a major radius of 
5, 2 meters and otherwise identical to the conceptual design, UWMAK-I, 
in toroidal field strength, MHD safety factor, profile shapes, and so 
on. To obtain the same injected power deposition profile as in the 500 
KeV case studied in section 3, one must keep a/A0 the same in both cases. 
a/A0 is the ratio of plasma radius to the mean free path of the injected 
neutrals at the peak plasma density (see Figure II-D-2) .  The required 
beam energy in the 2 meter system is approximately 200 KeV. Figure II-D-13 

shows the power required to ignite this smaller system, as a function of 
the time to ignition, using a 200 KeV neutral beam. In both the case of 
UWMAK-I and the system with a 2 meter plasma radius, the beam energy 
required may be reduced in two ways. First, we have assumed for 
calculational convenience that the injected neutral has an atomic mass 
of 2. 5. The total attenuation cross section for the neutral beam is 
a function of the relative velocity of the beam particles and the 
background plasma. For the same relative velocity, the beam energy 
required varies linearly with mass. Therefore, the minimum energy required 
is reduced by 20 percent if a pure deuterium neutral beam is used. 
Second, as pointed out in reference (22) , the beam can be injected inside 
the geometric center of the plasma cross section, which results in a 
shorter chord length to the plasma center. Changing the injection angle 
requires consideration of the finite size of the beam to be certain the 
beam does not intersect the torus inner wall. Also, additional analysis 
of the orbits of ions produced at large pitch angles is required. 

5. Summary of Beam Heating Analysis 

The analysis reported in the preceeding sections, based on 
pseudoclassical scaling for the electron conductivity and neoclassical 
scaling for the ion conductivity, indicates that large Tokamak plasmas 
can be ignited at low density (-3 x 101 3  particles/cm) using moderate 
levels of neutral beam power and beam energies of several hundred KeV. 
For a reactor size plasma like UWMAK-I, a 500 KeV beam is adequate to 
provide the injected power deposition and heating rate profiles that 
ignite the plasma and yield non-inverted temperature profiles. Lower 
beam energies can also yield injected power deposition profiles that 
are peaked on axis. However, the heating rate in the plasma causes 
local maxima to occur in the temperature profiles in the outer zones 
of the plasma. This is found in the analysis of smaller systems as 
well. The maxima develop because the injected power deposited per 
plasma particle depends on the density profile. For a scaled down machine 
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with a=200 cm and the same aspect ratio, 200 KeV gives results similar 
to the 500 KeV beam in the larger system. 

A low density startup is used because beam penetration is enhanced 
while plasma losses are reduced . Therefore, a large system can be ignited 
in reasonably short times . For example, in the conceptual UWMAK-1 
system studied here, power levels on the order of 50 MW give ignition 
times in the 2 to 10 second range. In smaller feasibility or reactor 
size plasmas, such as the a=200 cm system, approximately 10 MW of beam 
power is sufficient to ignite the system in about 2 seconds with 200 
KeV beams . 

The time to ignite reactor size plasmas using a given beam power are 
found to be about the same where beam energies are in the range from 
100 KeV to 500 KeV (Ai = 2.5) . However, the final heatup rate of the 
plasma is sensitive to beam energy when a given power is injected for 
a fixed length of time . In particular, we have found that lower energy, 
less penetrating, neutral beams can actually produce faster plasma heating 
rates in some cases, 

Finally, we note that the time scale for heat conduction using 
pseudoclassical and/or neoclassical transport coefficients is long in a 
large plasma compared with the heating times of several seconds.  As 
such, thermal diffusion does not effectively suppress the local maxima 
in the temperature profiles which are reported here. For the same reason, 
adjacent volumes of plasma are found to be very weakly coupled, from an 
energy viewpoint, so that approximately equal electron and ion temperatures 
are found throughout the beam heating phase . In summary, for UWMAK-I, 
we chose the 15 MW injection startup, which reaches injection in 11 seconds . 
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II-E-1 , Neutral Inj ector Design 

The heating calculations discussed in Section II-D indicate 
that to ignite the plasma in UWMAK-I using energetic neutral beams 
requires 30 amperes equivalent of neutral particles at an energy 
of 500 keV. This is a power input of 15 MW during the eleven 
second time interval required to bring the plasma to ignition. 
The injectors required to f§§�mplish this task wit�4�e scaled from 
the Oak Ridge duopigatron and duoplasmatron. The duopigatron 
is capable of producing a total current of SA at 101 KW for 0.2 
second pulses. However, the energies are only 20 to 40 keV. 
Because of tht�4tow energy, some of the features of the duoplasmatron 
in reference will be used since it operated at energies up to 
600 keV. For UWMAK-I, there are 20 injectors situated around the 
reactor, each supplying 1.5 amperes of particles and therefore .75 
MW of power per injector. 

The ion sources consist of a plasma source, which produces a 
bright, large area plasma surface, and an extraction system which 
accelerates the ions that are the ion beam. To extract the ions 
from the plasma surface, a potential, negative with respect to the 
plasma, is applied a short distance from it. Since the plasma 
cannot support a potential gradient, a sheath forms and the associated 
sheath current constitutes the ion beam. The fact that the ions are 
accelerated preferentially in one direction leads to an electric 
field which tends to oppose the applied field. This plasma phenomenon, 
known as space charge, limits the current that can be extracted. A 
potential of - ¢ volts applied a distance of z centimeters from the

(35) plasma surface results in a space charge limited current density of 

j 
5.44 

IA 2 z 
2 amperes/cm (60) 

where A is the atomic mass of the gas specie being used, in atomic mass 
units. As discussed later , the divergence of the beam leaving 
the extraction system is proportional to r/z where r is the radius 
of the hole, or holes, in the electrodes (r will be referred to as 
the aperture size). From equation(EiO), one sees that producing large 
currents for fixed extraction voltages requires small spacings, z. 
However, decreasing z for fixed aperture size causes the beam 
divergence to increase. 

One method to avoid large divergences f�g)still extract large 
currents is to use a multi-aperture system . In this setup, the 
electrodes are spaced as close together as possible to minimize 
z, but each electrode now has hundreds of small holes drilled through 
it , The holes in the successive electrodes are aligned to allow the 
beam to pass. Each set of aligned holes gives a small beam from a 
miniature extraction system having both z and r small. Thus the 
current density is high and the divergence low. By having several 
thousand of these holes in the electrode, the beam current can be 
made large. 
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The extraction system will be of the three electrode accel
decel type with each electrode being a copper disk with several 
thousand apertures (the transparency will be assumed to be 50%). 
One of the �lectrodes will be at the plasma surface, the accel or 
extraction electrode will be a distance, z, away, and an equal 
distance further away will be the grounded decel electode. Figure 
II-E-1 is a schematic diagram of one hole in such an extraction 
system. The electrode at the plasma surface and the plasma source 
are both raised to + ¢ volts, when a beam energy of e¢ is desired. 
The accel electrode is operated at an intermediate negative potential, 
- a¢ , The difference between this potential and the potential on the 
first electrode determines the extraction potential and thus the 
plasma shape. By operating the accel electrode at a negative potential, 
any electrons created downstream from the source are prevented from 
reaching the high positive potential of the source. Finally the 
decel electrode decelerates the beam energy for singly charged ions 
to the potential applied to the source. 

Since a beam energy of 500 keV is required, a modification of 
the simple three electrode extraction system is needed to stand 
off the high voltages. It :is possible to withstand the 500 kV 
by merely incref�!�g z. However, the space charge limited current 
decreases as z. Thus, to avoid this problem, the acceleration can 
be achieved in stages, as was done with the 600 keV duoplasmatron in 
reference 34. There, a lOOmA beam was obtained in four 150 kV 
acceleration stages, the first of which had an extraction gap of 
7.6 nnn. 2his gave a proton space charge limited current density of 
5.45 A/cm . The last three stages of acceleration are done 
over a distance of approximately 30 cm. Actual operation of the 
source did not approach the space char2e current density limit, but 
was rather limited to only 0.0142 A/cm . In this design of the 
injectors for UWMAK-I, this later current density will be assumed 
since going to higher currents involves increasing the gas flow 
rate and hence the pressure. Increasing the pressure may result in 
breakdown in the extraction gap and termination of the beam. �Until 
further study indicates just how conservative the 0.0142 A/cm,t.. 

current density is, it will be used here since it has been shown 
experimentally to stand off 150 kV at 7.6 nnn. In the present case 
the 500 kV required will be obtained in four 125 kV stages. The 
first stage has an extraction gap of 7.6 nun. The remaining three 
stages of acceleration

2
are done over 30 cm. With the

2
beam current 

density at 0.0142 A/cm , an extraction area of 106 cm is required 
to attain a 1.5 A beam. Taking into account the 50%2transparency 
of the electrodes yields an electrode area of 212 cm , corresponding 
to a diameter of 16.4 cm . 

We now comment briefly about the various divergences of the 
neutral beam and begin with a few connnents regarding the all im
portant shape of the plasma surface. The plasma surface, being 
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an equipotential surface, is deformed by the applied potential so 
that the plasma boundary recedes from or advances toward the ex
traction electrode. This occurs until the current is space charge 
or power supply limited at all points along the surface . For any 
extraction system, there is an optimum plasma surface shape and a 
corresponding density . Thi.s optimum plasma boundary shape is con
cave toward the electrode, as in Figure · II-E-1, The reason is that 
the ions leave the surface along the field lines, and since the 
plasm.a surface is equipotential, the field lines are normal to the 
surface. Thus a concave surface starts the ions initially toward 
the axis of the beam. (A convex surface would cause the ions to 
diverge as they leave the plasma. )  Any deviations from the opti
mum plasma boundary shape and density lead to ion losses in the 
extraction system. 

As noted above, for any extraction system, there is an opti
mum plasma boundary shape and a corresponding plasma density . 
Therefore if the. plasma density at the extraction surface varies 
radially, the optimum plasma shape will not be attained for each 
aperture in a multi-aperture system . In this case, one must resort 
to a system in which the spacings and aperture sizes vary radially 
so that each hole has the optimum plasma

(�ha3e opposite it . Such 
a system has been proposed by Oak Ridge 3 ' 7) and is called the 
Matched Aspect Ratio with Variable Density (MARVAD) system .  

The divergence of the beam is the angle with which it spreads 
out as it travels . Ideally one would like to have a beam with no 
divergence, that is one in which all of the particles traverse 
parallel trajectories. The extraction electrode acts as a diverging 
lens because of the shape of the field lines at the electrode. 
Assuming the plasma surface to be flat and that the ions emerge 
from i: r�g� zero energy, an approximate formula for this diver
gence i s  

a =  r/4z (61) 

From this, one sees that beams with small aspect ratios,(�3{z 
have the smallest divergences. Oak Ridge ' s  duopigatron has an 
aspest ratio of approximately one, which translates to a divergence 
of 7 .  Experimentally it was observed that 60% of the beam was 
within a half-angle divergence of 1. 2° . The reason is that the flat 
plasma boundary approximation is pessimistic . As stated above, 
by shaping the plasma surface properly, the beam can be made 
initially converging which leads to partial cancellation of the 
diverging effect. Taking 3 mm as the diameter of the aperture in the present 
9esign yields an aspect ratio of 0. 79 and a calculated divergence of 5.7°. 
To calculate the divergence accurately involves the use of a com
pute{3

�)ogram to calculate particle orbits in the extraction sys-
tem. Because of the similarity between the extraction system 
used here and that of the duopigatron, it is assu&ed that 60% of 
the beam is within a half-ang!e divergence of 1. 2 . Having the 
injection port tapered at 1 . 2  would imply that 40% of the beam is 
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lost to the walls. This divergence can be improved via magnetic 
focusing as the beam emerges from the extraction system. However 
in such a case, only one ion species can he focused since the 
focal length depends on the charge to mass ratio. Therefore unless 
more than 60% of the beam can be made of one speciej it is to our 
advantage not to use magnetic focusing. Electrostatic focusing is 
independent of the charge to mass ratio of the ion specie. How
ever it cannot he used since it drains the beam of electrons needed 
for space charge neuiralizaiion. ihe duo�igatron produces approxi
mately 50% of both D and n

2 (or T and T
2

) so that no magnetic 
focusing will be used for positive beams. 

Another type of divergence encountered is that due to space 
charge. This effect can be t�SJulated from the universal space-
charge beam spreading curve. Using this curve for our injector 
design and assuming no neutralization of any kind1 leads to increase 
by a factor of 11 in the beam diameter over the 5 meter path to 
the plasma. This is based on a 1.5 A deuteron beam with an initial 
diameter of 16.4 cm. In actuality, the beam need only travel to the 
gas cell before it is neutralized. This eliminates further space
charge expansion from this point to the plasma. The gas cell should 
be placed as close to the exit of the extraction system as possible 
to reduce this effect. In practice it can be attached directly to 
the source and the neutral gas streaming from the source can serve 
as the charge exchange medium. Taking the total extraction dis
tance as 30 cm, followed immediately by the gas cell, the space
charge expansion is found to be negligible. 

To this point, only the ion source problems have been considered. 
The problem of ion beam neutralization must also be considered. The gas 
cell will be assumed to he in equilibrium, which means that any increase in 
cell thickness (product of density and l�ngth) does not yield a �hange 
in the fractions of the ion and atom species present. Figure II-E-2 
shows the efficiency of converting dif�9yent deuterium ion species 
to neutrals, as a function of energy. It is obvious that the use 
of positive ion beams is not the way to proceed since most of the 
beam would not neutralize in the charge exchange cell. These unneutra
lized ions would be lost at high energy to the walls of the injector 
ports before reaching the plasma. One would like to use negative 
ion beams since it is much easier to strip an electron from a high 
energy negative ion and neutralize it1 than to add an electron to a 
high energy positive ion. A leading method for obtaining negative ion 
beams is to pass a positive ion beam through a cesium gas cell. 
For 1.5 keV deuterons incident on an equilibrium cesium gas t�Or ' 20% 
of the deuterons are converted into negative de�terium ions. By using 
ten successive ·cesium gas cells, removing the D from the output of 
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each stagt41
y theoretical conversaion efficiency of 74% can be 

attained. 

0 In su�ry, the 500 kE�V D beam is produced by star.ting with (3J) a 1. 5 keV D beam produced in a scaled version of the duopigatron. 
This beam is inj ected into a series if 10 equilib!ium cesium cells 
which converts 74% of the incident D beam into D ions . Losses 
suffered in this conversion process are at the relatively low energy 
of 1 . 5  keV and should present no problem. At this point , we have 
a 1. 5 keV D- beam which serves as the plasma surface for the_500 
kV extraction system mentioned earlier. Extraction of the D 
beam proceeds in essentially the same manner as for positive ions 
except that now , the D- source is operated at high negative potential 
and some means must be provided to eliminate electrons from the 
beam. The next step is to pass the 500 keV D- beam through the gas 
neutralization cell. In this case , the neutralization cell must 
have a gas-feed mechanism other than the ion source because the 
cesium cell is now in between. Assuming a 70% neutralization 
efficiency (see Figure II-E-2 for the D- ions at 500 keV) , a 2 . 14 
ampere D- beam2has to be extracted to produce 1 . 5 A at the plasma. 
At 0 .0142 A/cm current density , this implies a beam with a diameter 
of 19 . 5  cm. Since D- is the only ion specie emerging from the 
extraction system, magnetic focusing can be used before the 
neutralization cell to reduce the beam divergence . Hence the neutral 
beams emerging from the neutralization cell should be essentially 
parallel. 

Once the neutral beam leaves the last gas cell , it must 
transverse a hole through the blanket before it reaches the first 
wall and the plasma. This whole region is immersed in a strong 
magnetic field which might strip bound electrons from the neutral 
atoms . The velocity of the neutrals coupl�d w!th the magnetic 
field is equivalent to an electric field , v x B ,  acting on the 
atom. If this equivalent electric field is strong enough , it can 
ionize the most excited atoms which are then lost from the beam. 
This effect , known(t2)Lorentz ionization , was studied briefly 
in an earlier FDM, where neutral beams of energies less than 
200 keV were stud�ed as they pass through the blanket region. 
By assuming a 1/n population distribution, the fraction of the 
beam lost via Lorentz ionization was determined. Neglecting the 
competing effects of spontaneous decay and inverted cascade , it 
was found that less than one per cent of the beam will be lost 
through Lorentz ionization. On the basis of this information , 
it can be assumed that 100% of those particles leaving the gas 
will reach the plasma. 

At the present time one of the main technological problems 
preventing further development of high current ion sources is the 
cooling of the extraction electrodes .  The calculations of the 
heating problem presented here follow closely the calculations 
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of Reference 43 .  The probli:!m is divided into two time periods, 
T < t , and T > tcr ' where T is the injection time and t is 
a cha��cteristic time for conduction of heat from the cen'ttr of 
the electrodes to the edges where they are cooled . For times less 
than t , conduction is not effective in removing this heat, and 
can tlflrefore be neglected . The calculations are done for both 
copper and molybdenum as electrode materials . For an electrode 
radius, a, in centimezers, this characteristic zime is found to 
be approximately 1 . la for molybdenum and 0 . 33a for copper . 
In our present case this yields 

t � 105 seconds for Mo er 

t - 32 seconds for Cu . er 

Since the injectors will only be on for eleven seconds, conduction 
of heat can be neglected . 

As the electrodes heat up during a pulse, they will expand 
and tend to buckle . To prevent this buckling the electrodes will 
initially be constructed slightly concave toward the plasma (in 
the same direction as the plasma surface curvature in figure II-E-1) . 
The criterion used to determine the maximum allowable temperature 
rise at the center of the electrode is that !J.T which causes a 
further increase of 3 . 2

° in the curvature of the electrodes . The 
temperature rises, !J.T , at the center of the �lectrode which give 
this 302

° curvature of the electrodes are 140 K for molybdenum 
and 60 K for copper . The maximum permissible beam power density , 

p 
m 

4 .  2 z1 (1-P) pc !J.T = V C 
FT 

2 watts/cm 
(62 ) 

where z1 is the electrode thickness in cen3imeters, P is the 
electroae t3ansparency, pc is 0 . 98 cal/cm °K in copper and 
1 . 13 cal/cm °K in molybdeXum, and F is the fraction of the beam 
power which strikes thP eLectrode (about 1%) . With T = 11 seconds 
and z1 = 3 �' equation62 yields 337 watts/cm2 for copper and 
785 watt2/cm for molybdenum. The injector power density is 523 
watts/cm at exit indicating that the thermal limit has been 
exceeded for copper . These calculations indicate that the electrodes 
should be made from molybdenum rather that copper to prevent 
excessive bowing of the electrodes . They also show the electrodes 
should be at least 3 mm thick . 

In summary, neutral beam heating of the plasma to ignition 
will be accomplished by 10 deuterium atom beams and 10 tritium atom 
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beams. In this section , we have considered only the basic design 
concepts for the deuterium beam, noting that the tritium beam is 
similar in nearly all respects. To produce the 1.5 amperes equivalent 
of deuterium atoms, a 2.14 ampere negative deuterium ion beam is 
required. Such a beam is produced by passing a 1.5 keV deuteron 
be13in through a series of cesium gas cells and accelerating the 
D- obtained in this manner. The 500 kV acceleration system will 
require five electrodes with 2125 aligned 3 nnn holes on 19 . 5  cm 
diameter electrodes. The cesium gas cells and the first electrode 
will be at a potential of minus 500 kV. The holes in this 
first electrode will form the plasma surface from which the D-

beam can be extracted. The next electrode is at a potential of 
minus 375 kV and is spaced at 7.6 mm from the first electrode. 
It i� operated such that the extracted current density is 0.0142 
A/cm . The last three acceleration stages take place over a distance 
of 30 cm. The last electrode is at ground potential. To prevent 
excessive heating and bowing of the electrodes they should be 
constructed of molybdenum and be at least 3 mm thick. Such 
sources represent a considerable improvement of existing 
technology especially as far as beam power and pulse length is 
concerned. That is, sources are now operating above the currents 
desired but at an energy an order of magnitude below that 
required and also at pulse lengths two orders of magnitude too 
low. Also the field of negative ion sources is still in its infancy 
and much work needs to be done to produce respectable beams·. The 
19.5 cm size of the electrodes is a considerable increase over 
existing sources. However, this cbuld be decreased by operating 
near the space charge limited current density. Whether or not 
this is possible depends on the gas pressure in the extraction 
system. It may be possible , by using differential pumping between 
the electrodes in the extraction system to run at higher current 
densities and still avoid breakdown between the electrodes. Such an 
idea deserves future consideration. The large size of the electrodes 
presents problems regarding accurate alignment of the 2125 3 nnn holes 
in the five electrodes. Also , cooling the electrodes presents 
a problem, especially if the injectors must operate steady state 
so they can be used for fueling as well as heating. 
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II-E-2 Fueling 

Once the plasma has been ignited, one must fuel the reactor to 
make up for the losses of D and T due to fusion and diffusion. 
The use of neutral beams for fueling purposes is highly questionable . 
For one thing, at the plasma operatiig conditions (sej Section II-F . )  
the peak plasma density is 1 . 2 x 101 (D + T ions)/cm . This is to be 

3 compared with the low density startup value of 3 x 101 3  (D + T ions)/cm . 
This higher density, coupled with the higher temperatures, means neutral 
beams with energies in excE!SS of 1 MeV would be required to achieve 
penetration . Yet even if penetration is not required (for example, 
if there is turbulence and higher than expected diffusion coefficients 
and thermal conductivities) and one injects with 500 keV beams, as 
during startup, the power required at the operating point would be 
unacceptably large . In Section II-F . ,  we conclude that for an acceptable 
plasma power balance, the particle leakage rate is 3 . 6  x 102 2  (D + T ions) sec . 
To make up this loss rate using 500 keV neutral beams would require 

-3000 MW of power, an unacceptably large value in a 5000 MWth (- 1500 MWe) 
unit . Therefore, an alternative means of fueling the reactor after 
ignition must be developed . 

The proposed method is that of pellet injection, ' .d.n. which small 
solid pellets of deuterium and tritium are accelerated into the plasma . 
This problem is one where, as plasma ablates from the �ellet surface, 
it shields the pellet from the thermonucl.ealt'' piasina and thus allows 
greater penet'ratiO'tl . '  Re·feir--enc� (44',-a) ,present.SJ a., st�y, 01f<-' th]is1 1pl:'obllem 
and some of · its results are presented here . c'':' 
' '  

The loss rate of deuterium and tritium from the plasma due to fusion 
and diffusion is 3 .9  x 102 2  (D + T)/second (see Section I I-F .) .  
This is therefore the rate at which pellets must supply D + T atoms to 
the plasma . The number of 2 . 5  atomic mass unit atoms in a pellet is 

4 
3 

a N ·- - 7fr n 

3 
s (63) 

where r is the pellet radius and na is the solid number density of atoms. 
Since hydrogen is a diatomic molec�le, the solid number density of atoms 
is twice the solid number density of molecules, which for an equal mixture 
of deuterium and tritium is 2 . 69 x 10 2 2  molecules/cm3. From this 
information, the required pellet injection rate, R , is found to be 

p 
173 R = �

3
- pellets/second 

P r 
( 64) 

where r is measured in millimeters. 
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Another important parameter for pellet injection is the percentage 
of the total reactor charge contained in one pellet. For our reactor, 
this is 

1o
g

N = • 044 r
3 

(65) 

where C is the total number of ions in the plasma, namely 5.12 x 102 3. 
Figure II-E-3 is a plot of Rp and lOON/C as functions of the pellet 
radius. From this graph, an upper limit for the pellet radius can 
be assumed to be 3 mm, corresponding to 1% of the total reactor charge. 
Making the pellets much larger will cause large density perturbations 
in the plasma, the effects of which are unknown. Six pellets per 
second of 3 mm radius would be required to fuel UWMAK-I. This indicates 
that smaller pellets and higher pellet injection rates are feasible. 
A lower limit for the pellet radius of about 0.5 mm seems reasonable 
(making the radius much smaller will result in inordinately large 
injection rates) . Using 0.5 mm for the pellet radius means an injection 
rate of 1400 pellets per second. Each pellet now is a negligible fraction 
of the total reactor charge. In further calculations, we will assume 
a pellet radius intermediate to those discussed, namely 2 nun. This 
corresponds to an injection rate of 20 pellets/second and 0. 35% of the 
total reactor charge per pellet. 

Figure II-E-4 shows how far the pellets penetrate into the plasma, 
for various pellet velocities and radii ( 44 La) • . The penetratlion distance 
used here is the distance required to ablate one half of the atoms in 
the pellet. These penetratioo depths are based on a reactQr with an 
average plasma density of 101�cm-3 and a temperature of 108 °K.  Also 
the density profile was assumed to have the Gaussian shape, 

n = n oe 

2 -(0.017r) 
(66) 

Until penetration distances are calculated for UWMAK-I, Figure II-E-4 
will be used. Since the plasma radius of UWMAK-1 is 5 meters, a penetration 
depth of several meters is required, which from Figure II-E-4 indicates 
velocities in excess of 107cm/s. We will, however, calculate two 
cases : one for a velocity of 2 x 107cm/s (corresponding to Figure II-E-4) 
and another with a velocity of 2 x 105cm/s, on the assumption that 
greater penetration can be attained under the lower density operating 
conditions of UWMAK-I. 

To �I able to electrostatically accelerate pellets containing 
1.8 x 10 atoms to the required velocities is a most difficult 
technological problem (44'."'"b) .  _ By accelerating a particle of mass m and 
charge q through a potential of V volts the resulting energy is 

1 2 - mv = qV 
2 

( 6 7) 
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( assuming non-relativist ic particles) . Placing as much charge on the 
pellet as possible results in the greatest energies . If the charge is 
placed uniformly over the p«�llet, an electric field is produced at 
the pellet ' s  surface given by Gauss' s law as 

(68) 

If negative charge is placed on the pellet, one is limited by field 
emission to electric field less than 109 V/m (44-b) . For positive charges, 
one is limited by the binding forces holding the pell�t together to 
fields less than 108 V/m . If one combines equations (67) and (68) and 
uses the relationship betweem the masses and density, p, of the pellet, 
one finds that the resulting velocity after acceleration is 

6E EV 
0 v = ---

rp 

For 2 mm pellets, assuming E 
yields a velocity of 

(69) 

10
9 

V/m, and a solid density of 1 . 8 x 102 kg/m3 

v = 0 . 383 ./v m/s . ( 70) 

Therefore, a poten
7

ial of 2 . 73 x 1011 volts is required to attai�
7

a 
velocity of 2 x 10 cm/s . The charge of2

the pellet is 4 . 45 x 10 
Coulombs or the equivalent of 2 . 78 x 19 electrons . This means the 
energy after acceleration is 7 . 6  x 10 eV or 1 . 21 x 105 Joules . It 
is obvious that the construction of an accelerator to achieve these 
energies for millimeter size pellets would be very difficult indeed. 
The only advantage of such a system is that the current is very low, 
8 . 9 µA in our case . This, combined with the potentials required, 
corresponds to a total accelerator power of 2 . 43 MW. 

In the lower velocity case, the required potential is reduced to 
2 . 73 x 107 volts . It appears in any event, that millions of volts will 
be required to accelerate the pellets to the velocities needed for penetra
tion . The 102 3  eV energies should be compared with current accelerator 
technology which is in the 1012 eV range . It appears that accelerators 
capable of fueling fusion reactors with penetrating pellets are a long 
way off unless· even lower final velocities can be utilized. If velocities 
like 2 x 10Scm/s are all that is required, it may be possible to use 
some mechanical means of accE�leration . In any event, it appears that 
fueling UWMAK-I with 2mm pellets or energetic neutral beams is quite 
diff icult 

C .  D .  Hendricks (44-b) has pointed out that as the pellet enters a 
plasma with T >2KeV, the electrons striking the pellet imbed so deeply that 
reemission do�s not equal or exceed the incident electron flux and the pellet 
becomes negatively charged.  This in turn leads to a reduction in the electron 
heat flux to the pellet and can therefore result in lower ablation rates and 
greater pellet penetration . If it is possible to inject 10-100 micron diam
eter pellets and achieve penetration, then the fueling picture changes dramati
cally. In this case, the technology of pellet injection is at hand . For 
example, using a nomimal 20 micron radius pellet, the rate of pellet 
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injection into UWMAK-I is 20 x 106 pellets/sec. This is just about 
in the range of present day capabilities . Experiments to be per
formed by Hendricks on ATC in the next several months 
should indicate, first, if the penetration depths required can be 
achieved and, second, whether the pellets injection and the ablation 
process has a detremental effect on plasma confinement .  
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II-F .  Plasma Operating Conditions 

1 . Introduction 

Once the plasma is ignited, by definition the alpha particles 
from fusion deposit more energy per unit volume than is lost via 
radiation, diffusion, and conduction . The plasma therefore is 
self-heating and the question becomes "What is the set of plasma 
conditions which characterize a favorable operating point? "  

It has been previously established (45 • 46) that there exist both 
thermally stable and unstable operating points for the plasma in a 
low-8 toroidal system . It has also been p0inted out that the enhancement 
of b oth radiation and diffusion losses are necessary to achieve the most 
desirable plasma operating points . (45, 18) 

To study this problem further, and to establish operating 
parameters to characterize the plasma in UWMAK-I, we derive here a 
set of point plasma equations which describe particle and energy 
balances in the plasma . Also discussed are the implications of some 
of the assumptions made in deriving the equations and their solutions . 
In particular, we discuss the limitation on s ·  and the radial profiles 
for the particle density and temperature . T� que:;;,tion of plasma 
control is discussed in the next section.  

In the remaining parts of this section, rr?dtscuss the transport 
equations of Rosenbluth, Hazeltine a�d Hi��on,1

,. 
a 

(Rffil), t�J) diffusion 
driven b ootstrap current prE:dicted �y Ga,l.eecv .ajld Sagdeev (l? )

and res�lts 
of the recent MHD equil.ibrj

:ca 1 ;�tudie;s of ,Callen j:!,nd Dory. c. , ,As part bf 
this discussion, we settle on the 8::...limitation to be imposed on UWMAK-I . 
The impact of alternate assµinptions a:J� cliscussed i� section II-I . Also 
discussed in the _ present se'ction: are solution� t9 tl\e ruiH equatf8rs 
which . .  provide information, to guide the choice of radial profiles, the 
plasma energy and particle balance equations and their solutions, and 
finally the operating condi.tions during the burn phase in UWMAK-1 .  

2 . Transport Equations and the · S  Limit 

The research in neoclassical transport theory has lead to the 
deriviation of a new set of transport equations for low-8, large 
aspect ratio, toroidal systems . (17a, b) Rosenbluth, Hazeltine, and 
Hinton (l7a) derived equations for a hydrogenic plasma consisting only 
of a single ion species and electrons . Connor (l7b) has just recently 
extended this work, using a model collision operator, to include an 
arbitrary number of ion species . The work reported here was completed 
prior to Connor ' s work and is thus based on the RHH equations . We 
will, however, indicate effects predicted in Connor ' s  work, in particular 
regarding the diffusion and radial density profiles of high Z impurities . 

The equations of RHH are for an axisymmetric Tokamak plasma 
operating in the banana regime of neoclassical diffusion (wb 

> v .) . 
ounce ei 
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In Gaussian units ,  the equations are: 
i , ,- ,  '· 

a. Particle conservation 

dn , 1 a 
� = - -; ar (rf) + S�(r, t) 

r = r .  = r 

- Lj (r, t)·j = (i , e) 
p 

' (71) 

i e 
(

B 

9

2 T .  dT c)T . 
= n(E_)

l/2 � (D
e 

) [ -l . l2(l + _!)±. an + 0 . 43 � + . 19 __!.] 
R Be class T n dr T dr T ar 

e e e 

c E n 
I 2 . 44 ?=<f>

l 2 

e 
(72) 

b. Electron energy conservation 

3 d(n T )  
_ e e 
2 dt 

1 d 5 r dn dT
i + 

cE"' _l d(rBe) 
= - - - [r(Q + -

2 
fT ) ]  (T 17n ) � 

r dr e e 
- -;; i a'; - . °ar 47T r dr 

3m 
- � n<v >(T - T .) +se (r ,t) - Le(r , t) 

m. e e 1. E E 
(73) 

l. 
B 2 dT . 27 Q

e 
= electron heat flux = nT (E_)l/2ne (.=.!) [-

l.81 �e _ _  
e R class Be T

e 
ar T

e 

dT . 
1 

ar 

(74) 

c. Ion energy conservation 

3 d(n , T ,) 
- l. l. 
2 ar 

l d 5 f a dT . 3m 
- - -[r(Q. + - fT . ) ]  + -(T � - . 17n '\r

l.) + � n<v > (T - T .) 
r ar l. 2 l. n i dr O m ,  e e l. 

( 7 5 )  

Q
i

= ion heat flux �
m , T  

t
/2 .9T , B"' 2 - 1 . 17 fT . (76) -. U3 n D

e ( 1 e · l. (_y) 1 class m T ,  ar:- B0 e 1 u 
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d. Equation for plasma current 

�1rr �r (rBe) = j
c/> 

(1 - 1 . 95 (;)1/2) 

1/2 1 �n c)T c)T. 
+ c(�) B (-2 . 44 (Ti + T

e
) ;r - • 69n a/ + • 42n a/J ( 7 7) 

The notation is: 

r 
n 

r 

R 

sj 
p 

Lj 
p 

sj E 

Le 

E 

De 

class 

a 

particle flux 

= particl� density 

= Radial coordinate measured from center of the plasma 

= major radius of torus 

= plasma radius 

= source of particles of species j 

= loss of particles of species j 

= source energy to species j 

= energy losses from the electrons due to radiative processes 

2 = <v > p = classical diffusion coefficient e e 

poloidal magnetic field 

toroidal electric field 

= electron gyroradius in toroidal field 

= Spitzer conductivity 

subscripts i, e label ions and electrons . 

The assumptions that are important for the studies of this section are 

that n
i 

= n ,  the plasma is hydrogenic, no alpha particles are present, 
and that th�re are no radiation losses. We will add the effects of alpha 
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particles and radiation shortly. The quantities <v > and p are 
e e 

<v >
-1 

e 

(2m T ) 11 2 

e e 

3m 
l/2

T 
3/2 

e e = -----,---� 
4 (2TI)

11 2
e

4
nlni\. 

(80) 

(81 ) 

Electron""tion rethermalization terms are included in eqns (73) and (75) . 

The possibility for steady-state operation of a Tokamak requires 
that the plasma current,  j (r) , be maintained without an externally 
induced electric field, E¢ · Conditions under which this is possible 
can be obtained from equation (77) and lead to the restriction that peak S Se - YA. This is to be compared to the limit Se .::. A, discussed by e ·  
Snafranov. (2) The former condition is more restrictive in that it requires 
plasma operation at lower Se thus making less effective use of a given 
magnetic field. Nevertheless, the possibility of steady-state operation 
is there and to derive the condition, S� - YA, set E

¢ 
= 0 in equation (77) 

and solve for j
¢

. The solution is 

1/2 [ T .  

<f) L
44 (1 + T:

) 

dT. aT 
S 1 0 � = O  d T  uppose 

� 
= ' ar an 

i 
T so that 

e 

1/2 
. ( ) 

4. 8& T (.!.) 
an 

J r = -
¢ Be R ar 

• 42 
aT

i ·1 . T ar e 

This equation must be solved self-consistently with Ampere' s law 

+ C + 
j = 4if' V x B 

which, for A>>l, can be written as 

(82) 

(83) 

(84) 

(85) 
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Following Galeev and Sagdeev (lJ) , assume the density profile is 
parabolic, 

2 2 n (r) = n (1 - r /a ) . 
0 

Then (83) and (85) can be solved for B8 (r) to yield 

2 B
8 (r) = 

4. 35 (41r)n T 
0 

2 1/ 2 
a R 

5/2 r . 

Noting that the plasma pressure at r = 0 is 2n T, we can evaluate 
equation (87) at the plasma radius, r = a, and0use 

to find 

130 
e 

2 n T 
0 

(86) 

(87) 

(88) 

(89) 

As discussed shortly, the profiles we have assumed are a flat 
2 temperature profile (� = 0) and a density profile for which n (r) 

is parabolic, i . e. , r 

(90) 

For this latter profile, the condition on Se is 

(91) 

In either case, Se - vA is therefore the condition under which the 
plasma current can be maintained by density and temperature gradients alone and 
no external E is required. The current that r results in this limit 
is called the¢bootstrap current and its physical origin and effects 
have been discussed in the literature . (12, 13, 47) There is some doubt 
regarding the order 1 coefficient of vA in condition (89) or (91) so 
we shall simply use in our study here the limit 

(92) 

Shafranov (2) has, derive'd , 1the limit r i 8 
= A�  at which point the 

last closed, nested !_lux suJrface shr.i.hks down to the plasma itself. 
Further increase of 13

8 causes a splitting of the magnetic surfaces 
inside the plasma boundary and resul·ts , in a deleterious effect on 
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plasma confinement. The limit , Be = A , is larger than the bootstrap 
limit of IA and thus would lead to more effective use of a given 
magnetic field. 

Recently, Callen and Dory (l?-c) have relaxed the traditional 
large aspect ratio assumption and examined MHD equilibria in 
low as.E_ect ratio Tokamaks. They found, for A =  3 . that in the best 
case, Se was about 2 and toroidal beta, S¢ , was 0. 1, It is 
emphasized that this was a best case and that other equilibria 
were found at lower s6. 

In determining the S - limitations to impose on UWMAK-I, 
we considered all the points reviewed in the above discussion 
and , in addition noted the fact that most Tokamaks to date have 
achieved Be on the order of one half. It was dec_!ded to choose a 
middle ground between the more optimistic limi_!, B e = A ( A=2. 6  
for UWMAK- I), and the . .  most pessimistic limit, B = 0. 5. The 
limits chosen are thus Be -1 and S¢ - 0.05. Th�se values are half 
of those found in the best case by Callen and Dory but are twice 
as large as has yet been achieved experime�ally. It can be 
noted .E_arenthetically that the condition, Be = � (1 . 61 for �-I,) 
means Be = 1.08. Since _!his is so clo�e to the Be -1, the actual 
values of beta used are B = 1. 08 and B = 0.052. Thus, if the 
bootstrap current materia�izes (and it �as not yet been experimentally 
observed) , UWMAK-I  could operate steady state. However, it is 
the MHD equilibria studies which must be of primary concern and 
the operation of UWMAK-I is not predicated on the existence of 
the bootstrap current. As noted in section II-C, the excess core 
flux is sufficient to provide a burn time of 90 minutes. In 
section II-I of this chapter, the values just quoted are the 
values used. 

3. Radial Profiles for n, T, j ,  and q. 

If a Tokamak reactor operates without a divertor, the density 
should be relatively flat from the plasma center to the first wall. 
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The temperature , on the other hand, should be decreasing 'With (48) 
increasing minor radius to a value, T , equal to the wall temperature. 
If for no other reasons than radiatio� damage, this is an unacceptable 
arrangement (see Chapter VI) . Therefore, UWMAK-1 is designed to 
operate with a divertor, the double-null poloidal divertor described 
in Chapter III. A plasma with a poloidal divertor has a separatrix 
such that flux surfaces inside the separatrix form a closed, nested 
set and the separatrix becomes a natural plasma boundary. We expect 
therefore that the plasma density on the last closed flux surface becomes 
quite small so that the gas pressure between the separatrix and the 
vacuum wall is also very small. This region then acts to thermally in
sulate the plasma from the first wall and one expects a uniform temperature 
profile. The density profile, on the other hand, would not be flat and 
energy losses would result fro� particle diffusion, i.e., convective 
energy losses. Golovin et al ( 22 ) have also argued in this way for the 
temperature profile in a Stellarator by noting that the plasma density 
becomes zero at the last closed flux surface. For these reasons, we 
�ave assumed the STm�erature profile across the plasma during operation 
1.s uniform i.e., Tr - 0 ,  

To have some indication of what density profile is reasonable du�ing 
steady-state oijeration, we have solved the RHH equations analyticalli 
for the case, .._ T = 0 and T . = T • (48� The former assumption has just 

or 1. e 
been discussed and the assumption of equal species temperatures during 
operation is quite good for the thermally unstable equilibrium point, 
as our energy balance studies will indicate (see also reference 18). 
Assuming first that T .  = T ,  the steady state form of the RHH equations 
become 1. e 

and 

where 

S (r, t) - L (r, t) 
p p 

1 , a - -;;- rQ = E�j� + S
E

(r, t) - L
E

(r,t) 
r or  T 'I' 'I' 

f = c (r) 
n

2 

[ 2 , 24 dn + . 62 dT J 
IT n dr T dr 

2 

Q
T 

= c (r).!!._ (- 29 , g:; dT _ 5. 52 T dn
) 

IT dr n dr 

c (r) = 812'rr 
3 

2 - 1/ 2 B 1 2 2 e /me lnA (.!.) 
"_/ J) c:I...) 1/2 pe 

Be (r) 
2 R '- Be R Te 

(93) 

(94) 

(95) 

(96) 

(97) 

and QT
= Q. + Q + 5fT. Also, L is the particle loss rate from 

fusion andl.we will assume low frictional burnup so that L =O is a p safe assumption. 
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S and SE are sources of particles and energy, respectively, LE 
is 

tRe loss rate of energy due to radiation, and E© and j¢ are the 
electric field and plasma current in the toroidAl direction. 
For dT = 0, the particle and energy balance equations become 

dr 

1 d dn2 \ vT 
- ; dr (rc(r) dr 'l = 

1.12 
S

p
(r, t ) (98 ) 

2 
- .!. sL (re (r) 

dn 
) r c1r dr 

l 
(E j + S - L ) • 

2 . 76/T ¢ ¢ E E 
(99 ) 

E ,  j - ,is _small oompp,r-ed_ t<f alpha p.aating and radiation and -can be 
n�gfected. Clearly � -.si  §ufficient cond:Lt:ion for a unique solution 
to �quation (98} and (99 }  is the eq,ui_yalence of the right hand 
sides, i.e., 

S (r) = 1.12 
p 2 , 76 T 

(100 ) 

In a D-T fusion reac;or 
is proportional to n .  
radiation, which it is, 
condition (100�: becomes 

plasma, S comes from a-particle heating and 
If LE(r, t� is primarily bremsstrahlung 
than it too is proportional to n2(r). Thus, 

2 
S (r) = f n (r) 

p 0 
(101) 

where f is a constant. This means S (r) should be peaked on axis 
and dec�ease, as r tends to a. As wePhave seen in section II-D, 
tailored profiles peaked on axis can be produced with neutral beams 
by appropriate choice of ing ection direction and beam energy. In 
any case, for the purposes here, we assume condition (101 ) is matched 
closely enough that the densit y profile which results is indicat ive. 

To solve equation (98 ) with condition (101) ,  we need c(r). 
Jssume a flat curr2nt profile such that Be(r) = 2rrrj

0
• Then the 

equation for x(r) = n (r) is 

E..:.'..(r112 dx
) + b

2
rx(r) = 0 

dr dr 
2 where b is a positivj1

constant depending only on T. 
of variables, Z = (!:_) 2, to find a 

(102 ) 

Make the change 

(103) 
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This is a special form of Bessel ' s  equation (4,
i) and the solution 

satisfying the boundary conditions, 

f (r = 0) = 0 

n (r = a) = 0 

is 
x (r) = n

2
(r) = n

2 (!_)3/4 J 
3/ 7

(a (!_)
7/4) .  o a - o a 

(104) 

(105) 

(106) 

Here, J_
3 

is the Bessel function of -3/ 7 order (49 ) and n0 is the 
peak densify, determined by the boundary condition at r = O, which 
fixes T. a0 is the first zero of J_ • Figure II-F'-1 is a plot 
of n (r)/n0 versus p = r/a . The ana11(1c solution is fit well by the 
form 

(107) 

For comparison, we include the parabolic profile, 
square root of a p�rabola, (1 - · p 2)1/2 . Since the 
was obtained assuming dondition (101), and since 
likely to 'be e�actlygsatisfied, we' have made the 

2 
(1 - p ), and the 
solfifiofi, equation (106), 

this condition is mot 
cbnservativ� choice that 

t ; \ i . , , ,' i.... • -

(108) 

This is conservative in that it gives lower average densities for a 
given n ,  than the analytic solution and yields a finite outward flux 
of part�cles . It also yields a density value one order of magnitude 
lower at r = a than at the center . This is reasonable since we do 
not expect absolute zero for n (r) at r = a .  With n (r) given by 
equation (108) and assuming a flat temperature profile (� = O), we 
can proceed to reduce the RlIH equations to a set of -point' kinet>ics 

equations, which th the steaidy...:-state limit-; 'can oe -used td .. d�cu'-'sls1 

the plasma operat:ing cond:i:t:ions durihg the burn time . 

Before proceeding with this, it is worthwhile making some comments 
about the current profile in the plasma and the radial dependence of 
the MHD safety factor, q (r) . The Kruskal-Shafranov limit requires 

B 
q (r) = <f) i!- > a .  

e 
Thus, the radial variation of q (r) depends on B8 (r) which in turn 
is coupled to j (r). In

dThe bootstrap limit, wher2 Ei = 0, we 
previously found, using �d 

= 0 and n (r) = n (1 - r /a ) that r o ' 

(109) 
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• 

Using equation (77) then gives 

and 

9 (4.35(4n) n : t) I/2 1/4 
j (r) = - o (!:.) 

4 a R 

B Rl/4 
r cp

a 

q(r) = (-) -
R 

(4.35(4rr) n T)
l/ir5 /4 ' 

0 

(110) 

(111) 

(112) 

Thus, q(r) is monotonically decreasing in r with the value at r = a of 

q(a) 
n(r) (parabolic ) 

For the density profile given by equation (108) , q(r) is again 
monotonically decreasing in r and q(a) is 

( )  1 k6
2 

q a = 
3/4 f3° A ¢ 

2 
n (r) (parabolic) 

Of course, if we simply use s8 
= /ti, then q(a) is 

I R q(a) = 3/4 S° A ¢ 
(S � = IA) 

(113 ) 

(114) 

(115) 

An alternative view of this problem is to assume that the bootstrap 
limit is not valid and that the plasma current is driven by the 
externally induced E

¢
. Then 

(116) 

anj if cr is taken as the Spitzer conductivity, (54 ) it will vary as 
T3 2 Thus, if � = 0, cr does not depend on r and if the induced 
electric field isrconstant in r, then so is j . Thus q(r) is also 
independent of r and can be conveniently chos*n. More generally, if 
E

¢ 
is flat in r but the temperature has the characteristic shape 

T(r) T (1 - r
2

Ja
2
)P 

0 ' (117) 
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then q(O) is related to q(a) by 

q(O) 
q(a) (118) 

(� + 1) 

Thus, assuming p � 0, we have q(O) 2_ q(a) . This is contrasted to the 
bootstrap limit where q(O) > q(a) . 

Based on these considerations, we have chosen an intermediate value 
of q(a) as 1.75. If it turns out that equations (116) and (117) apply, 
one has q(O) > 1 for p < 1/2 and q(O) = 1.75 if dT = 0. On the other 
hand, in the bootstrap limit, namely equation (925, we would have 
q(a) = 1.75 and q(r) > q(a) for r < a. Thus, in either case, the 
Kruskal-Shafranov criterion is satisfied. 

In summary, the chosen radial profile for the density is equation 
(108) and the temperature profile is assumed flat (�� = 0) . q(a) is 
set at 1.75 and q(O) > 1 for both the case of bootstrap current and for 
operation at finite E

¢ 
with j

¢ 
= GE

¢ ' a uniform E
¢ ' and p 2_ 1/2 in 

equation (117) . 

4. Point Kinetics and Steady State Equations 

With the density and temperature profiles chosen, one can proceed 
to reduce the RHH equations to a set of point dynamic equations (no 
spatial variable) . There are several ways this can be done, such as 
integrating the equations over the plasma volume using an appropriate, 
space-dependent weighting function. However, it is not clear what 
weighting function is indeed "best" and we have therefore proceeded 
in the most straightforward manner (using the principle of Ockkum ' s  
razor) and volume averaged the RHH equa�ions. The reduction is carried 
out for n . (r, t) = n�(t) (l - .99(r/a) 2) 1/ 2, uniform T .  and T , and 
uniform tdroidal cutrent profile 1 e 

(119) 

where I is the total plasma current. Since the system is axisymmetric, 
the ¢ v*riable (see Figure II-A-1) is ignorable and the e variable has 
already been averaged over in producing the radial particle and energy 
fluxes. Thus, the average required here is over the radial variable, r, 
and for this purpose, it is convenient to define the operator 

u r 
2 

2 a 
f 
0 

a 
rdr (120) 
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Consider the particle conservation equation for ions 

cln
i

(r, t) 

clt 

Operating with U gives 
r 

where 

and 

2 
dni (� ) 

3 dt 

s (i) (t) = 
p 

L (i) 
(t) = 

p 

D l 
(t) nc 

= 

.. -

1 a 
(rf .)  + s (i)

(r, t) r ar 1 p 

U (S (i) (r, t)) r P 

U (L ( i) ( r , t) ) 
r p 

T . (t) 

q(a)
2

A3/2Dcl(t) 1.12 (1 + T (t)
) 

e 

2 2m T (t) 
- 4 

4/21r e lnAn° (t) e 
Dcl(t) Pe e e = - = 

3/;- T (t) 
J/ 2 T e 

Thus, 

D 1 (t) nc 

eB0 

<I> e e 

2 

(122 ) 

(12 3 ) 

(1 24) 

(1 25) 

(12 6) 

(127) 

n <crv> 
i When fusion events are taki�� place at the rate of �

4
�� fusions per 

second, the loss rate, U (�r, t)) is r p 

1 t
� (t)

2

<crv>
) Lli>(t) = - • 

P 2 2 
(1 28 ) 

It is convenient to define a time�dependent particle confinement time 
as 

(129 ) 
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so that the particle conservation equation (122) is 

2 dn� 
(

.
) - _..!. = S 1 

(t)  
3 dt p 

2 
.n�(t) 

_ l 
n� (t) <av> 

2T (t) 2 2 
C 

A similar analysis on the electron conservation equation yields 

2 
dn;(t) 

3 dt 

n° (t) 
= S (e) 

(t )  - __ e __ 
p 2T (t) 

C 

(130) 

(131 )  

The analysis of RHH (l ]-a)
did not include alpha particles, which must 

be included for a CTR system . We have included alphas through the 
conservation equation 

2 
2 

dn�(t) 1 n� (t) <crv> 
-�� = - -=1'--��-

3 dt 2 4 

.n° (t)  a 
2T (t ) 

C 

(132) 

which assumes the alphas have the same radial profile and confinement 
time as the o+T ions and the electrons. Charge neutrality adds the 
condition 

(133) 

A more detailed treatment based on the recent work of Connor (l l-b) is 
in progress. 

The reduction of the ion and the electron energy conservation 
equations, negleeting the R

¢j
¢ term, yields 

d 
(n°T )  = - (2. 28 T

e
(t) 

dt e e 

= -

- -3 
m

e 
(T

e
(t) - T

i
(t) )  

_...;c_ ______ n ° ( t ) 
2 m .  T 0 (t)  e 

1 e 

(T - T. ) e 1 
T o 

e 
n° (t ) . 

e 

(134 ) 

(135 ) 
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The parameter y 
0 

T r  an 
i e arises in averaging the term, �- -. -- in equations 

n ar 
(73) and (75), and has the numerical value, e 

y =5. 39 .  For the electron equation, one must add losses due to bremsstrahlung 
a&d synchrotron radiation and alpha heating must be added to both 
equations . The averaging procedure using U is straightforward for all 
but the synchrotron term. For that term, the analysis is more difficult . 
Yang C50) has recently extended the work of Rosenbluth C.51) to cove.i the 
temperature range above 10 KeV. He has evolved a- fit, valid for T 
in the range 3 KeV to 100 KeV, to his numerical results as 

e 

where 

w = 
eB</> 

b m C e 

R = Wall Reflectivity . 

(136) 

-4 
With B measured in Tesla and T in KeV, the constant c

1 
is 10 

Theref�re, including a-heating, ebremmsstrahlung, and synchrotron radiation, 
the energy conservation equations are 

d(n ° T )  l e e ----"---'-- = -

_ l 
m

e 
2 m . 1 

dt 2 

_ 
C

2 nono T 1/2 
2 i e e 

2 (n�) <av> 
1 

4 E U  - ( 2 . 28 T a ae e 

(137) 
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2 
(n .) <av> n° T m (T - T . )  

1 E U . - (2. 6 6  + 2y ) e i + l �  e 1 

4 a a1 o 4T 2 m .  T ( t) e 1 e 
n o . 

e 
(138) 

E is the a-energy from fusion, U . is the fraction of a-energy 
d�posited directly in the ions ona§lowing down, and U is (1 - U . ) .  
We have used U . and U from the slowing down calculgfions of ai 

Conn! (5?) Bec�Use of 'flie nearly equal masses of alphas and ions, the alphas 
will thermalize to the ion temperature(52) and we have used Ta = Ti. 
However, the mean a-energy is not 3Ti/2, even though they thermalize 
to Ti before diffusing from the plasma, because the a-spectrum includes 
a slowing down tail. This has been accounted for in computing the 
a-pressure. (18) 

In sunnnary, equations (132), (133), (137 ) and (138) are a set of 
point plasma dynamic equations to be solved self-consistently with 
the conditions, S8 =1. 08 and q(a) = 1. 75. Steady-state energy balance 
equations for analysis of the plasma operating conditions are obtained 
by setting the time derivatives to zero. 

5. Energy Balance Studies and P lasma Operating Conditions 

The point kinetic equations in the steady state limit have been 
used to study the equilibrium conditions (in an energy balance rather 
than an MHD sense{ �f a  CTR Tokamak plasma. As has been previously 
discussed, (45, 4 6, 8 the plasma can exist in two equilibrium conditions, 
one which is thermally stable and the other unstable . The unstable 
point is always at a lower ion temperature than the stable point and 
the spread in Ti can be substantial (4 KeV to > 100 KeV) .  The simpliest 
way to see this is, of course, to recognize that the ignition point, 
where power into the plasma from a - heating balances all losses, is 
an unstable equilibrium. Once ignited the plasma self-heats, as we 
have discussed in Section II-D, until it reaches another, stable 
equilibrium. A more detailed analysis based on linear stability theory 
readily establishes the basic points . In Section II-D, we found that 
ignition occured in UWMAK-I for Ti in the 6-7 KeV range. It was also 
noted in Section II-B that for a S- limited system using the D-T fuel 
cycle, the optimum ion operating temperature would be in the 10 to 15 
KeV range. This requires adjusting the balance between a- heating and 
plasma losses to achieve an operating condition that is economically 
favorable. (18)controlled operation at the ignition point found in 
Section II-D would be less economical . 

To achieve operating temperatures in the 10-15 KeV range, it is 
necessary to enhance one or more of the plasma energy loss mechanisms 
so that a balance can be achieved only by increasing the alpha heating 
rate. If one examines <ov>D-T given in Figure II-B-1 and recalls that 
a-heating is proportional to the alpha production rate, ni

2 <av> , it is 
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clear that one can increase the alpha heating rate by increasing the 
plasma operating temperature above the 5-7 KeV range found for 
ignition. Of course, one could also increase n2 but this is ineffective 
since the losses also increase as n2. Bremsstrahlung losses vary as 
n2, as do the particle and energy loss rates when classical scaling 
applies. Only synchrotron radiation varies differently (as Iii) but 
this is small in the 10-20 KeV range. Therefore, factoring out the 
n2 density dependence, the alpha heating varies with temperature 
as <av>. Bremsstrahlung has a Tl/ 2 temperature dependence and if the 
transport coefficients scale classically (classical, neoclassical, 
pseudoclassical) the energy loij� processes related to convection 
and conduction also vary as T11 • A schematic illustration of the 
temperature dependence of these various terms is shown in Figure II-F-2. 
Clearly, the low temperature thermal equilibrium is unstable. At 
higher temperatures (T > 20 KeV) , synchrotron radiation becomes 
more important and it scales approximately as T2 (see equation (136) ) .  
Thus, the higher temperature thermal equilibrium, though outside 
the optimal range of 10-15 KeV, is stable. 

One can see from this illustration that the unstable equilibrium 
temperature can be raised to the optimum range by enhancing either 
the bremsstrahlung radiation losses, the losses due to convection and 
conduction, or both. In the process, temperatures at the stable equilibrium 
come down. This is also illustrated in Figure II-F-2. Of course, there 
is a limit to the amount one can enhance the losses and still find a 
solution to the equations. This is case (c) in Figure II-F-2, where the 
gain and loss curves are tangent at one point. For larger loss rates, 
no solution exists. We thus conclude that it is desirable, indeed it 
seems economically necessary, to enhance loss mechauiaas in the plasma 
to achieve a more optimum plasma operating temperature. 

Loss mechanisms that can be adjusted for this purpose are radiation, 
conduction and convection. The bremastrahlung radiation losses can 
be enhanced substantially by the addition of a small amount (less than 
1-3% of the ion density) of high Z impurities. Conduction and convection 
losses may be enhanced to increase the particle and heat fluxes by, 
perhaps, the selective excitation of specific instabilities. It is not 
clear exactly how this can be achieved but there are several instabilities, 
aucli as trapped particle instabilities, which may enhance these fluxes. 
In addition, non-axisymmetry will lead to superbanana effects and 
increased losses. In any event, it is assumed for our purposes here 
that both bremsstrahlung enhancement and confinement spoiling are possible. 

To provide a measure of just how much radiation losses are enhanced, 
the bremsstrahlung loss rate, including impurities, is written as 

w 
X 

(139) 
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where NH is a bremsstrahlung enhancement factor and indicates how 
much Wx has been increased over the corresponding value in the absence 
of impurities (Wx(normal)). Likewise, the neoclassical diffusion 
coefficient will be used ts the scaling law from present-day experiments 
and we introduce a spoiling factor, S, via 

D
s 

= S D 
ncl ncl · (140) 

Thus, S > 1 measures how much the diffusion has been enhanced, or 
equivalently, how much the confinement time has been reduced, relat ive 
to the value predicted by neoclassical theory, for the same conditions 
of plasma density, temperature, geometry, and magnetic field strength. 

The plasma size has already been set in Section II-B by optimization 
considerations. With the limitations placed on B and q(r), the 
question is "What plasma is optimum in the sense �hat it produces the 
specified power output with minimum tcroidal field?"  Since there are 
two parameters available for variation, S and NH

, we have solved the 
equilibrium equations for different NH and S vaiues to find the 
minimum B0 which yields 5000 MW , within the established plasma limits. 
The resul�s are shown in Figuret�I-F-3 where we have plot ted the maximum 
power obtained as a function of NH, with B� set at 38.2 KG. The maximum 
of the maxima is 5600 MW h at a bremsstrahlung ehhancement of 7.5. The 
corresponding confinement spoiling factor is 450 which means the 
particle confinement time is orders of magnitude shorter than the ; 
neoclassical formula would predict. Included in the figure is a plot 
of the ion temperature at each equilibrium. This shows that the 
maximum power versus NH curve reflects the <crv>/T2 curve, Figure II-B- 2. 
As Ti passes beyond the 10-15 KeV range, the maximum possible power 
decreases sharply. Figure II-F-4 shows the effect of wall reflectivity 
on these results. Since synchrotron losses only become significant 

at reasonably large T (> 15-20 KeV), the effect of different R values e 
is only seen at large NH values. (See equation (136)). For Ti < i5 KeV, 
we find I

e 
is approximately equal to T

i
. 

To relate these results t o those of o ther workers, we plot in 
Figure II-F-5 the average power versus the center line rP. -r<>value. This 
is a closed curve, as noted by Mills, who has studied this problem 
thoroughly. (53) One can see again the effects of different wall reflectivities. 
The concave (upper) portions of these curves correspond to thermally 
unstable equilibria while the convex (lower) portions are thermally stable 
equilibria. In Figure II-F-6, the ion temperature is plot ted versus 
n1T 0

• Here, it is the upper portion that corresponds to thermally stlab.ll! ' · 
points and the lower portion that corresponds to unstable points. It 

is clear that while there is only one "best " thermally unstable equilibrium, 
namely that which gives maximum power, there can be two stable equilibrium, 
at small and large nT values, which will give the same power. While 
the main UWMAK-I analysis is carried out for the optimum, unstable 
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equilibrium, we have also evolved parameters for a thermally stable 
point at the larger of the two possible nT values. It is noted that, 
other things equal, one should choose the larger nT point since it will 
correspond to a higher fractional burnup (less fuel handling with more 
burn per pass) and a low particle diffusion rate (less of a burden on 
both the divertor and the fueling systems), 

Figures II-F-7 and II-F-8 illustrate the effect of different 
choices of N on these nT-plots. Figure II-F-3 is basically obtained 
by plotting �e maximum <P> for the various enhancements, versus NH • 
There exists a maximum NH beyond which no equilibrium solutions exists. 
This corresponds simply to pushing the loss curve in Figure II-F-2 
completely above the gain curve. 

We also see here that when NH 1 (no impurities) , the maximum 
power is about 4600 MWth· Thus, the process of enhancement of 
bremsstrahlung increases the maximum power output by -8%. Thus, 
should impurities produce unmanageable plasma problems, the plasma 
can be operated purely on (D+T) without severe deterioration in 
plasma power output. Of course, to achieve the same power without 
impu

2
ities requires a higher B: and, since magnet costs scale as 

(B¢) (see section II-B and chapter VII) , magnet costs would go up by -4%, 

Other parameters, such as density, fractional burnup, and confinement 
time, also form closed curves when plotted against nT. Figure II-F-9 
is typical and shows n� versus n�T 0

• Note that the curves of 
temperature and densitY versus nT at different bremsstrahlung enhancement 
factors are closed and nested. The power versus nT curves, while 
closed, are of course not nested. 

The characteristic parameters describing the optimum plasma and 
its operation at 5000 MWth are given in Tables II-F-1 through II-F-3. 
This equilibrium is thermally unstable so that some form of control is 
required to operate at steady state. A thermally stable plasma can 
be evolved to yield the same power and its characteristic parameters are 
given in Tables II-F-4 through II-F-6. UWMA.K.-I has been chosen to 
operate at the thermally unstable point because magnet costs are -SO%. 
higher at the stable point. The reason is B� = 38. 2 KG at the unstable 
point but is 47. 3 KG for the stable point. A 20% increase in field 
increases magnet costs by -SO% (see section II-B and chapter VII. ) 
This would translate into -$LOO million dollars for the UWMAK-I design. 
In the next section, some comments are made about the control problem 
and operation at the unstable point, but at this stage it is clearly an 
unsolved problem. We argue simply that the savings in magnet costs are 
sufficient incentive for feedback control and operation at the thermally 
unstable equilibrium. 

In summary, UWMAK-I operates at the thermally unstable equilibrium 
with characteristic parameters as given in Tables II-F-1 to II-F-3. �e has been limited to -1 and q(a) = 1. 75. The toroidal field on 
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axis is only 38.2 KG, a relatively low field, which means super
conducting magnet design can use NbTi superconductor, a " present 
technology" decision (see chapter VII) . The power output is 
5000 MW h (using 20 Mev per fusion, see chapter V) and the neutron 
wall loiaing is 1 . 25 MW/m2 (see chapter VI) . The minor and major 
radii have been set to minimize cost per unit power and bremsstrahlung 
enhancement and confinement spoiling have been used to achieve an 
optimum plasma that minimizes B$ for a given power output . The 
required bremsstrahlung enhancement can be achieved with argon (z=l8 ) 
at a density wnhihiis . 0095 of the (D+T) -ion density . The plasma 
is assumed to operate in this mode during the burn time or, if 
truly steady state, until wall initiated impurities build the 
impurity density to an intolerable level . 
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PL A SM A  PARAMETERS 
( U nsta b le Equ i Ii b r ium Poi n t ) 

T. = I I .  I Kev ions 
T8 1 = 1 1 .0 KeV 
- 14 3 n D+T 0.8 x 1 0  I c m  
_ 14  3 n a  = .02 95 x lO /cm 
-
i-c = 1 4 .  2 sec 

C o nf i nement Spo i l i ng 
F a ctor = 4 s o  

�
B 

= I .  08 

'3,,,= . 052 

q (a ) = l . 75 

a = 5 m  

R = 1 3m 

rw = 5.5m 
A = 2 .6 

Bremsstrah l ung  Enhancement 
Factor = 7.5 

0 8
4' 

= 38 . 2  KG 

lm pu ri ty = A rgon 
14 3 

Wimp= . 0 073 x 1 0  /cm 

n· 
_, mp = .0095 n (D+T )  

fb = 7. 2 °/o 
14 -3 n Tc = 1 1 . 35 x 10 sec-c m 

B8 ( a )  = 8. 4 K G  

P l a sma Vo l . =  6 400 m3 ( nom ina l )  

C h amber Vo l .= 7750 m3 ( nom . > 
Wa l l  A rea = 2 8 3 0 m2 ( nom . )  

r,,, = 2 1  x 10 6 Amps 

TABLE II -F-1 
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POWER PARAMETERS 

( Unstable Equi l i brium Point ) 

Tota l ENERGY PER FUSION • 20 Me  V 

<P>  • 5000 MW C1"h ) 

<P > /Vol • .8  MW /m3 

Neutron Wa l l  Load ing , Pnw • 1 . 25 MW /m2 

B rem .  Wa l l  Load ing , Pxw · . 21 5  MW / m2 

Syn ch . Wa l l  Loading , �w • . 0 0 2  MW I m 2 

( Wa l l  Ref l ect i v i ty • .9 ) 

Power to  D ivertor • 237 M W  

Part i c le Wa l l  L oa d i ng , Ppw = . 00 9 2 M W /m 2 

Re la t i ve Cost Fa ctor = 1 .0 

TABLE Il-F-2 
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FUELING PARAMETERS 

( Unstable Equ i  I i  brium Poi nt ) 

Tri t ium Consumption Rate • .672 K gm /day 

Deuter i u m  Consumption Rate • .448 Kgm /day 

Diffusion R a te ( D + T+ a l pha ) • 3.74 x 10 22/ sec 

Fue l i ng Ra te ( D+T )  • 3 .9 x 1 0 22 (0+ T}/ sec 
8 .4 K gm ( T )  /day 

+ 5.6 Kgm (0 ) / da y  

TABLE II ..::F-3 
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P LASM A  PA RAMETERS 
( St ab I e Eq u i I i b r i u m ) 

l = 2 8  K e v  ions 
T8 1 = 2 1  Ke V 
_ 14 3 n = .367 x l O /cm D+T 
rla = . 127 X 1 01�cm 3 

Tc = 6 1  s ec 

C onf i nement S po i l i ng  
Fa c tor = J o a  

B remsstrah lu n g  En h a n ce ment 
Factor = 1 0  

Impu r i ty - A rgon 

ii. = . 0133 x I 014 /cm3 
,m 

�im = . 0365 n o+T 
fb = 42 % 

n Tc = 22.3 x 1 014 se c - cm - 3 

P8 = 1 . oa 
pc/> = . 052 

q (a )  = I .  75 

a = 5 m 

R = 1 3  m 

rw= 5 . 5  m 
A = 2 .6 

0 8
4, 

= 47. 3 KG 
B8 (a ) = I0. 4 KG 

P I  asm a Vo l = 64 00m3 (nom i nal ) 

C h a m ber Vo l = 7750 m3(nom J 

Wa I I  A rea = 2 8 30 m2 (n omJ  
6 I

cf,
= 25. 7 x 1 0  A mps . 

TABLE I I-F-4 
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POWE R PARAM ETERS 

( Stable Equ i I i  bri um ) 

Tota l  EN ERGY I FUSION • 20 M e V  

< P> • 5000 M W
( th ) 

<P> /Vol. • . 8  M W  / m3 

N eutron Wa l l  Loa d i n g , P,.w · 1 . 2 5  MW /m2 

B rem . W a l l  Load i ng , Pxw • . 282 MW/m2 

Synch. Wa l l  Load i n g , Pew • .0 106 MW/m 2 

( Ref l ect ivi t y  • .9 ) 

Power to Di vertor • 4 5  MW 
Pa rt i c l e Wo l l  Load i ng ,  Ppw, = .00 18 MW/m 2 

Re l a t i ve Cost Fac tor  = I .  5 5  

TABLE II-F-5 
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FUELING PARAMETERS 

( S tab le Equ i l i bri um ) 

Trit ium Consumpt ion Rate • .672 K gm I day 

Deuterium Consumption Rate = .44 8  Kgm I day 

22 
Di ffus ion Rate ( D +T + alpha ) • .86 x 10 /sec 

Fuel ing Rate ( D+ T )  = 

22  
I .  04 x IO  ( D + T) I sec 

2 .3 K gm (T) I d ay 

1 . 53 Kg m ( D ) / d ay 

TABLE II-F-6 
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II-G . Control and Economics 

It has been noted in t he previous section that the reactor present ed 
in this report has been designed to operate at an equilibrium for which 
the plasma is thermally unstable . This implies that a feedback or 
dynamic control system. is required to maintain the plasma at the desired 
temperature . Parameters for an alternative reactor based on a thermally 
stable plasma equilibrium are given in Tables II-F-4 t o II-F-6 . The 
stable design requires -20% higher toroidal field and plasma current . 
This translates int o -50% higher costs for the toroidal field coils, 
divertor coils and transformer coils . Consequently, there is a significant 
economic benefit in designing the react or for the unstable equilibrium 
and incorporating a feedback system to maintain the plasma temperature . 
We present in this section some preliminary thoughts on how such a 
control system might operat e . 

A rough idea of the required response time and power changes required 
in a feedback control system can be obtained by linearizing the 
time-dependent point reactor energy balance and particle balance equations . 
One finds that the temperature variation, oT, has an exponential time 
dependence 

oT(t) = oT(o) eyt 

-1 where y - . 64 sec This implies that, uni�ss count eract ed, the 
temperature excursion doubles approximately every second . With a linear 
feedback system, y can be made equal to - . 5 sec-1 if the feedback system 
supplies 280 MW per kev of temperature excursion . If one assumes the 
uncertainty in the temperature measurement is -5%, then a control capable 
of adding or removing 100-200 MW with a rise time of about 0 . 1  seconds 
is required for successful stabilization of the temperat ure, This sets 
the scale for the requirements of the feedback system . A more sophisticated 
analysis which included space-dependent and delayed response effects will 
be done, but it should not change the order of magnitude of the control 
requirements . 

Monitoring the plasma temperature to the accuracy indicated (or perhaps 
bet ter) is beyond the capability of present day plasma diagnostics, 
but fortunat ely a thermonuclear plasma emits copious quantities of X-rays 
and neutrons which perhaps can be used as a sufficiently accurate monitor 
of the plasma behavior . 

A somewhat more difficult problem is the mecp.anism by which the plasma 
is heated or cooled to return it to the proper �emperature . To heat the 
plasma, one could use neutral beam inj ectors, as we have proposed for 
the initial heating phase to ignition . These are easily controllable on 
the time scale required and the power requirements are a bit higher but 

about the same as required for ignition heating (less power is required 
during startup because of the lower -, , initial density . ) Electromagnetic 
(microwave, radio frequency, etc .) radiation is another possibility if 
good absorbtion can be attained . 
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Cooling the plasma if the temperature gets too high is not quite 
so straightforward. One could inject impurities to enhance the 
bremsstrahlung radiation, but a way is needed to remove them when 
the plasma returns to the desired temperature. If the · particle transport is 

by turbulent diffus,ioru,-0 .the· ci.mpuri�s 0-0me out on -a time' ·scale the order of 
of the particle confinement time, which is too long. If the particle 
transport is by Coulomb collisional processes, the situation is 
even worse ; the impurities do not come out at a11. (17-b) Another 
possibility is oo increase the particle loss rate. This would appear 
to be too sluggish because the time required for magnetic field diffusion 
through the conducting blanket is long. An interesting possibility is 
to excite collective oscillations in the plasma which lead to turbulence 
and increase the particle loss rate without grossly disrupting the plasma 
column. If the increase in power transported by the particles is greater 
than the power required to excite the oscillation� then a cooling effect 
is obtained. Low frequency oscillations could possibly be excited by 
modulation of neutral beams or microwave power. The reverse effect 
of using modulated microwave power to feedback stabilize plasma instabilities 
has been demonstrated in some small-scale laboratory experiments. 

Another possible operating mode for feedback control of the plasma 
is a variation on the operation of a subcritical fission reactor in the 
presence of a source. In the fission case, the source provides the extra 
neutrons to keep the subcritical system from shutting down. In the 
plasma problem under discussion, one designs the steady state operating 
condition such that the plasma requires externally injected energy (for 
example, 100 MW of neutral beam power) to maintain a thermal balance. 
The external power is of a form which is easily modulated on a . 1  sec 
time scale , The basic idea is shown in Figure II-G-1. P

0 
denotes the 

injected power required to maintain an equilibrium at temperature, T0 • 
Figure II-G-2 illustrates a control scheme assuming the injected power 
can , be doubled to 2P0 or shut off. If the temperature rises above T0 

(T0 < T < Ti), the injected power is turned off so that the losses now 
eKceed the a-heating and the plasma cools. If the temperature drops 
below T0, the injected power is doubled to 2P0, the heating exceeds the 
losses and the plasma heats up. There is a finite range, Tz < T < T1, 
determined by P0 , over which the system can be controlled. 

These are only some of the possibilities for feedback control of 
the thermally unstable equilibrium. We are now beginning a more refined 
analysis to better assess the problem and the proposed solutions. It 
appears at this stage, however, that feedback control is not unmahageably · 
difficult. 
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II-H. Recycle and Shutdown 

A Tokamak plasma must operate on a pulsed basis for one or both 
of two reasons, although pulse lengths may be long. First, the divertor 
will not be 100% effective in preventing ions from hitting the will and 
impurities from entering the plasma. Consequently, the impurity level 
will eventually rise to an intolerably hig h level. The plasma discharge 
will therefore have to be periodically terminated, the chamber evacuated, 
reloaded with clean fuel and the plasma reignited. Second, if the diffusion 
driven current, which presently is an unobserved prediction of neoclassical 
theory, does not appear, the plasma current will have to be maintained 
by a slowly rising current on the primary side of the transformer (see 
Section II-C.) In this case, the burn must be terminated when the primary 
current reaches its design limit. A burn time of 90 minutes is easily 
achieved so that the Tokamak can be considered to be quasi-steady state 
during each burn. In this section, we consider the process that must 
occur between each burn period. We will assume a burn time of 90 minutes 
based on the design limit of the transformer primary. 

The burn is terminated by cooling the plasma, at constant plasma current, 
to a temperature of -500 ev in about 10 seconds. This can be accomplished 
by shutting off the refueling injectors and injecting impurities to further 
enhance the radiation level. At this time, the cryopumps are isolated from 
the vacuum chamber by valves, the current in the transformer primary is 
reversed, and the divertor currents are turned off. This drives the plasma 
current to zero and takes about 100 seconds. Confinement is lost and the 
particles go to the walls of the chamber. The plasma is neutralized and 
comes into thermal equilibrium with the walls at a pressure of -8 x 10-3torr. 
The chamber is then evacuated in 50 seconds, using the diffusion and backing 
pumps and the lithium trapping surfaces to 1 x 10-5 torr. This reduces the 
impurity level in the chamber. The transformer coils are then "recocked" 
in -100 sec. After a 10 second pump out to clean up the plasma chamber, it 
is then reloaded with clean 50% D-T gas to a pressure of 2.3 x 10-3 torr. 
The transformer current is reversed again to create the plasma and drive 
the plasma current. The divertor coil currents rise with the plasma current. 
The neutral beam injectors are turned on to heat the plasma to ignition and 
the refueling injectors are turned on to raise the average plasma density 
to the design value of 0.8 x 1020ions/m3. Simultaneously, the vacuum pumping 
reduces the pressure in the divertor zone to 2 x 10-5 torr. This level is 
reached at about 40 seconds after ignition, Half of the cryopumps are valved 
on when the pressure in the divertor zones drops below 2.5 x 10-4 torr. 

The cycle, which is shown schematically in Figure II-H-1, requires about 
390 seconds between the end of one burn and the beginning of the next burn. 
Since the burn time is 90 minutes, the duty factor is 9 3.3. However, when 
scheduled maintenance are taken into account, the plant factor is -80%. 
During the 390 second interval in which no neutrons are being produced, 
the lithium flow rate in the blanket is reduced to minimize thermal 
stress cycling. 
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II- I. Alternate Plasma Assumptions and Economic Implications 

In each section of this chapter, assumptions have been made as 
the detailed analysis is carried through. The results obtained are 
often insensitive to some assumptions but quite sensitive to others. 
We attempt here to spell out the important assumptions in each of the 
preceeding sections, discuss the reasons such assumptions were made, 
and consider the impact, particularly on reactor performance and 
economics, of plausible, alternative assumptions. 

1. Optimization 

The optimization studies in section II-B contain three basic 
assumptions: 1) the reactor has a S-limited plasma as its core ; 2 )  
a reasonable measure of nuclear island cost scaling is the scaling of 
magnet costs ; and 3) the toroidal field magnet costs scale as the 
energy stored in the field, which in turn varies as the square of 
the maximum field strength. We have also used various limits on S 8, 
such as A and IA, but found this had little effect on the basic 
conclusions. Survey studies on the variation of other parameters, 
such as the safety factor, q, and the neutron wall loading P w ' and 
the e ffects of constraints, such as on core size, are the suRstance of 
section II-B and will not be given here. 

2. Start-Up, Transformer Design, and Energy Storage. 

A restricting consideration in the design of the transformer system 
is the rate of current rise in the superconducting transformer and 
vertical field coils. A 100  second rise time is satisfactory on this 
basis. The reason for a fast plasma current rise time, T1, comes from 
the desire to achieve the most stable plasma discharge. In a Tokamak 
reactor, one must balance this desire for a fast current rise with the 
limits imposed by both the superconducting windings and the energy stored 
in primary and divertor coil currents. Calculations show the energy 
storage requirements of the transformer and divertor field coils is the 
order of 15MW-hr. For example with a 10 second rise time, the average 
power requirement is 5250 MW .  The voltage on the coils is limited to 
10 kV and is held constant sa the current rises linearly. This means 
one must buy 10500 MWe, which is clearly too large an amount to consider 
buying "off the line. " Thus, to maintain a 10 second or less rise time 
for the plasma current entails some form of energy storage. For even 
shorter startup times, a serious problem will be helium vaporization 
caused by eddy current losses in the magnets. Today, a user can purchase 
up to 200 MWe directly from the line. The National Accellerator Laboratory 
in Batavia, Illinois purchases this much power from Commonwealth - Edison of 
Chicago. If one assumes that in the future it will be possible to purchase 
500 MWe, then a total of 10.4 MW-hr can be obtained in 100 seconds and only 
4. 6 MW-hr will be needed from an energy storage unit. For T1>200 sec, the 
energy can be bought directly from the line. 
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3. Neutral Beam Heating 

The use of neutral beam heating to ignite UWMAK-I ,  discussed in 
section II-D , seems feasible if the scaling laws used for the diffusion 
coefficient and thermal conductivity prove applicable . In the analysis , 
it is assumet2;�at the electron thermal conductivity scales pseudo(l?) classically while the ion conductivity scales neoclassically. 
Such scaling leads to reasonably accuraie. numerical simulation of 
present day experiments. However, if a different 
form of scaling prevails , the task of using neutral beams to ignite 
large plasmas will be more difficult. In particular, there is a large 
class of trapped particle instabilities which predict less favorable , 
indeed unfavorable , scaling of the electron conductivity with collision 
frequency. It is proposed that non-circular plasma cross sections , 
in particular plasmas elongated vertically to reduce the VB variation 
(such as elliptical and D-shapes) , can reduce or remove adverse trapped 
particle effects. This has not yet been verified experimentally . To 
date , no machine has operated enough into the collisionless regime 
to verify the predicted trapped particle effects even in plasmas with 
circular cross sections. In addition , the numerical coefficients in 
many of the scaling formulas for trapped particle modes are , at best , 
known only to within an order of magnitude or so. Thus , while trans
port coefficients other than pseudoclassical or neoclassical can 
make igniting a large CTR Tokamak more difficult , it is not possible 
to say now just how much more difficult the task will be. 

4. Plasma Operation , Thermal Stability and Limits on S and q .  

The question of transport coefficients and scaling laws also 
has a significant bearing on the operating mode of a CTR-Tokamak, 
In particular, in section II-F , the thermal instability of a plasma at 
equilibria in the temperature range below 20 KeV was discussed. Indeed , 
parameters are presented in tables II-F-1 to II-F-6 for two thermal 
equilibria, one stable and the other unstable. We noted that opera
tion at the thermally stable point would cost an additional 100 million 
dollars in magnet costs because 20% higher magnetic fields are re
quested to produce the same power. 
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The classification of the stable and unstable equilibria depends 
critically on the form and scaling of the transport coefficient. In 
particular, we used neoclassical transport coefficients and introduced 
an anomalous spoiling factor, S, to scale confinement time down. Never
theless, with basically classical scaling, the energy confinement time, 
TE varies as T� . We have not found it possible to obtain stable 
equilibria in the 10-15 KeV range with such scaling. On the other hand , 
transport coefficients for which TE -T-p wi�h p >o could yield a 
thermally stable equilibrium at the lower temperatures desired . Whether 
the proper scaling can be made to prevail in the desired operating 
regime is an open question . 

Finally, the effects of different assumptions for the plasma 
beta and the safety !_actor, q, must be examined. In section II-F, 
it was assumed that Be -1 and q(a) = 1 . 75. We argued there 
that these assumptions were consistent with MHD equilibrium and 
stability theory which predicts S

m 
values of the order £f 5%. Further, 

.!!!_Ost experimental data from high current Tokamaks have Be - � so that 
B -1 seemed a reasonable choice . Since B is effectively a measure 
o� just how well one uses the magnetic field available, the costs are 
sensitive to any choice made . Further since power output varies as 
B2B4/q4, one would like as large a B and as small a q as possible. 

Figure II-I-1 shows the scaling of magnet costs �oroidal field, 
transformer and divertor field coils) as a function of the safety 
factor, q(a), for different poloidal beta limits using UWMAK.-1 as the 
reference point. Note that along a constant Be line, the plasma current 
is fixed. This means the cost of the transformer and divertor windings 
are also fixed and only the toroidal field magnet costs vary. On the 
other hand, all magnet costs scale as one moves vertically along a line 
of constant � The reason is that both B

� 
and Be change such .that the 

ratio remains constant. 

From figure II-I- 1, it is clear that the best case is the line of 
largest constant Se, taken here to be S = A. The right hand scale 
translates magnet costs to dollars per � and all costs are for 
NbTi superconducting magnets. Along a cofistant S line, q can only be 
increased by increasing the toroidal field, B�, w�ich means increasing 
the maximum field at the toroidal field magnets. We have set 110 K Gauss 
as the upper limit for NbTi coils (allowing for pumping on the helium) 
and have indicated this limit by the hatched line in figure 11-1- 1. 
For Be and q combinations above this line, the superconductor must 
be changed, the technology will change, and the costs will show a 
different scaling . As such, the curves have not been extended beyond 
the NbTi technology limit . It suffices to conclude that there is 
strong incentive for achieving high B and low q in a Tokamak (and 
other B-limited devices, such as stellartors), as we have known, and 
the costs figures in Fig . II-I-1 give some quantitative indicati6n of 
the economic penalties involved in various choices. 
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As a final point, the possibility of a steady-state Tokamak 
.£Perating at S8 

= IA has been discussed in section II-F and while 
S 1 is a most reasonable choice from an MHD equilibria and 
s�ability viewpoint, the possibility of a steady-state Tokamak is 
most intriguing . Aside from the inherent advantages of steady-state 
operation, such as no thermai cycle on the first wall and no duty 
cycle factor, it would either relieve the need for an energy storage 
unit or substantially reduce the cost of such a system for Tokamaks . 
The reason is that relatively longer startup times would not be 
economically disadvantageous . The estimated cos� breakdown for 
large magnet energy storage units are $1 . 67 x 10 per MW-hr for the 
storage units and $20 to $40 per KW for the bridges . Thus, at short 
startup times where large specific �owers are involved, the cost of 
bridges is very large . However, for a 500 sec rise time, the peak 
power reduces to 200 MW ,  which could be bought off the line with
out the need for any engrgy storage . Such a unit may be built and 
be available for other purposes but it would no longer be required to 
energize the primary and divertor windings . Again, this option is 
available only if steady-state operation, or burn times much longer 
than ari hour, are possible and only if a Tokamak plasma can be made 
to operate with long current rise times . 
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III. Divertor 

III-A. General Considerations 

UWMAK-I utilizes an axisynnnetric poloidal divertor to "divert" 
particles diffusing out of the plasma away from the first wall of the 
plasma chamber . The particles are guided along magnetic field lines 
to special particle collectors. By this method , one hopes to reduce 
first wall erosion due to energetic particle bombardment and also to 
protect the plasma from the high z impurities which would be released. 
Another reason for incorporating a divertor zone is its effect on the 
average power density in the plasma. If the divertor zone has a low 
neutral pressure, then the boundary condition for the diffusion 
equations governing the density and temperature profile in the plasma 
is dT/dr � 0 at the plasma boundary , not T � O. The reason is that 
the diverted field zone surrounding the plasma acts as a thermal 
insulator between the plasma and the first wall. Consequently, the 
plasma temperature profile is much flatter than it would otherwise be, 
resulting in a higher average power density. This is an important 
consideration since in a CTR power reactor one wants as flat a power 
density as possible. 

Various types of magnetic field divertors have been devised for 
toroidal devices. All are based upon the idea of generating a null 
at some point or points in a component of the magnetic field. This 
generates a separatrix and field lines on the outside of this separatrix 
are carried away from the plasma surface as they pass the neutral 
point (null point). Magnetic flux surfaces on the inside remain closed 
within the plasma volume. The separatrix then becomes the boundary of 
the toroidally confined plasma. The separatrix is sometimes referred 
to as a magnetic limiter. (It  should be noted that the boundary 
defined here is in terms of the magnetic field topology , not the 
density profile. It will be shown in Section III-C. that there will 
be plasma of lower density in the divertor zone ; i.e. outside the 
separatrix.) The basic idea of the divertor is that as particles 
diffuse across the separatrix, they follow along the field lines and 
are carried away from the plasma to special particle collectors. The 
implied assumption is that particle mobility along the field is greater 
than cross-field diffusion. Some considerations in evaluating the 
validity of this assumption are discussed in Section III-C. 

Three different types of divertors are shown in Figure III-A-1. 
The toroidal divertor has been used on stellarators at Princeton. (l) 
This type of divertor generates a null in the toroidal magnetic field. 
A disadvantage is its substantial perturbation on the synnnetry of the 
toroidal field. In the Model C stellarator , the toroidal magnetic 
field perturbation is about 60% at the center of the plasma. 

A variation on the toroidal divertor is the so-called bundle divertor 
recently proposed by a Culham group. (2) Two opposing current loops 
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adj acent to each other divert a bundle of magnetic flux. The main 
advantage of this approach is that it produced only a minor 
perturbation (-1%) in the magnetic field at the center of the 
plasma. Its use in a fusion reactor is questionable, however, be
cause the coils would have to be placed outside the blanket and 
shield regions. This raises the currents required immensely. 
Further, several bundle divertors distributed around the torus 
would be required in order to have 1) a sufficiently short path along 
the field between collectors, and 2) sufficient collection area to handle 
the heat load of 237 MW in UWMAK-I from particles entering the collector. 

The poloidal divertor diverts the poloidal magnetic field of the 
plasma using currents located outside the blanket and shield and perhaps 
even outside the main "D" magnets producing the toroidal field. This 
concept has been used in the FM-1 divertor. There is some freedom in 
the location of the neutral points and thus in the field lines that 
guide the particles away from the plasma. One can have a single 
neutral point on the midplane at the inside of the torus or two neutral 
points symmetrically above and below the midplane towards the inside 
of the torus (see FigureIII-A-1) . We have chosen the double neutral 
point configuration and named it the double-null divertor. This 
confi��ration requires less hardware in the central core of the torus, 
where things are already crowded, compared to the single null divertor. 
From an optimization viewpoint and the desire for a small aspect ratio, 
it would be most desirable to place the neutral points on the outside 
of the torus. However, this does not appear to be feasible because 
the vertical field required for radial equilibrium has the opposite 
direction to that required for a null point on the outside. The 
external poloidal field would then be even more grossly non-uniform in 
comparison with that producing a null point towards the inside of the 
torus. 

Poloidal divertors preserve the axisynnnetry of the Tokamak. As 
a consequence the banana orbits of particles are not affected and 
superbanana orbits, with their much larger radial excursions, are not 
produced. The toroidal and bundle divertors destroy the axisynnnetry 
and lead to superbanana effects, especially near the separatrix. Even 
if the corresponding enhancement of diffusion is tolerable, a significant 
number of a particles born on superbanana orbits near the plasma edge 
may hit the first wall at high energy and produce erosion by blistering. 
This suggests that the poloidal divertor will better protect the first 
wall when the plasma is thermonuclear. 

Recent results from ST Tokamak (S) indicate that a substantial 
amount of wall-originated impurities are released into the plasma 
during the early stages of the discharge . In order to intercept these 
impurities with a divertor , it is necessary for the divertor to be 
operative during the initial stages of the current rise phase as well 
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as during the burn. With proper progrannning of the external currents, 
it is conceivable that the discharge could be initiated at a multipole 
null in the center of the vacuum chamber and a poloidal divertor con
figuration established with a small plasma at the center of the chamber . 
This plasma is then allowed to expand in a controlled manner during 
the current rise in such a way as to avoid skin currents, maintain 
reasonable q in the plasma, and maintain the poloidal divertor geometry. 
The external currents, in this chain of events, both establish a 
divertor and an expanding magnetic liiirer . Some of these possiblities 
are being considered for PLT and PDX. 
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III-B . Magnetic Field Design 

The magnetic field of the plasma current and the divertor 
is obtained as a superposition of the magnetic fields from 
circular filaments . The centers of the filaments all lie 
on the major axis and the filaments themselves are parallel 
to the equatorial plane of the plasma , The magnetic field 
of a filamentary current is known analytically in terms of elliptic 
integrals . The computer code(l)approximates the elliptic integrals 
using Hasting ' s  approximation . The use of filamentary loops to 
represent fields from finite size currents is considered very accurate 
as long as one is several coil cross-sectional radii away from the 
coil of interest . The plasma current is represented as a filamentary 
loop placed between the magnetic axis , R,n, and the center , R� , of the 
last � surface of the equivalent circula; torus . This is based on the 
computer calculations by Callen and Dory l 2 Jfor Tokamak equilibria with 
Se � 1 .  Precisely where in the interval (R� , �) the current is placed 
is arbitrary . The distance � = � - R� is given by(3) 

a2 

� [Se 

l
i l1 = - + - -

2R 2 2 

1 1 .  = 
l. 2 2 

Tia Be (a) 

S = _2�µ=o ___ _ 
e 2 2 

Tia Be (a) 

a 2 J Be (r) 2Tirdr 
0 

a 
f 2Tirp(r)dr 
0 

(1) 

where R and a are the major and minor radii , respectively , of the 
equivalent circular torus . Eguation (1) is valid only for Se < 1 .  There 
exist similar results C3) for s

8 
- A which differ from ( 1 ) by a factor 

which depends on the pressure profile , but is of order unity .  

The position and magnitude of the external currents are varied to 
produce a magnetic flux configuration of "reasonable" shape subject 
to the following constraints: 

(1) The volume within the separatrix must be that determined by the 
plasma physics calculations . (Section II-F . ) 

(2) The vertical field at the location of the plasma current filament 
is the correct value for radial equilibrium of the plasma 
column(3); 

= JJol
cp 

B .1. 4TIR 
_ 1 ) 2 • (2) 
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(3) The decay index of the vertical field at the plasma current 
filament location is in the range required for vertical and 
radial stability of the plasma, namely(4), 

0 < 
JR < . 42 (3) 

One would like to satisfy the equation (3) over the entire cross section 
of the plasma . However, it does not seem to be possible to do this 
and also have a divertor. 

It should be noted that equations (1), (2), and (3) are based on 
the assumptions of low s8, large aspect ratio, and round cross sections. 
These conditions are not satisfied by the plasma considered here, but 
nothing else is available in the present state of the theory. Furthermore, 
since the toroidal current, which is a distributed current, is simulated 
by a single filament, the resulting magnetic flux configuration is not 
consistent with the pressure balance equation, 

-+ -+ 
j X B = v'p (4)  

In principle, one can design the divertor magnetic field consistent with 
equation (4), but the calculation is considerably more complicated. It 
is felt that these more complicated calculations will not change the 
divertor currents enough to seriously modify the basic characteristics 
and feasibility of the divertor. The more important and much more 
difficult question of MHD stability of a Tokamak plasma with a poloidal 
divertor has not yet been investigated. There is also the additional 
question of the effectiveness of the divertor in preventing particles 
from hitting the first wall. This is discussed more fully in the next 
section. 

The configuration (currents and separatrix) which results for 
UWMAK-I is shown in Figure IIIriB-1. It is interesting to note that the 
divertor coils are all outside the toroidal "D" magnets. This greatly 
facilitates the disassembly of the device for maintenance and should 
produce a more economically attractive design. 
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III-C. Particle Dynamics and Transport in the Divertor 

In order to assess the ability of the divertor to reduce erosion 
of the first wall and the release of impurities into the plasma, it is 
necessary to determine the fraction, F, of particles entering the 
divertor zone which escape the particle collectors and hit the first 
wall. In this section, we coDll!lent on some of the phenomena that may 
be important in determining F. The phenomena that will be considered 
are 1) single particle dynamics in the divertor zone, 2) cross-field 
and parallel transport in the divertor zone due to collisional and 
collective processes, and 3) the ef fectiveness of the f inite plasma 
density in the divertor zone in shielding the plasma core from entering 
neutral particles. 

The magnetic field structure in the divertor zone is essentially 
the same as in the plasma. The poloidal field is responsible for 
carrying the particles to the collectors, but the gradient of the 
toroidal f ield provides magnetic mirrors and guiding-center drifts. 
We begin with some considerations from single particle dynamics. For 
simplicity let us consider the outer divertor zone, i. e. , the region to 
the right of the plasma in Figure II-B-1. The spacing between the 
separatrix and the wall (50 cm. ) is chosen such that a 3.5 Mev a-particle 
born at the edge of the plasma on a weakly trapped banana orbit will not 
contact the wall. This is to avoid blistering by energetic alpha 
particles. Since the slowing down time is much longer than the bounce 
time for banana orbits, particles born on trajectories which hit the 
wall in fact do so at the energy with which they were born. For the 
purpose of protecting the wall from energetic alphas, we require that 
no single particle orbits for 3. 5 Mev a ' s intersect the wall ; this sets 
the minimum spacing between the plasma and the wall. 

It has been pointed out that a negative· plasma potential can 
reduce banana widths of ions near the plasma surface. (1) It is easily 
shown however, that this effect is not significant for 3. 5 Mev alpha 
particles unless the plasma potential is -106 volts negative with 
respect to the wall. It  seems unrealistic to expect to maintain such 
a potential, especially since the edge of the plasma is connected by 
field lines to the divertor collector plates. The plasma diffusing 
across the separatrix and flowing to the collectors can adjust itself 
to neutralize any tendency to develop a significant plasma potential. 

Let us now consider single particle dynamics of thermal ions and 
electrons in the divertor. We define the divertor mirror ratio as 
Bmax/Bmin where Bmax (Bmin) is t he maximum (minimum) magnetic f ield 
experienced by a particle following a f ield line to a collector. This 
mirror ratio determines a loss-cone for particles in the divertor. 
If a particle, upon crossing the separatrix, has its velocity vector 
in the loss-cone, it will travel freely along the f ield line to the 
collector. If, however, it enters the divertor with its velocity vector 
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outside the loss-cone, it is mirror trapped and cannot get to the 
collector unitl its velocity vector is scattered, either collisionally 
or by collective processes, into the loss-cone. The divertor thus 
resembles a mirror machine but the objective is to avoid mirror confinement 
of the particles without causing excessive cross-field transport. 

If the cross-field transport in the plasma is neoclassical, then 
an interesting difference between the single null and double null 
divertor appears. In the single null divertor, the divertor loss-cone 
is smaller than the plasma, loss-cone (trapped-circulating transition) 
while in the double null divertor it is the other way around. This is 
shown in Figure II-C-1. Since neocla ssical diffusion is primarily 
due to trapped-circulating transitions in the plasma, the particles 
entering the divertor should be primarily in the vicinity of the plasma 
loss-cone in velocity space. In the single null divertor, these 
particles are mirror-trapped in the divertor and hence must scatter 
before they can reach the collectors. In the double null divertor, 
particles near the plasma loss-cone are inside the divertor loss-cone 
and can free stream to the collectors. Consequently, the particle has 
a lower probability of escaping the divertor and getting to the wall. 

If a significant number of particles are mirror trapped in the 
divertor, then the distribution function is anisotropic, as in a mirror 
machine , and high frequency microinstabilities will develop. The 
resulting turbulence will increase the rate of pitch angle scattering(3) ; 
this is good because it helps to put particles into the loss-cone so that 
they can get to the particle collectors. Low frequency modes driven by 
the density gradient or magnetic field curvature (or trapped particle 
modes in the body of the plasma which produce fringing turbulent fields 
in the divertor zone) are undesirable because they can lead to enhanced 
cross-field transportvwithout increasing the rate of pitch angle 
scattering. 

One can get some insight into how the various processes affect the 
divertor by considering a one-dimensional model which treats these 
effects phenomenalogically(2) . Let x represent a coordinate pointing 
from the plasma (x=O) to the wall. Let n(x) be the density of particles 
at position x in the divertor. The density n(x) is assumed to satisfy 
a one-dimensional diffusion equation: 

d 
dx (1) 

For the diffusion coefficient D, we consider the two extremes of 
neoclassical and Bohm diffusion; the latter is taken to represent 
anomalous transport due to any of several possible causes (convective 
cells, instabilities, etc.) . Thus we have 

D 

2 
2 2 Pe 2.24 q A - f 

t T e 

bn(x) (2) 
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1 kT 
D = - -

16 eB (3) 

where ft is the fraction of particles trapped in the divertor mirrors. 

The term n/TF in (1) represents absorbtion by the collectors ;  
we also consider two limiting cases for this. First, if pitch angle 
scattering is the primary effect limiting particle flow to the 
collectors, then 

T
F 

= (-� 8 
d
)

2 
_a_ - _c_ (4) 

" J n (x) - n (x) ' 

where a/n(x) is the clas sical 90° scattering time of an ion in a plasma 
of density n(x) and f - e

d is the los s-cone angle for the divertor , The 
other extreme is to assume extremely rapid pitch angle scattering because 
of high frequency microinstabilities ;  then particle flow to the collectors 
is limited by the distance along the field line a particle has to travel 
to get to the collectors. In this case 

L 
T = 

F v . 
1 

(5) 

where L is the distance along the field line to the collector and v . 1 is the th�rmal velocity of an ion 

V = fk.T 
i JM 

We assume, rather arbitrarily, that L = 10 TIR, where R is the major 
radius of the plasma. We also assume, primarily for simplicity, that 
the temperature in the divertor is uniform. 

The diffusion equation (1) with the two choices for D and for 
T

F 
is thus to be solved with boundary conditions .  For these we take 

_ D 
dn r dx 

x=O 

lim n(x) 0 

X + oo 

where r is the flux entering the divertor from the plasma core and is 
assumed0given. The second boundary condition assumes the wall is effec
tively at infinity. This latter boundary condition is imposed for sim
plicity. It is equivalent to assuming the wall is far enough away that 
its presence does not affect the density gear the separatrix. The flux 
at the wall is then evaluated by r = - �d

n l wall. 
W X 
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The results for each of the four cases follow : 
Case I :  D neoclassical, TF pitch angle scattering 

= (t where n 
0 

n(x) n exp 
0 

f(x) = r exp 
0 

r . 
2 ) 1/4 

0 

t 12:c J 

[Ec X J 
For UWMAK-I, equation (6) gives negligible (lux at the first wall 

(6) 

(x = 50 cm) ; the e-folding distance for the decay of the flux is about 
1/2 cm and n0 � 8 x 101 3/cm3. If we assume that whatever process spoils 
confinement in the plasma also increases the cross-field transport in 
the divertor by the same amount without affecting pitch angle scattering, 
then the flux at the wall is fw � . 07 f0 • In this case, the divertor 
is marginal in its effectiveness for collecting particles. If the process 
which increases cross-field transport also increases pitch angle scattering 
proportionally, then the effects cancel and we recover the "non-confinement 
spoiled" results. 

Case II : D neoclassical, TF 
paralle 1 flow 

where n 
0 

(n 
0 

n(x) = 

0 

f(x) = 

0 

= �
1r

0J

l/3 

2v. b 
1 

1/2 
-
}:!1 · x - r  0 < X < O 

(6
bLn

�

l/Z 

v . 1 

X > t
b

�
o
) 

1/2 

( 7 ) 
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For UWMAK-I , n - 3 x 10 cm and the flux at the wall is zero . This 
case corresponBs to highly optimistic and unrealistic assumptions. 

Case III : D Bohm , T
F 

pitch angle scattering 

where 

n 
0 n(x) = ����� 

(1 + Sx)
2 

r 
0 f(x) = ---

(1 + Sx)
3 

� r: ({i)
2 
J B 

t 2
5/

3 
n = 

24c
::

r
0 

0 

1/3 

(8) 

-4 -1 
For the conditions of UWMAK-I , S = 4 x 10 cm , r 1

/r  � .94 ;  almost 
all particles escape the divertor and reach the fif�t wa£1. 

Case IV : D Bohm, TF 
parallel flow . 

where 

n(x) 

f(x) 

-ax 
n e 

0 

r 0 
-ax e -

=
(i6v

i
eB \ l/Z 

a \ L kT -J 

n = f �
6eB L

)
l/2  

o o kT v .  

(9) 

Again , for UWMAK-I ,  rwall/ f � .25 ,  n0 = 4 x 10
10cm-3

• Under these assumptions , 
the divertor is better tlian°in case III , but still not adequate. 

A conclusion to be drawn from these calculations is that , even with 
the most optimistic assumptions about parallel flow to the collectors , 
it is essential to have the cross-field transport considerably lower than 
Bohm diffusion. Pseudoclassical diffusion is essentially a numerical 
factor times neoclassical diffusion and can thus be treated as a minor 
variation on Cases I and II . Pseudoclassical diffusion is acceptable 
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if the turbulence level enhances the rate of pitch angle scattering 
by about one order of magnitude . 

The above considerations neglect charge exchange as a mechanism 
for energetic particles to get to the wall . The number of fast neutrals 
produced per unit area of plasma surface per second is 

N n <cr v> 
n ex 

wall 
J n(x) dx 
0 

where n is the neutral density and a is the charge exchange cross 
section� Half of these fast neutralsefo into the plasma and become 

ionized or engage in subsequent charge exchange . The other half go 
directly to the wall . Neglecting second generation effects, the fast 
neutral flux on the wall is 

. 
r nw 

= - = 
2 

1 - n <cr v> 
2 n ex 

wall 
f 
0 

n(x)dx (10) 

Let us apply this to Case I .  We put (6) into (10) and assume the wall 
is at infinity for purposes of calculating chang exchange rate . The 

wall flux of hot neutrals is 

r = l n <o v> n 12bc 
nw 2 n ex o 

To have f < . 1  f ,  we need 
nw - o 

n < 5 x 108 
cm-3 

n -

for the UWMAK-I . If we consider Case II, then we need 

n < 8 X 10 9 

n -
-3 cm 

Both of these requirements are beyond the capability of the vacuum pumping 
system;  one must depend on the plasma to "burn out" the divertor zone 
to this low a neutral density . It should be noted that this consideration 
applies only to D and T ions . For a particles to escape the divertor 
by charge exchange there must be two successive charge exchanges ;  this 
is much more improbable . 

A final aspect of the divertor is that neutral impurities from the 

wall can be ionized in the divertor zone by electron or ion impact 
ionization. This can occur by the divertor plasma itself or by particles 
from the body of the plasma whose banana orbits reach several centimeters 
across the separatrix. The impurity ions can then migrate to the 

collectors because their guiding-centers are attached to field lines in 
the divertor . Consequently, the divertor may shield the plasma from impinging 
neutral particles .  The degree to which this is effective will depend on the 

density profile in the divertor . 
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III-D . Divertor Particle Collectors and Vacuum System 

The vacuum requirements for a Tokamak controlled-fusion reactor 
are such that static vacuum systems can no longer be relied upon . 
The equipment is too large in volume and a large gas throughput 
requires high pumping speeds. This design is based on an optimization 
of the mercury diffusion pump with freon and liquid-nitrogen cooled 
traps, augmented by the extensive use of cryopumping at liquid helium 
temperatures to achieve pumping speeds in the multi-million liters 
per second range. The system is incorporated into the modular design 
of the Tokamak, with a complete vacuum system contained in each of the 
twelve sectors of the torus .  

The vacuum system design is based on steady-state operation at 
a diffusion rate of 3 . 56 x 1022 D+T+He atoms/sec. This represents 
a throughput of 2 . 6 x 103 torr-t/sec of D+T atoms and 107 torr-t/sec 
of helium .  I n  addition, outgassing from the va

9
uum wall must be 2 

considered . Estimates vary from 1 . 5  to 6 x 10- torr-t/sec per cm 
of surface area . Initial bake-out of the vacuum wall before assembly 
could reduce this, but the most pessimistic estimate results in a gas 
throughput of 0 . 2  torr-t/sec from this source. 

To maintain a sufficiently large meag free path in the divertor, 
at 10-5 torr, a pumping speed of 2 . 6 x 10 t/sec for helium at thermal 
energies is required . This is a factor of 25 beyond the range of present 
day technology, so trapping and burial of ions in a liquid lithium 
surface in the divertor region will be relied upon . A description of 
the essential components of the vacuum system and the lithium trapping 
surface, all located in or outside the divertor region, follows . 

There are four divertor slots . Each set of two, the upper and the 
lower, is connected to a plenum outside the twelve D-magnets . The 
pumps are arranged in four rows, three pumps side-by-side, attached to 
each plenum .  For each set of three, the outer two are cryopumps and 
the center is a mercury diffusion pump. The circular orifice to each 
pump is 75 cm in diameter . Since the cryopumps must be serviced 
periodically, only one set of 96 is operated at a time, while the other 
set is being degassed . 

Mercury diffusion pumps are chosen to avoid the problem of 
hydrogenation of the pump oil, as would be the case if a fractionating 
oil diffusion pump were used . The pump is mounted outside the 
D-shaped magnet, the blanket, and the shield . An Edwards 24M4 pump is 
suitable, and its aperture is 75 cm and height 130 cm. Its pumping 
speed for hydrogen, unbaffled, is 14, 000 t/sec .  When an allowance is 
made for the flow conductance of the liquid-nitrogen-cooled baffles and 
traps, the ductwork, and the plenum, the net pumping speed for helium 
is 8 x 105 t/sec at 10-4 torr . 



Augmenting the diffusion pump with cryopumps is a reasonable 
way to increase pum�ing speed at low pressure for deuterium and tritium . 
Cryopumps of 2 x 10 i/sec capacity are .available, and they are 
relatively small. In this design, the aperture to each pump is 75 cm 
in diameter . These pumps rely on cryotrapping using liquid-helium 
cooled charcoal absorption, with a liquid-nitrogen cooled shield. 
Diffusion pumps are used to evacuate to 10-4 torr or less before 
cooling with liquid helium on the inner component of the pump . This 
can allow the system to cryopump helium in the 10-5 torr range . These 
pumps are closed off from the rest of the system by remotely-controlled 
valves so that while 96 of them are in use, the other set is degassed . 

-4 The cryopumps are in service only below 2 . 5 x 10 torr during the 
final evacuation after ignition and during the burn . All cryopumps 
are valved off during the cooling, evacuation, and re-fueling cycle 
between burn sequences . 

The diffusion and cryogenic pumps, which operate in parallel, 
must be backed by pumps which can take a gas load of 2 . 6 x 103 torr-i/sec . 
Roots blower pumps in combination with a mechanical forepump provide 
a mechanical system of high pumping speed in the range of 760 to 10-2 

torr . Roots blower pumps are preferred to vapor booster pumps because 
the rotors are not lubricated . Oil must be provided only for the 
various gears and bearings required in the operation . The Heraeus 
VPR6000A �ump in series with a Heraeus VPR1600 pump and backed by a 
130 cfm forepump is attached to each set of three parallel pumps on the 
plenum . The VPR6000A-VPR1600 tandem arrange�

2
nt pumps 1600 t/sec 

at . 3 torr, dropping off to 1400 i/sec at 10 torr . For 96 of these 
pumps the throughput is 50, 000 torr-i/sec . The fore pressure is 10 torr, 
so the pumps are adequately backed by a 130 cfm forepump at each of the 
96 pumping stations .  

An efficient means of trapping hydrogen isotopes in lithium might 
be devised because of the large heat of formation of the hydride . 
However, trapping will continue only as long as the concentration near 
the surface remains low . Efficient trapping of 96%

)
of the incident ions 

will continue to doses of 2 x 1019 particles/cm2, (l Theoretically, all 
the atoms striking the lithium surface will condense and be trapped until 
the pressure is reduced to the vapor pressure of the gas at the 
temperature of the surface. 

The system proposed here is to trap deuterium and tritium ions in 
a liquid lithium surface placed in each divertor slot . Liquid lithium 
at an exit surface temperature of 325 ° C flows down a vertically oriented 
stainless steel sheet . It is collected in a trough at the bottom and 
is cycled through a tritium scrubber . If a sheet is at least one meter 
high, efficient trapping will be sustained . Experimental data (l) indicates 
that 96% of the incident deuterium and tritium ions will be trapped at 
325 °C .  
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There is no experimental evidence to support an estimate of the 
trapping of helium in liquid lithium . Since the residence time in the 
divertor of any part of the flowing lithium surface is less than 1 
second , it can be assumed that 50% of the helium will diffuse towtrd 
the surface and escape if the diffusivity is greater than 1 x 10-6 cm2/sec 
McCracken (!) predicted that the diffusion rate could be esti�ted from 
the self-diffusivity of the metal .  That implies D - 12 x 10- cm2/ sec, 
a very high number . However , his prediction was based on an experiment 
in which 1 MeV alphas bombarded a thin sheet of Mg . (2) The conclusions 
of this experiment were: (1) inert gas bubbles do not form in Mg; 
(2) helium diffuses via a mechanism involving vacancies; (3) as helium 
atoms are considerably larger and have very different electronic 
structures from Mg-I+, the size differences rather than the charge 
differences between the inert gas and host atoms determine the diffusion 
and solution properties. All of this suggests that only experimental 
evidence can indicate how much trapping of helium can be expected in 
liquid lithium . 

The thermal load of the plates due to impinging particles is 
1 Wil/m2, This energy will be deposited on the surface of the falling 
lithium film. We propose to circulate enough lithium to absorb this 
heat so that no additional cooling will be required . 

For each plate, a half meter feed tube is used . The feed tube will 
open into a reservoir, which will feed the collector plate, as shown in 
Figure III-D-1 . The lithium will flow as a falling film along the 
surface of the plate, accelerating on the way by gravitational force. 
A gutter will receive the lithium from the plate and, by gravitational 
force, feeds the lithium to a discharge tube . An electric current is 
applied to the discharge tube, in the direction of-V x B, to pump the 
lithium out . The lithium enters at 200° C and exits-at 325° C. The mass 
flow rate of lithium is 10 kg/sec for each plate corresponding to each 
magnet, or 480 kg/sec for the whole reactor , At the �it temperature of 
325 ° C the vapor pressure of lithium is less than 10- torr ; substantially 
no re-emission of particles occurs . 

The falling lithium is in a strong magnetic environment . The 
magnetohydrodynamic effects have yet to be studied . If the film is fully 
developed, there will be no retarding force since y_ x � is perpendicular 
to the plate and is constant along the plate. However, the lithium 
element will tend to accelerate along the plate due to gravitational 
fgrce .  This causes a y_ x ]. difference along the plate. However, 

f V x B dy is still constant (b is the thickness of the film) 
�ince the mass flowrate is constant . Therefore, for a first order 
approximation, the magnetic field has no effect on the bulk flow of lithium. 
The bulk velocity of the lithium at the end of the collector plates is 
approximately 4 m/sec , The film thickness is 1 nnn. For such a film, 
the exit temperature of lithium will be very uniform (the thickness of 
the film << thickness of thermal boundary layer) . 
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If a half meter feed tube and discharge tube are used for each 
plate of each module, the entrance and exit pressure drops will be 
20 psi each, which can easily be accomodated . The pumping power for 
the whole collector plate system is 13 kW. 

Tritium recovery from the vacuum system is accomplished by 
compressing and storing the forepump exhaust gas in cylinders for 
subsequent handling . The holdup of tritium in pump oil is 
minimized through the use of mercury diffusion pumps and Roots 
blowers . Recovery of tritium from the oil in the large forepumps is 
an unsolved problem . 

The volume of the torus, exclusive of divertor slots, is 7750 m3 

and the surface area is 2830 m2 • The initial pump-down time from 
760 torr to 10-2 torr is 65 minutes . Using diffusion and backing pumps 
alone, the additional pump-down time to 10-5 torr is 4 minutes. The 
total pumping speed for 96 diffusion pumps and the same number of 
cryopumps is 2 x 107 t/sec, and the flow conductance of the divertor 
slots and ductwork is the same . Thus, foE

4
a throughput of 2 . 6  x 103 

torr-t/sec, the base pressure is 2. 6  x 10 torr. With lithium trapping 
at 96% efficiency, the base pressure for steady state operation can be 
reduced to 10-5 torr. 

The pump-down time for portions of the cycle of operation, 
which includes purging, fueling, ignition and evacuation and analysis 
of the duty cycle are considered in Section II-H on Recycle and Shutdown. 
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IV. Blanket and Shield 

IV-A. General Design Features 

1 .  Requirements 

The blanket of a fusion reactor can be looked at as simply an 
energy convertor which is coupled to the energy producer, the 
plasma. The primary requirements of the blanket are listed below 
(not necessarily in the order of importance.) 

Breed tritium (neutronically in this case) 
Convert the kinetic energy of the D-T reaction 
products into heat 
Conduct that heat away to an electrical production 
system 
Provide vacuum tight enclosure for the plasma; 
passages for fueling , heating, and diagnostic equip
ment ; and coolant channels to conduct the heat away 

The blanket must satisfy these requirements subject to economic 
and environmental constraints. Stated simply, the blanket should 
operate at as high a temperature as is feasible to maximize effi
ciency , and be constructed of materials which ensure safe opera
tion at a minimum cost. 

The breeding material must obviously have a high tritium pro
duction cross section and a low inelastic cross section for all 
other non-productive reactions. There is no ambiguity about its 
choice , it must be lithium in one form or another. 

The requirement to convert kinetic energy to heat can be 
divided into two categories ; absorption of photons and charged 
particles as the y are emitted from the plasma, and moderation of 
the neutrons which contain - 80% of the D-T reaction energy. The 
solid wall which surrounds the vacuum chamber (referred to here
after as the first wall) must accept the heat load directed on it 
by the plasma and conduct that heat to a coolant. The problem 
here is to obtain a material with reasonable thermal conductivity 
to avoid high temperature gradients. The first wall of UWMAK-I 
must also be able to maintain its structural integrity in the 
face of high radiation damage rates, high corrosion rates and 
high temperature. 

The moderation of neutrons must be accomplished in a manner 
which is consistent with the breeding of tritium (see chapter V). 
It must also be noted that the traditional concept of a good 
moderator having low atomic weight is not sufficient when dealing with 
14 MeV neutrons. Materials like Fe, which have high inelastic 
cross sections can be quite effective in slowing neutrons down to 
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a few MeV where the traditional concepts of moderation dominate . 

The cooling of a CTR can be accomplished by using a material 
which has a low vapor pressure at high temperatures ; which is 
compatibile with the structural members of the blanket ; which is 
consistent neutronically with concept of tritium breeding ; and 
which can be circulated through the reactor with reasonable pumping 
power, The coolant must also be relatively inert to tritium so 
that it does not tie up large inventories of that isotope, i. e . ,  
tritium must be easily separable from the coolant . 

Finally, the blanket must be constructed of a material which 
has good high temperature strength and which is neutronically 
consistent with the concept of tritium breeding . The structural 
material must also be compatible with the coolant and moderator and 
it must retain its mechanical integrity in an extremely severe 
radiation environment . The blanket structure must be easily 
fabricated meet strict construction requirements at low cost . 
As stated previously, the first wall must also absorb large heat 
loads and safely conduct this heat to coolants in the blanket . 

There are several combinations of materials and design possi
bilities that successfully meet the above requirements and it is 
almost impossible at this stage to make a universally accepted 
decision for a given set of materials . The choices that we have 
made for the UWMAK-I design are listed in Table IV-A-1 and they are 
compared to decisions made by other designers. No comparison is made 
for the breeding material as it is Li (or Li containing salts) in every 
case. Finally, one will note that our choice of a Li coolant and 
moderator coupled with 316 stainless steel is similar to only one 
other design - the LASL system .  

The order in which the materials were chosen for the reactor 
blanket was 

1 .  Breeder 
2 .  Coolant 
3 .  Structural Material 
4 .  Moderator, Reflector 

The background of decisions 2-4 will be reviewed in sections 2-4 of 
this chapter . 

The choice of shield materials is much simplier in that the 
temperature, radiation and stress levels are considerably lower 
than in the blanket . The main problem is to find materials with 
suitable cross sections for the various types of radiation 
emanating from the blanket and which have acceptable economic 
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properties, The materials should be good moderators and absorbers of 
neutrons as well as high attenuation of gamma radiation. The detailed 
reasoning behind our choice of B

4C, Pb and stainless steel for the 
UWMAK.-I shield is given in Chapters V and VI. 

2. Choice of Coolant 

The possible choices of coolants that could have been used 
in UWMAK�I are given below : 

Liquids - HzO, DzO 
Organics 
Na, NaK 
Li 
Li Salts such as Flibe 
K 

Gases - He 
COz 

It is not the purpose of this section to j ustify in detail 
why one of these materials has been chosen over the others, 
especially when other factors such as structure, breeding and 
moderation must be considered. However, we will outline very 
qualitatively why we chose Li over the other materials and more 
details will be given in later sections. 

Liquid lithium is an efficient heat transfer medium which 
can serve two other functions in the reactor simultaneously ;  
breeding and moderating. Such multiple duty allows a much simpler 
design and maxiumum use of the CTR blanket space. Lithium is 
radiation damage resistant and has a low induced activity from 
neutron irradiation. This latter point would alleviate main
tenance problems in the pumping and heat exchanger areas. 

A potential disadvantage of Li is connected with the large 
pressure drop required to circulate Li . 
However, by clever design, this disadvantage can be minimized as 
has been done in UWMAK-I. Finally, Li is quite compatible with 
all of the refractory metals but it does have some problems with 
Fe and Ni based alloys. This latter point will turn out to be 
one of the most severe limitations on the UWMAK-I operating 
temperature. 

Light water has been shown to be an economical and safe 
coolant (and moderator) in current fission reactors. However, 
once the decision had been made to breed tritium with Li, there 
were serious safety questions associated with keeping Li and 
HzO in close proximity in the blanket. Another problem, perhaps 
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Table IV-A-1 

Comparison of Blanket Materials 

For Recent D-T Fusion Reactor Designs* 

Design � Moderator Coolant Structure 

Wisconsin Tokamak Li Li 316 ss 

(UWMAK-1) 

PPPL (l)  Tokamak Flibe He PE 16 

ORNL (2 )  Tokamak Li & Graphite Li Nb-lZr 

Culham ( 3) Tokamak Li & Graphite Li Nb-SZr 

LASL (4)  e Pinch Be & Graphite Li Nb 

LLL (S ) Mirror Li & Graphite Li Nb 

ORNL (6)  Laser Li Li Nb 

LASL (7) Laser Li Li Austenitic ss 

*all the systems use Li or Li containing salts for breeding purposes. 
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equally serious , has to do with the difficulty of separating tritium 
from water. A significant amount of tritium will undoubtedly diffuse 
into the coolant from the breeding material. This would result in an 
extremely difficult recovery problem with hydrogeneous coolants as an 
acceptable release of tritium to the environment. Finally , the use of 
liquid water as a coolant would require much lower operating temperatures 
than is anticipated with other coolants. 

Deuterium oxide, (D20) was not considered for much the same 
reasons as light water with the additional concern that heavy 
water is more expensive. 

Organic coolants were also not considered for the same reasons 
as given for water. Another consideration was that the degradation 
of the organic in the radiation field would require large amounts of 
crosslinked materials to be removed and replaced at considerable 
cost • .  

Sodium or sodium-potassium alloys are likely coolants that 
would allow high temperature operation ,  be compatible with Li , 
resistant to radiation damage and inert to tritium. These materials 
are even cheaper than Li and in some cases less corrosive to 
selected structural materials. However, such liquid metals have 
the same problems of pumping power losses in high magnetic fields 
as does Li and are subject to considerable induced activity which 
makes maintenance of coolant systems difficult. While such a 
choice (Na or NaK) would have been possible , the requirement to 
have lithium in the blanket for breeding means that separate 
pumping systems and heat exchangers would have been necessary. 

Flibe was ruled out because of its low thermal conductivity 
and the availability problems associated with procurring iarge 
amounts of Be. Flibe does have some advantages with respect to 
tritium extraction and compatibility with steels , but it is more 
corrosive to some refractory elements. Flibe also has a relatively 
high melting point (-460°C) which might present some problems 
during shutdown and which would reduce the allowable coolant temperature 
rise when some structural materials are used (namely Fe or Ni based alloys) . 

Finally , potassium was not considered for somewhat 
as sodium; the necessity for dual liquid metal systems. 
of using boiling potassium is attractive for relatively 
systems and should be investigated. 

the same reasons 
The possibility 

high temperature 

The use of helium is still being considered although it was 
not given the primary choice. It appears that helium pressures of 
-so atm would be required for cooling and these pressures 
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would require large numbers of small diameter tubes at stresses 
of 10,000-15, 000 psi in the high radiation zone, It is possible 
that because of the radiation embrittlement problem there may be 
a substantial number of failures which would hamper the efficiency 
of the plant. Pumping power requirements for high pressure helium may 
also be substantial. Helium does have the advantage of 

low induced activity. The use of a gaseous coolant would 
also minimize radioactive corrosion product transport problems. Tri
tium separation would presumably not be difficult and helium has very 
good compatibility with steels and molybdenum. However, trace amounts 
of oxygen may limit the useful temperatures of some Nb and V alloys to 
less than optimum temperatures if in leakage cannot be controlled. 
It was felt that helium is a reasonable back up coolant and it will be 
explored in Section IV-H. 

Carbon dioxide was not considered because of its compatibility 
problem with CTR alloys. In addition, it would be more difficult 
to separate any tritium from this gas in the event of contamination. 

In sunnnary, lithium was chosen for the coolant in this design 
because of its high thermal conductivity, low melting point, the fact 
that is is an efficient moderator with no adverse neutronic reactions 
and because it is required for tritium breeding regardless of the coolant 
choice. Table IV-A-2 sunnnarizes the properties of Li used for this 
study. 

3. Choice of Structrual Material 

The main problem here is the choice of the structural material in 
the blanket. The shield materials are subject to much less stringent 
environments and allow a multitude of choices. We will again give only 
a qualitative argument of how we arrived at the decision for the CTR 
structural material. 

It is evident that the choice of the structural material for the 
blanket is closely coupled to the choice of the coolant and the breeding 
material. In fact, the final choice of this structural material can 
only be made once the coolant-breeder combination has been designated ! 
This subservience stems from the fact that the structural material 
plays no direct role in the production of energy (as does U or Pu in 
fission reactors) nor does it play a dominant role in the conversion ·of 
that energy into heat (such as graphite does in a HTGR) . Therefore, 
the structural material must respond to the needs of the reactor, not 
dictate them. 

It is not desirable to go into a detailed description here 
of how we arrived at 316 SS for the blanket structural material, this 
will become more evident later in the report (Chapters IV, V, VI, IX, 
and XII) , We will use as out starting point a preliminary survey which 
narrowed the potential candidates down to four non-magnetic alloys: 

316 Stainless Steel 
Nb-lZr 
V-20Ti 
TZM (a Mo-T i-Zr-C alloy) 
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Table IV-A-2 

Properties of Lithium Used for this Study (8 ) 

Property 

Melting Point 

Boiling Point 

Heat of Fusion 

Heat of Vaporization 

Volume Change on Melting 

Property 

3 
Density d, g/cm 

Vapor Pressure 
P , Torr 

Viscosity 
J.l , centipoise 

Thermal Conductivity 
A , cal/ (sec ) (m) (

° C) 

Electrical Resistivity 
P , µohm-cm 

Value 

180. 6° c 

1342° c 

717 cal/ g-atom 

37. 7 Kcal/ g-atom 

1. 5% of Solid Volume 

(Equation , t = ° C , T = °K) 

d = 0 , 515 - 1,01 X 10
-4

(t-200) 

(200 - 1600° C) 

log
1 0  

P = 10. 27 8 8  - 8283. 1/T 

- 0. 7 081 log10T 

(80 0  - 1400° C) 

log10 
J.l = 1. 4936 - 0. 7368 log10

T 

+ 109. 95/T 
(185 - 1000° c) 

A =  10. 1 + 2. 94 x l0-3t 
(250 - 950 ° c) 

p = 18. 33 + 3 , 339 X 10
-2

t 

-6 , 795 X 10
-6

t
2 

(200 - 1000° c ) 
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The way in which these alloys are assessed depends to a large 
degree on the type o f  power plant to be built; e.g. a near term 
commercial plant or long term maximum efficiency plant . As 
stated previously , it was our obj ective to design a plant which 
could be built with a minimum extension of present technolo gy , 
even though that may produce a conservative design. 

Table IV-A-3 contains a qualitative comparison o f  the four 
alloys considered in terms o f  the properties we felt were most im
portant to our design philosophy . Such a comparison is undoubted
ly controversi al and it should be only viewed as an attempt to 
give the reader an insight into how we arrived at our choice. 

It is noted in Table IV-A-3 that the most important criterion 
for choosing the blanket structural material for a near term 
power plant is availability of a qualified metals industry. This 
point must not be taken lightly as has been evidenced in the 
recent problems for LMFBR' s. The Public has taken , and rightly 
so , a keen interest in the safety and environmental impact of  
electrical power plants . In o rder to insure safety , strict 
design procedures and standards will have to be adhered to and 
constantly upgraded . The development of  these design codes can 
only proceed after sufficient experience has been obtained with 
the alloys used in construction . This process takes many years 
before authorities will accept a proposed design code , the basis 
for all licensed construction .  

A necessary prerequisite for even beginning this long ar-
duous procedure is the ability of industry to consistently reproduce 
time and again a metal or alloy with similar properties . For 
example , such a situation existed in the middle 1960 1 s for some 
austenitic stainless steels which were designated as prime can
didates for LMFBR' s .  Before this alloy could be fully accepted ,  
even though the steel industry had over 20 years o f  experience 
of making this particular alloy, rigid quality assurance programs 
had to be designed and implemented in the mills. After consider
able effort it is expected that by the mid 1970 ' s  316 SS will have an 
accepted set o f  design criteria for application in nuclear systems. 
The point of  this brief example is to sh ow that even for an in
dustry that produces over a million metric tons o f  steel a year , 
even though it has a long history of casting , fab ricating , and 
j oining techniques , and even though there is a wealth of infor
mation on mechanical , chemical and physical properties of these 
alloys in a wide range of  temperatures , stresses , and chemical 
environments, the development o f  design codes for these materials 
to operate , safely , in power plants required a maj or effort. 

It should be evident even to the non-metallurgist that of 
the four alloys listed previously , only one stands out as having 
a reasonably qualified industry behind it. The molybdenum alloy , 
TZM, would perhaps be the second choice under this criterion from 
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Table IV-A-3 

Choice of CTR Blanket Material for Near Term 

Power Plant with Lithium Coolant (a ) 

Property First Choice 

Qualified Metal Industry 316 ss 

Fabricability, Weldability 316 SS 

Radiation Damage Embrittlement ? 

Swelling Resistance 

Sputtering and Blistering 

Interstitial Embrittlement 

Allowable Operating Temp . 

Effect on Breeding Ratio (b) 

Induced Activity & Afterheat 

T
2 

Permeation 

Fabricated Costs 

V-20Ti 

Nb-lZr 

316 ss 

TZM 

V-20Ti 

V-20Ti 

TZM 

316 ss 

Second 

? 

Nb-lZr 

? 

316 ss 

TZM 

TZM 

Nb-lZr 

316 ss 

316 ss 

316 ss 

Nb-lZr 

Choice 

important Long Term Availability to U . S. TZM 316 ss 

(a) Only the following non-magnetic alloys were considered - 316 SS, TZM 
Nb-lZr, V-20Ti . 

(b) All the alloys allow breeding, the question here is the value of the 
doubling time . 



-------··---- ---�--------------

IV-A-10 

the standpoint of experience of production and in service proper
ties but it is so far behind the 316 SS case that we did not include 
it a; a second choice. The Nb-lZr alloy would follow behind TZM in 
that it is commercially available and some information is available 
on its properties. Finally, V-20Ti is a rather specialized alloy 
that was once considered as a possible backup cladding material 
for LMFBR' s .  However, it was dropped because of corrosion problems 
in reactor grade sodium . This alloy can be purchased in limited 
quantities by special order but only a relatively small amount of 
information exists on its properties at the present time. 

The next requirement which we felt to be important, in view 
of the requirements of CTR ' s, is that the blanket material be easily 
fabricated. The sheer size of fusion reactors means that many 
components must be easily welded in the field to . provide vacuum 
tight seals for the plasma chamber. Another consideration here is 
the possibility that the first wall will have to be replaced 
several times during the reactor lifetime. This means that a new 
wall will have to be assembled remotely ; therefore simple and reliable 
welding properties are required. 

The first choice under these criteria is clearly 316 SS. The · 
Nb-lZr alloy would be a possible second choice provided extreme care 
is taken not to embrittle the weld with contaminants in the welding 
covergas. The vanadium alloy will be a third choice with the Mo alloy 
a poor fourth. This requirement of weldability (TZM is easily fabricated) 
is perhaps the major reason TZM is not considered as a primary CTR alloy. 

Assuming that we could build a CTR structure to conform with 
existing design codes, we must then be concerned about its properties 
during irradiation. The most severe of these problems is irradiation
induced embrittlement which could cause the first wall of the reactor 
to fail in a brittle manner during the application position of a 
few tenths percent of strain (Section VI-B) . At the present time, 
none of the four alloys have been shown to be superior to the others 
in this respect, mainly because of the lack of data. We do know that 
for 316 SS, perhaps the most thoroughly studied alloy in the world, with 
respect to radiation damage, severe embrittlement takes place long before 
the goal exposures for a 30 year plant life would be reached. We must 
be careful about judging 316 SS too harshly, for it is probably one 
of the most resistant alloys to embrittlement known at this time, 
especially in the exposure region envisioned for CTR ' s. The next 
property which must be considered for safe long term operation is 
swelling. This will be treated in Chapter VI, but V-20Ti seems 
to have a curious resistance to this phenomenon and therefore 
would be our first choice. Voids have been found in all of the 
other alloys, but so far only for 316 SS has a method been 
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found to retard this problem (cold working and coherent precipi
tate formation) .  

Another concern for the safe and economical operation of 
CTR ' s is the thinning of the first wall by neutrons and charged 
particles (Chapter VI) . Very little information is available 
on this subject but it appears that Nb (or possibly its alloy 
Nb-lZr) might be the first choice with respect to this problem. 
Molybdenum (or its alloy TZM) would be a close to second choice here 
on the basis of ist sputtering coefficients alone. 

There is another type of embrittlement which is independent 
of irradiation and that is interstitial embrittlement caused by 
impurities in the coolant or from the plasma. Body centered cubic 
materials (e. g. Nb, Mo, and V) are particularly subject to this 
problem and extreme care must be exercised to prevent it from 
occuring. The 316 SS alloys (fee structure) are far less susceptible 
than the other alloys and therefore are the first choice. The TZM 
alloy is the second choice because its solubility for the interstitial 
elements (0, N, or C) is much lower that that of Nb or V . 

Up to this point we have been discussing problems which could 
actually prevent the construction or operation of a safe CTR, We 
will now assess the materials from the standpoint of economic or 
environmental arguments. 

It is obvious that we would like to run at a very high 
temperature to increase the efficiency of the plant. Therefore, one 
would like to have materials with acceptable mechanical strength 
at high temperatures. This criterion favors TZM, which could be 
used with Li up to -l000-1100°C. The Nb-lZr would closely follow, 
having a useful temperature of 900-1000 °C. It is interesting to 
note that 316 SS is a dismal fourth in this rating scheme because 
it can be only used up to -500° C because of preferential dissolution of 
Ni, Cr or C by the Li (see Section IV-C) . 

All of the four alloys considered here will allow a breeding ratio 
of greater than 1 so that one could not rule out any materials on that 
basis. However, the V-Ti alloy and 316 SS both allow quite high 
B. R.' s with Nb and Mo alloys being less favorable. No one alloy 
is clearly favored over the others in this respect. 

The loss of tritium by permeation through the blanket walls 
not only represents a loss of potential fuel but represents a 
hazard as well. It is quite desirable to have the blanket material 
which is relatively impervious to T diffusion . This criterion 
clearly favors TZM over the other alloys and 316 SS comes in second. 
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The fabricated costs of high qual ity blanket components be
come important because of the sheer size of CTR ' s .  The stainless 
steels are by far the best alloys here, having fabricated costs 
15 times less than Nb-lZr, 20 times less than TZM and 30 times 
less than V-20Ti . 

Finally, if we are to build a large number of plants (hundreds 
to perhaps thousands) then the availability of structural elements 
to the United States becomes quite important . This problem, coupled 
with the balance of payments, national security and long term 
stability will have to be faced in long term planning . Suprisingly, 
the TZM alloy is the best choice here because of the large Mo 
reserves in this country . (9) Niobium and vanadium supplies are quite 
scarce and even some of the alloying elements of 316 SS such as Cr, 
Mn, or Ni are not abundant in this country . 

In summary, the choice of the CTR blanket material is not an easy 
one, it depends on many complex factors and of the four alloys considered 
one could find ample reasons to choose one or complete disregard it . 
Nevertheless, we felt that 31 6 SS  represented the best choice at the pre
sent time for a near term power plant . This decision could be reversed , 
when, and if, a qualified refractory metals industry can be established, 
and when irradiation data on these alloys is comparable to that available 
for 316 S S .  

4 . Choice of Moderator-Reflector 

The real question that one needs to answer is how can this choice 
be made to maximize breeding, not whether one can find a material that 
will actually slow down the neutrons . The decision then boils down 
to a question of neutronics . In some systems such as the LASL 
design C4), graphite has been chosen to help reflect the neutrons because of 
the small blanket size . In addition, Be is used as its (n, 2n) reaction produces 
extra neutrons while the Be is a good moderator and reflector as well . In 
systems which use large amounts of lithium for cooling and breeding, it is 
questionable whether one needs an extra moderating material . If the breeding 
ratios are already high(see Section VIII-B) , it is possible that one would 
rather breed "energy" than tritium. 

It has been the conclusion of this study (see Chapter V) that 
there is no need for materials such as Be or graphite when one makes 
the choice of Li as a coolant . It is shown that, in fact, the use of 
graphite in the place of steel in UWMAK-I makes little difference in 
the breeding ratio and actually lowers the total power generated in 
the blanket. Therefore, the decision was made in the UWMAK-I design 
to use no auxillary moderating material in addition to Li and to use 
31 6 SS as the major reflector in the blanket. 
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5. System Description 

This section will briefly describe the geometric arrangement 
of the blanket and shield in UWMAK-I in addition to the inventory 
of materials and coolant flow patterns in the reactor. Complete 
details on these are given in Sections IV-B thru F. 

a.) Blanket 

Figure IV-A-1 shows a cross sectional view of the UWMAK-I. 
The blanket and shield are the cross hatched regions. The blanket 
is 14 meters high and 11.5 meters wide. The blanket is made up of 
two regions, one near the center of the torus (region I) and the 
other at the outside of the torus (region II). Each region is made up 
of 87 sections. (see Figure IV-A-2) These sections are 1.5 meters 
by a dimension which varies from 1.25 to 2.4 meters (see Section IV-E) . 
There are four complete Li flow circuits in the blanket. These will 
be described in more detail in Section IV-B. 

A schematic view of a partial section is given in Figure IV-A-3. 
The lithium flows in special poloidal headers, then down toward the 
plasma through "U" shaped cells and back out through another set of 
poloidal headers. A more detailed description of this flow pattern 
is also given in Section IV-B. 

Figure IV-A-4 shows a schematic of the c omposition and dimensions 
of the blanket. The first wall thickness is 2.5 mm (the first wall is shown 
as 4nun which is an effective smooth wall thickness) and it is followed by a 
95% Li....:5% 316 SS heat removal zone, a 15 cm 316 SS reflector, a 5 cm lithium 
channel for cooling and a 2 cm 316 SS wall. 

There is a 1 cm thick vacuum gap between the blanket and shield to 
cut down thermal losses to the shield. 

The flow rates and Li temperatures in and out of the blanket are 
shown in Figure IV-A-5. Note that the total lithium flow rate is 
2.0 x 107kg/hr which enters the blanket at 283 °C and leaves at 483°C. 

b.) Shield 

Surrounding the blanket in Figure IV-A-1 is the magnet shield 
which tends to conform more with the "D" shaped magnets than with the 
blanket itself. This shield is 7 7  cm thick and is cooled by He. 
Figure IV-A-4 shows the schematic of the shield materials. It is noted 
that after an initial 1 cm of 316 SS, there is a 20 cm region of 90% 
Pb and 10% 316 SS. This is followed by an eight cm region of B4C and 
a one cm helium cooled zone. The B4C is used to moderate and absorb 
the neutrons. This sequence (He-Pb-B4C) is repeated three times before 
the outer shell of the shield is reached. 
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Figure IV-A-5 also shows a flow diagram for the helium cooling 
indicating that the �T is 150 ° C and the flow rate to each zone is 
2 . 3xl05 kg/hr at 5 20 ,000 kg/m2 ( 50 atm) . 

Some specific details on the amount of material in each section , 
zone and region and the entire blanket are given in Tables IV-A-1 
and IV-A-2 in the next section. 

The heat transfer problems of the blanket are given in Section IV-B , 
and the corrosion effects are described in Section IV-C. The thermal 
and mechanical stresses are presented in Section IV-D while Section IV-E 
describes the procedure for changing the first wall. Finally , the 
support structure for the blanket and shield are given in Section IV-F. 

6. Sunnnary of Blanket and Shield Dimensions and Masses. 

We have attempted to list in this section the numbers that are 
important to the UWMAK-1 blanket and shield design. More specific 
information can be found on the origin of these numbers in later 
sections. 

Table IV-A-4 lists the information on the dimensions and placement 
of various components in the blanket and shield. The numbers in this 
table re fer to Figure VI-A-6. A slightly altered view of the divertor 
region was made to simplify the calculations of total blanket volume. 

Table IV-A-5 lists the total mass of the various materials in 
the blanket and shield. The information is listed for each module , 
region , and ultimately summed up for the entire reactor. Some of the 
more important points of Table IV-A-5 are: 

There i8 a total of 9 , 300 kg of 316SS in the first wall of 
each module. The total in the first wall of the reactor is 
111 , 600 kg • 

. The total amount of 316SS in the disposable heat removal cells 
is -491 ,000 kg in the entire reactor . 

. The fraction of the total 316SS in the reactor which is disposed 
of every two years is -6%. 
The total mass of Li in the reactor is 1. 42 

. The total mass of B4C is quite large ; -1. 62 

. The largest mass requirement for UWMAK-I is 
16 million kg . 

6 
X 10

6 
kg . 

X 10 kg. 
for Pb; over 

• The weight of a single module (with Li drained out) is - 2 , 200 ,000 kg. 

Close examination of Table IV-A-5 will emphasize the shear bulk of 
this reactor v 
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Table IV-A-4 

Summary of Blanket  and Shield Dimensions 

Component 

Maj or Radius 
Maximum Heights (outside ) 
Maximum Heights ( inside ) 
Maximum Width (outside ) 
Maximum Width ( inside ) 

Blanket 

Linear Length - Region I *  
Linear Length - Region II*  
Blanket Thickne s s  - Region I 
Blanket Thickness  - Region I I  
Toroidal Length , Max . 
Toroidal Length , Min . 

Maximum Heights (outside ) 
Maximum Width ( outside ) 
Shield Thickness  
Toroidal Ler.gth , Max . 
Toroidal Length , Min . 

* See Figure rv-A-6 

Shield 

. Key* 

A 
B 
C 
D 
E 
F 
G 
H 
I 
J 
K 

SA 
SB 
SC 
SD  
SE  

Dimension , m 

1 3 . 0 0 
1 3 . 6 0 
1 2 . 14 
1 2 . 4 7 
1 0 . 8 0 
1 5 . 6 5  
2 4 . 9 3 

0 . 9 3 
0 . 7 3 

1 0 . 0 7 (per  module ) 
3 . 5 4 (per module)  

2 0 . 8  
1 4 . 0 5 

0 . 7 7 
1 0 . 4 8 (per  module ) 

3 . 1 3 (per  mo{ ,.e ) 
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Figure I V-A-6 - C r i t ical Dimensions for UWMAK-I 
Blanket ,  Shield  and Magnet Module .  
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Table IV-A-5 

Summary of Blanket and Shield Materials 

Blanket 

Location 

First Wal l  
Rest  o f  radial cells  
Headers 
Reflector 
Outer Wall  
Total/module 
Each module 
Total reactor 

Firs t Wall to 
reflector per 
module 

Behind reflector/ 
module 

F8ed pipes to edge 
of  CTR module 

Total per module 
Total per reactor 

Weight ( kg )  
Region I Region I I  

2 . 0 6 X 1 0 3 
7 . 2 4 X 10 3 

6 . 9 8 X 1 0 3 2 . 4 6  X 1 04 
1 . 7 8 X lo: 5 . 2 7 X 1 04 
7 . 3 8 X 1 0  2 . 7 7 X 1 0� 
1 . 2 3  X 1 0 4 4 . 6 2 X 10  
1 . 1 3  X 1 0 5 4 . 0 8  X 1 0 5 

5 . 2 1 X 1 0 5 

6 . 2 5 X 1 0 6 

2 . 3 5 X 1 0 4 
5 . 8 9 X 1 0 4 

1 . 5 7  X 1 0 3 1 . 2 6 X 1 0 4 

2 . 2 0 X 1 0 4 

1 . 1 9 X 1 0 5 

1 . 4 2 X 1 0 6 

Shield 
Weight ( kg,) 

Per module Per reactor· 

1 . 6 9 X 10 5 

1 .  3 5 X 1 0 5 

1 . 3 6 X 1 0 6 

5 . 5 5  X 1 0 1 

Total Blanket and Shield 

6 . 9 0 X 1 0 5 

5 1 . 1 9  X 1 0
5 1 . 3 5 X 1 0
6 1 . 3 6 X 1 0 1 5 . 5 5  X 1 0 

2 . 3 0 X 1 06 

2 . 0 3 X 1 0 6 

1 . 6 2 X 1 0 6 

1 . 6 4 X 1 0 7 

6 . 6 6 X 1 0 2 

8 . 2 8 X 1 0 6 

1 . 4 2 X 1 0 6 

1 . 6 2 X 1 0 6 

1 . 6 4 x l O i  
6 . 6 6 X 1 0  

2 . 7 7  X 1 0 7 
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IV-B. Heat Transfer 

1. General Discussion 

Once the coolant has been chosen for a CTR blanket it is necessary 
to perform detailed calculations on the flow rates , temperatures and 
pressures required to maintain the proper temperatures in the system. 
This is not an easy j ob in a "normal" power plant and the situation 
is even further complicated by trying to pump electrically conducting 
fluids through high magnetic fields as we do in UWMAK-I. 

Early workers (10 , 11) reported unacceptably large pressure drops 
for lithium cooled systems , but this difficulty has been greatly reduced 
by more efficient flow designs (12 , 13 , 14). The present design represents 
a further improvement , such that lithium cooling now appears to be very 
attractive for Tokamak systems. 

We will precede the discussion of the UWMAK-I design by reviewing 
some general principles of magneto-hydrodynamics (MHD) and the flow 
of electrically conducting fluids in magnetic fields. Next we will 
develop the design procedure that was followed for the current reactor 
concept. A general system description of UWMAK�I will be followed by 
some details on the pressure drops incurred , pumping power required and 
temperature distribution in the blanket and shield . Finally , a summary 
of the important parameters is given. 

Magnetohydrodynamic Effects 

A detailed discussion of magnetohydrodynamic effects is available 
in Reference 15. A brief discussion and introduction to the working 
equations is given here . The most important effects of the 
magnetic field onthe reactor coolant design are the suppression of 
turbulence and the increase in flow resistance. These effects are 
discussed separately below. 

1. Turbulence Suppression 

The flow regime in a tube or duct depends mainly on the following 
dimensionless groups : 

Reynolds number Re = 4 � vp/µ 

Transverse Hartmann Number H
L 

=�B� � 

Parallel Hartmann Number H = R__B 1 1  ./crni I I  -ll 

where � 

V 

= hydraulic radius (cross section area divided by wetted 
perimeter) 

= bulk velocity 
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p = density 

µ = viscosity 

B
J. 

= component of the magnetic field perpendicular to the 
bulk velocity 

Bu = component of the magnetic field parallel to the bulk 
velocity 

<J = electrical conductivity of the coolant. 

The Reynolds number is the main criterion for the onset of turbulence 
in the absence of magnetic effects. The transition Reynolds number is 
around 2300 for fully developed flow in a smooth-walled tube. 

When a magnetic field is applied to an electrically conducting fluid, 
the magnetic force [� x .!!_] resists the development of the turbulent eddies. 
This damping effect delays the laminar-turbulent transition to a higher 
Reynolds number, as shown in Figure IV-B-1. 

In a tgroidal fusion reactor, the Hartmann number will be on the 
order of 10 if lithium is used as the coolant. Th8 transition Reynolds 
number for such a flow should be on the order of 10 according to the 
trend of the data in Figure IV-B-1. The actual Reynolds numbers in a 
lithium-cooled reactor will be considerably below this limit when allowable 
coolant pressures and pumping costs are taken into account. Therefore, 
it is realistic (as well as conservative) to assume laminar flow of the 
coolant throughout the reactor . 

2. Magnetohydrodynamic Pressure Drop 

It is well known that whenever an electrically conducting fluid flows 
across field lines, eddy currents will appear wherever curl {� x .!!_] is 
non-zero. This produces a retarding force which causes extra pressure 
drops in the fluid. These pressure drops will be classified here into 
two categories (15): the Hartmann and end-of-loop effects. 

The Hartmann pressure gradient arises in fully-developed laminar 
flow with a uniform transverse magnetic field. For such a flow between 
parallel plates, in a uniform magnetic field normal to the plates, the 
pressure gradient is given by the following equation: (16) 

- dP = ]JV H.1. tanh H,1, + !1.f_ �
2 2 

dx a2 HJ.-tanh HJ.. l+C 

where C = wall conduc tance ratio, a t  /ao W W  

a = channel half-width 

(IV-B-1) 
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aw
= electrical conductivity of the wall material 

t = wall thickness 

When the fluid is in a channel with a conducting wall and under large 
magnetic fields (H >> 1 + 1/C),  the last term of Equation IV-B-1 dominates, 
giving 

dp = vB.1. a t  
___ w---'w __ 

dx a (l + C) 
(IV-B-2) 

If the wall is strong enough t� withstand the pressure and E�e corrosion 
of the lithium, the value of C is usually on the order of 10 or larger ; 
hence , Equation IV-B-2 is an excellent approximation in the present 
range of Hartmann numbers (H:105). 

Hoffman and Carlson (15) have given useful approximate formulas for 
the Hartmann pressure gradient in rectangular and circular ducts. In 
the region of interest here , namely H >> 1 + 1/C ,  their results are 
closely represented by Equation IV-B-2 provided that we generalize 
the definition of "a" follows: 

a = mean half width of flow cross section in the direction 
of B.1.. 

This gives a=rrD/8 for a circular channel , as used in Reference 12. 
The empirical coefficient 1.3 in Hoffman and Carlson ' s  Equation (12) 
is thereby approximated by (4/TI) = 1. 273. 

The end-of-the loop effects are caused by gradients of [ v x B ]  in the 
flow direction . The resulting pressure drops are given approximately 
by the fol lowing generalization of Equation (16) , Reference 15 : 

t:,p = �IE 

ab 
av 

V av 

IV-B-3 

Here b = mean half-width of the local cross section in the direction 
normal to B1. 

av = arithmetic mean of values for initial and final cross sections . 

The coefficient KurE has been presented by Hoffman and Carlson ( l5) for 
flows in tubes ana ducts with varying B� ; the results are summarized 
in Figures IV-B-2 and 3. We will use the same plots here to estimate 

�IE for changes of velocity and channel width ; in this estimation LF is taken as the downstream length of the region of varying vB 

3.  Design Strategy 

The design given here is based on several simple rules obtained from 
Figure IV-B-4 and physical considerations : 
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a . Coolant must enter and leave the torus through the gaps between 
the D-shaped magnets . 

b . The main headers inside the magnets should follow the toroidal 
magnetic field lines to minimize pressure drops and utilize 
available space . 

c. Large cross sections should be provided for coolant distribution 
in the poloidal direction, to minimize the pressure drops 
in these long flow paths perpendicular to the toroidal field . 

d . The coolant for the inner z one of the blanket should be routed 
to the first wall in large radial ducts . The velocities 
should be small to minimize magnetohydrodynamic pressure 
drops, but large enough to avoid undesired heat exchange between 
adj acent radial streams . 

e . The stainless steel moderator-reflector in the outer zone of 
the blanket should have a separate coolant loop, to accomodate 
its different heat load and flow resistance . 

4 . System Description 

A design consistent with these ideas is shown in Figures IV-B-4 and 
IV-B-5 . The blanket structure is 316 stainless steel, and is designed 
with a maximum temperature of 500° C on the coolant walls to limit 
corrosion by the lithium . A corrosion allowance of 0 . 6 mil/year 
(0 . 0015 2  cm/year) is included in the initial wall thickness . The first 
20 cm of the blanket is designed for 2 years life, while the rest of 
the reactor is designed for a 30 year life . 

The reactor has 12 independent modules, one for each magnet . Each 
module has four blanket units: one between the upper and lower 
divertors (region I) and three for the rest of the wall (region II) (see 
Figure IV-B-1) . The coolant is supplied and removed through bundles of 
four pipes, rather than single large pipes, in order to reduce magneto
hydrodynamic losses as discussed below . Each pipe is connected to a 
toroidal header for the inner or outer zone of the blanket (Figure IV-B-4) . 

The coolant for the inner zone flows from the inner toroidal headers 
into poloidal headers, and then to the radial flow cells as shown in 
Figure IV-B-5 . Each radial flow cell consists of four U-bends connected 
in series along the first wall . Series connection is used to decrease 
the residence time in each bend, and thu�l�Jduce undesired conduction 
of heat between adj acent radial streams . To further reduce this 
exchange, the outlets of adj acent cells are j uxtaposed ;  this requires 
provision of a different flow resistance in each cell to distribute the 
coolant properly . The U-bends are reinforced by poloidal tie-rods to 
maintain their alignment and contain the coolant pressure . 
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The alternating inward and outward radial flows in the U-bends 
produce corresponding alternations in the induced electric field 
[ v  x B} . It is desirable to place the walls normal to this electric 
field to avoid short circuits between the adjoining radial streams. 
The arrangement in Figure IV-B-5 is consistent with this except 
for the small poloidal component of the magnetic field. 

The stainless steel moderator-reflector in the outer z one of the 
blanket generates 25% of the 5000 MW thermal output. To avoid 
overheating, the steel is divided into two layers, each cooled by 
lithium on both sides. The maximum allowed temperature at the 
interface of the coolant and stainless steel is 500 ° C. The calculated 
maximum temperature in the steel is 6 70 °C. 

a. Pressure Drop 

The Li coolant pressure drops are calculated from Equations IV-B-2 
and IV-B-3. The results are summarized in Tables IV-B-1 and IV-B-2 
for each region of the blanket. The calculations are based on local 
magnetic fluxes i, including the poloidal and toroidal components. The 
resulting pressures are shown in Figure IV-B-6 for the inner unit 
between the divertors. The pressures are much lower than in the design 
of Reference 12 ; this is mainly due to changes in the feed and discharge 
tubes and in the structure of the poloidal headers. The maximum coolant 
pressure on the first wall is 300 psia. The pumping power input to 
the Li is 22 MW, which amounts to 0.44% of the reactor ' s  thermal output. 

Equation IV-B-3 indicates that a bundle of feed or discharge pipes 
gives less entrance pressure drop than a single pipe of the same total 
cross section, since both b and �IE increase with the pipe diameter. 
The pressure gradient of Equation IV-B-3, however, increases with 
decreasing pipe size when a corrosion allowance is included in t .  
The pressure gradient is reduced in this design by using laminat�d 
feed and discharge pipes with an electrical insulating layer protected 
by a thin inner wall of stainless steel. An inner wall thickness 
t of 2 mm is used to withstand corrosion by the lithium ; a heavier w 
outer wall carries the hoop stress. 

The poloidal headers constitute the main flow resistance in the 
coolant system. These channels are tapered to equalize the velocities in 
adjoining headers, and thus minimize electromagnetic interactions. 
Heat exchange between the adjoining header streams is a minor factor 
because of the substantial width of the channels and the insulating 
effect of the stainless steel header walls. Electrically insulated 
liners were considered for reducing the pressure drop, but they are not 
used in this region, in view of uncertainties about radiation damage. 

Rectangular orifices are used to connect the poloidal headers to 
the radial flow cells. The pressure drop, according to Equation IV-B-3, 
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Table IV-B-1 

Summary of Li Pressure Drop Calculations 
(Inner zone of the blanket) 

v , m/s a , m  b , m  LF/b �IE 
t , mm L, m B , Tesla f,,p � 

[,,p
H '� 

Lt,,P � 
w .&. 2' m m --

For unit nearest reactor axis 

Feed pipe ; , 18 . 196 . 196 5 . 1 .05 2 .0 1 . 83 5 , 9 31 , 400 11 , 600 43 ,000 (x 2 ) Discharge pipe 

Toroidal headers , 705 . 196 - - - 4 . 0  . 3 . 4  . 6 - 1 ,000 1 ,000 (x 2 )  

Poloidal headers . 083 . 15 . 25 2 . 11 3 .0  16 . 0  6 . 5  48 ,400(x2)  95 , 600 192 , 400 

Radial cells • 038 0 . 5  - - - 3 . 0  1 . 6  6 . 5  - 1 ,500 1 2500 
281 ,700 
(=401 psi) 

� � � -

For units on top and bottom of the torus 

Feed pipe . 235 . 196 . 196 10 . 2  . 025 2 . 0  8 . 0 3. 9 9 , 000 28 , 200 37 , 200 

Toroidal headers . 939 . 196 - - - 4 . 0  6. 8 , 5 - 3,200 3, 200 

Poloidal headers . 092 . 15 , 15 2 . 0  . 11 2 . 0  8 . 0 4 . 2  6 ,700(x2 )  17 , 100 30 ,500 

Radial cells . 038 0 . 5 - - - 3 . 0  1 . 6 5 . 0  - 1 , 100 1 , 100 

Toroidal headers , 939 . 196 - - - 4 .0 6 . 8 . 3 - 1 , 200 1 ,200 

Discharge pipe . 235 . 196 . 196 5 . 1 0 .05 2 . 0  5 . 0  2 , 64 7 ,900 8 , 100 16 z000 
89 , 200 
(=127 psi) 

For unit farthest awai from reactor axis 

Feed pipe ; . 235 . 196 . 196 5 . 1 0 . 5  2 . 0  5 . 0  2 . 6  7 ,700 7 , 900 15 , 600 (x 2 )  Discharge pipe 

Toroidal header , 939 . 196 - - - 4 .0 6 . 8  .3  - 1 , 100 1 , 100 (x 2 )  

Poloidal header . 092 . 15 . 15 2 .0 . 11 2 . 0  8 . 0  2 . 6  2 , 800(x2) 6 ,500 12 , 100 

Radial cells . 038 0 . 5  - - - 3,0  1 . 6  2 . 6  - 500 500 
46 ,000 
(=6� s i ) 



Table IV-B-2 

Summary of Pressure Drop Calculations 
(Outer zone of blanket )  

v, m/s a , m b , m  1F/b 1),IE t ,mm L , m  B ,Tesla L'IP ., � U1P� w E '- L'IPH , m  --
For unit nearest reactor axis 

Feed pipe 
(discharge pipe )  . 24 . 196 . 196 5 . 1 . 05 2 . 0  1 . 83 5. 9 41 , 800 15 , 400 57 , 200 (x2 ) 
Toroidal headers . 235 . 196 - - - 4 . 0 3 . 4 . 6  - 300 300 (x2 ) 
Coolant channels . 276 . 60 . 025 2 . ll (x2) 4 . 0 16. 0 7 . 0  18 ,700 (x2) 122 , 900 160, 300 

275, 300 
(=391 psi )  

For units on  toE and bottom of the torus 

Feed pipe . 313 . 196 . 196 10 . 2  . 025 2 . 0  8 . 0 3 . 9  1 2 , 000 37 , 600 49 , 600 (x2)  

Toroidal headers . 313 . 196 - - - 4 . 0  6 . 8 . 5  - 1 , 100 l , 100 (x2) N 

Coolant channels . 184 . 60 . 025 2 . 11 4 .0 8 . 0  4 . 2  2 , 200 (x2) 17 , 100 21 , 500 

Discharge pipe . 313 . 196 . 196 5. 1 . 05 2 .0 5 . 2 2 . 64 10 , 500 10 , 800 21 , 300 
94 , 600 
(=135 psi)  

For unit farthest away from reactor axis 

Feed pipe 
(Discharge pipe )  • 313 . 196 . 196 10 . 2  . 025 2 . 0  8 . 6  2 . 6  10 , 500 10 , 800 21 , 300 (x2 ) 

Toroidal headers • 313 . 196 - - - 4 . 0  6 . 8 . 3  - 1 , 000 l , OOO (x2) 

Coolant channels . 184 . 60 . 025 2 . 11 4 .0 8 . 0  2 . 6  800 (x2) 6 , 600 �200 

52 , 800 
(=75 psi) 
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is nearly proportional to vb = V/4a, where V is the volumetric flow and 
a is the orifice width in the poloidal direction. This gives the 
surprising result that the pressure drop is independent of the orifice 
length b in the toroidal direction. - The length b is taken here as half of the 
full poloidal header width, to aid in distributing the coolant along the 
radial flow cells. 

The pressure gradient in the radial flow cells is due mainly to 
eddy currents, which flow through the fluid in the direction of 
[� x B] and return through the poloidal tie-rods. Radial flow is 
thus resisted by the toroidal magnetic field, but toroidal flow is not; 
this causes the flow to distribute readily over the toroidal length of 
each heat removal cell. For these cells, t /a of Equation IV-B-2 
is taken as the ratio of the conducting crols sections of the tie-rods 
and fluid. 

b. Temperature Distribution 

Steady state temperature profiles have been calculated for a 
radial flow cell on the assumption of negligible temperature changes 
in the headers and uniform fluid speed throughout the cell. The 
uniform-speed assumption is adequate in view of the high transverse 
Hartmann numbers and small Peclet numbers encountered in this design. 
The calculation was done as in Reference 12, by an implicit finite
difference method with a two-dimensional point mesh conforming to the 
streamlines. The surface and volumetric heat input rates were taken 
from neutronics calculations as shown in Figure IV-B-7. For simplicity, 
the heat generation for the header region was set to zero, and an equal 
heat input was added to the radial flow cells; thus the calculated 
temperature gradients in the radial flow cells are conservative (larger 
than actual) by about 20%. 

The calculated coolant temperatures in a radial flow cell are 
summarized in Figure IV-B-8. The main conclusion to be drawn is that 
the coolant can be discharged at a temperature quite close to the 
structural material corrosion limit of 500 °C. The temperature approach 
is closer than in Reference 12 because the coolant residence time is 
more nearly optimal. 

c. Cooling of the Shield 

The shield of the reactor contains a large amount of lead, which 
melts at 327 °C .  Therefore, the temperature in this zone was designed 
to be kept below 200 °C for safety reasons. The heat load is small 
and easily removed by pressurized helium in coils imbedded in the shield. 

A gap is required between the blanket and the shield for thermal 
insulation. This will allow the blanket to be a hot zone whilz the 
shield is relatively cool. Helium enters at 50 °C and 53 kg/cm (760 psi), and 
makes three passes in each heat transfer unit ��fore �t exits at 200 °C. 
The pressure drop of the helium is only 5 x 10 kg/cm (<5xlo-3psi) , and 
the pumping requirement is only 7 kW. 
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The temperature distribution from the first wall to the edge of the 
shield is shown in Figure IV-B-9. 

Summary 

An efficient design has been proposed for a lithium cooled reactor 
blanket. The maj or parameters of this design are listed on Table IV-B-3. 
The same type of design is also adaptable to higher wall loadings and 
magnetic fields. The following points are the unique features of this 
design: 

1. Maximum utilization of the available space for the coolant 
flow to minimize the velocity . 

2. Proper orientation of the coolant channels to avoid interaction 
of the eddy currents. 

3. U-bend design to provide radial mixing of the blanket coolant. 

The limiting factor of this design is probably the high internal 
pressure in the blanket. The high pressure requires a thick first wall 
which will cause stress problems (see Section IV-D) . The heat transfer 
performance power requirements are very satisfactory. 
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Table IV-B-3 

Summary of Important Parameters for Heat Transfer 

Total Thermal Load 

Major Radius 

Minor Radius 

Total Thermal Wall Loading 

B axis 

Structural Material 

Blanket Coolant 

Maximum Lithium Temperature 

Lithium Temperature Rise 

Lithium Flow Rate 

Maximum Lithium Pressure Drop 

Maximum First Wall Pressure 

Lithium Pumping Required 

Shield Coolant 

He Pressure 

He Temperature Rise 

He Flow Rate 

He Pumping Required 

5000 MWT 
13 m 

5.5 m 

1. 7 7  MW/m
2 

3.86 Tesla 

316 ss 

Lithium 

500 ° C 

200 ° C 

5.6 X 103 

2 
281, 900 kg/m 

2 
200, 800 kg/m 

22 MW 

He 

(401 psi) 

(300 psia) 

5 2 5.2 x 10 kg/m (50 atm) 

150 ° C 

64 . 5  kg/sec 

7 kW 
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IV-C. Corrosion and Corrosion Product Transport in Lithium-Cooled 
Stainless Steel Fusion Reactor Circuits 

1.) General Discussion 

The University of Wisconsin Toroidal Fusion Reactor (UWMAK-I) 
comprises the following major systems where corrosion potential 
exists (refer to Figure IV-C-1) : 

• the lithium-cooled primary circuit including the heat removal 
cells, headers, and the intermediate heat exchanger (lithium-to
lithium) ; 

• the secondary lithium circuit, including two heat exchangers and 
associated headers ; 

• the steam system, including the lithium-to-steam heat exchanger, 
turbine, condenser, preheater and associated headers ; 

• the tritium extraction system, consisting principally of a tritium 
getter (yttrium metal) and associated tanks and piping ; 

• the lithium cleanup systems, which will consist principally of 
a hot trap (zirconium getter bed) and associated tanks and piping ; 

• the helium system for cooling the shield (see Figure IV-C-1) 

• the lithium circuit employed in cooling and pumping the exhaust 
from the divertor. 

The design material in the liquid metal circuits is 316 stainless 
steel (see Table IV-C-1 for metal composition) . The lithium-to-sodium 
heat exchanger design material is 304L SS, on the evidence that tritium 
permeation rates are mildly lower for 304 than 316 ss. (25) 

Table IV-C-1 
Stainless Steel Composition Specifications 

316 Stainless Steel Element 304L Stainless Steel 
Weight Percent Weight Percent 

Balance Fe Balance 
16/18 Cr 18/20 
10/14 Ni 8/12 
2.0/3.0 Mo 
2.0 max. Mn 2.0 max. 
1. 0 max. Si 1. 0 max. 
0.080 max. C 0.030 max. 
0.045 max. p 0.045 max. 
0 .. 030 max. s 0.030 max. 
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Incoloy 800 has been selected for the Na-to-H
2
o heat exchanger in 

a recent sodium-cooled nuclear system(26) . For this study, however, a 
duplex tube consisting of Inconel in contact with the sodium and Croloy T22 
on the steam side was utilized for the steam generator, as described in 
Volume 2 of this report. 

The subjects addressed in this treatment will be: lithium-stainless 
steel compatibility ; corrosion product transport ; corrosion in auxiliary 
systems ; and lithium purity requirements. The corrosion of stainless 
steel will be compared to corrosion behavior of other candidate Controlled 
Thermonuclear Reactor (CTR) materials . The principal alternate materials 
now being considered are molybdenum, niobium, vanadium and their alloys. 
Stainless steel behavior in lithium and in flibe (lithium beryllium 
fluoride) also will be compared . 

2 . )  Lithium-Stainless Steel Compatibility 

The size parameters and exposure conditions in the primary and 
secondary circuits and the steam system are summarized in 
Table IV-C-2 . 

a .  Lithium Chemical Corrosion 

Early corrosion results (Z 7 ) indicated that iron, niobium, tantalum 
and molybdenum have good corrosion resistance to lithium up to 900° C ;  
ferritic steels were resistant to lithium to -800°C ;  austenitic steels 
had good resistance to -500 °c ;  nickel and its alloys had only limited 
resistance at 300-500° C .  However , the studies often were conducted 
in lithium of questionable purity, precluding full confidence in the 
results . 

There are essentially no long-term corrosion parameter studies for 
stainless steel in lithium. Projections of corrosion behavior, therefore, 
must be based on short-term data. Systematic studies of impurity effects 
also are largely lacking . (28) 

Gill, et ai , (29) performed a series of corrosion tests in lithium 
over a temperature range from 510 to 612°C .  The tests were conducted 
principally on 304 SS, but corrosion on other 300-series steels did not 
differ statistically from results on 304 SS . Corrosion rates from 
the study are summarized in Table C-3 as a function of temperature. 

The data in Table IV-C-3 were determined for lithium flow rates in 
the range of 15 to 85 cm/sec , which are low compared to typical dynamic 
liquid metal systems. However, the magneto-hydrodynamic (MHD) effectC30) 
in lithium flowing in intense magnetic fields precludes high flow rates 
(see Section IV-B.) The maximum design flow rate in the UWMAK-I blanket 
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Table IV-C-2 

u .  W. Toroidal Fusion Reactor Parameters 

Plant Rating 

Major Radius 

Minor Radius 

Neutron WallLoading 

Primary Lithium Circuita. 

Area in Contact with Lithium 

Lithium Weight 

Lithium Inlet Temperature 

Lithium Outlet Temperature 

Lithium Linear Flow Rate (Blanket) 

Lithium Linear Flow Rate (Headers) 

Lithium Mass Flow Rate 

Intermediate Heat Exchanger Area 

Neutron Flux , E = 0 - 14 Mev (Lithium-side 
of first wall) 

Secondary Sodium Circuit a. 

Area in Contact with Sodium 

Sodium Weight 

Sodium Inlet Temperature 

Sodium Outlet Temperature 

Sodium Mass Flow Rate 

Steam/Water Circuit a. 

Heat Exchanger Area 

Maximum Steam Temperature 

Maximum Steam Pressure 

Steam Flow Rate 

5000 MWth 
13 m 

5. 5 m 

1. 25 MW/m2 

6 X 10
4

m
2 

1 .  7 X 106kg 

283° C 

483° C 

4 cm/sec 

94 cm/sec 

2 X 10 7
kg/hr 

10
4

m
2 

1 . 9  X 

5 . 2 

7 . 4  

2 6 2
° C 

411 ° C 

9 X 107kg/hr 

3 . 2 X 104
m

2 

29 7
° c 

5 2 
3. 5 x 10 kg/m (500 psi) 

8. 5 X 106kg/hr. 

a. Preliminary design parameters ; may be revised at a later date. 

13 2 
b .  The primary current of 14 MeV neutrons is 5. 7 x 1 0  n/cm sec. 
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is 4 cm/sec. It is also noted that at locations in the primary circuit 
where MHD effects are small, anticipated flow rates are up to 94 cm/sec. 

Table IV-C-3 
Corrosion Rates for Stainless Steel in Lithium C 29) 

Temperature 

o c  
300 (extrapolated) 

400 
500 
550 
600 

Corrosion Rate 
2 

mg/cm mo 
0.01 
0.11 
1 
3 
6 

micron/y 
0.15 
1.6 

15 
45 
90 

The data of Gill, et a1 C 29) suggest that corrosion rates are not 
strongly influenced by lithium flow rates in the range of their tests. 
Corrosion rates for a 1Crl8Ni9Ti steel in lithium at 700-900° C were 
higher under natural convection than in static lithium, but the effect 
was not large. C28) rt will be assumed that the data in Table IV-C-3 
account for flow rate effects on corrosion in the UWMAK-I, until fully 
pertinent data are available. 

At the UWMAK-I inlet and outlet temperature extremes (-300 and 500° C) 

the corresponding thermal corrosion rates are 0.15 and 15 microns/y. 
These corrosion rates can be safely accomodated in the design thickness 
of the primary lithium system components. Maximum metal penetration 
from thermal corrosion will be 0.03 mm for the anticipated 2-year 
blanket life and 0.45 mm for a 30-year design life of other components. 
Potential contributions to the corrosion rate from radiation effects 
will be discussed in the following section. It would be desirable on 
thermal efficiency grounds to increase the lithium temperature. Estimates 
of the limiting temperature for stainless steel-lithium compatibility 
vary: Ref. 27 indicates 500° C; Ref. 29 suggests -S90° C. In another 
study, iron and austenitic stainless steels underwent severe solution 
corrosion, intergranular attack and mass transfer at 700 to 815° C. 
Type 316 SS was said to be suitable for only ltmited service at 590° C 
in a loop having a 100° C temperature gradient . l31) While penetration 
rates in Table IV-C-3 at 600° C may be acceptable from a structural 
standpoint, they magnify an already serious corrosion transport problem, 
treated in a later section. Thus, if the corrosion rates indicated 
in Table IV-C-3 accurately represent corrosion product transport rates 
in the UWMAK-I, further increases in temperature appear undesirable. 

The release of corrosion products from stainless steel does not 
generally occur in the stoichiometry shown in Table IV-C-1 for alloy 
constituents. Nickel was leached 

�referentially from 304 SS exposed to 
high-purity lithium at 500-600° C. ( 9) Deposits in the low-temperature 
loop region were high in nickel; Cr, Mn, Si and C also were detectable. 
In another stud

;5 
nickel was removed preferentially from 316 SS in lithium 

at 590-76 9
°c. (3 The attack was largely transgranular. Gamma iron 
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was found in cold-zone deposits . At 760-870° C, the attack was inter
granular; when sigma phase was present, the cold-zone deposit was high 
in Cr, Ni and Fe. When sigma phase was absent, the cold-zone deposit 
was high in Ni and low in Cr. Carbon transport occurred when sigma 
phase was absent in low-nitrogen lithium. The carbon deposited in the 
cold zone as iron carbides. Tests in lithium above 540°C resulted in 
selective attack on nickel and carbon in austentic stainless steelsJ27) 

Selective leaching also occurs in refractory metal coolant systems. A 
Nb-lZralloy exposed to lithium at 1200°C (l50°C �T) lost nitrogen, carbon and 

zirconium
� 

which deposited in the cold region, principally as zirconium 
nitride. ( 3) 

A few studies are reported indicating effects of contaminants on 
stainless steel corrosion in lithium. High-purity lithium contaminated 
with 0. 36 percent air reacted ra2idly with 304 SS at 816 ° C, resulting 
in tube plugging after 72 hours. (35) Chromium was selectively removed 
from the stainless steel to depths of 10 mm under these conditions. 
In high-purity lithium, only mild intergranular attack occurred after 
720 hours at 816° C. Chromium appeared to have an unusually high 
solubility in lithium in these studies, compared to data shown in 
Figure IV-C-2; selective leachin� of nickel was not observed, in con
trast to studies cited earlier. ( 7, 28, 32) Furthermore, the corrosion 
rates i n  �igh-purity lithium appeared to be suprisingly low. 

In Russian work cited earlier, corrosion rates w1�� measured on 
a 1Crl8Ni9Ti steel in lithium at 700, 800 and 900° c . C J Weight losses 
correspond to a metal penetration of -30 microns in 1000 hours at 700°C 
in static, contaminated lithium (- 1% o2 and 1% Nz by weight) ; penetrations 
in high-purity static lithium were 8-15 microns in 1000 hours. One 
weight percent nitrogen caused substantial increases in corrosion rate, 
while a similar oxygen concentration had little effect. Corrosion rates 
in static lithium were initially rapid, but decreased with time, apparently 
as the solution became saturated with corrosion products. Lithium flowing 
by natural convection caused corrosion rates higher than those in static 
lithium, due to mass transport effects. In the flowing system, specimens 
lost weight in the hot zone and corrosion products were transferred to 
the cold zone. The attack was largely intergranular. There was 
considerable evidence of selective nickel transport between materials 
with differing nickel contents. 

Hoffman reported that nitrogen contamination in lithium resulted 
in accelerated corrosion of 316 SS at 870° c. (36) Devries reported that 
stainless steels, (including 316 SS) had good corrosion and stress corrosion 
resistance in air-contaminated lithium at 315 and 480°C, but the tests 
were short (up to seven days) . (37) 
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Oxygen has a significant effect on stainless steel corrosion in 
sodium, and there are indications that it may be desirable to operate 
Liquid Metal Fast Breeder (LMFBR) systems at <2 ppm oxygen. (38) The 
emerging evidence for lithium suggests nitrogen may be more significant 
than oxygen in stainless steel corrosion . 

The corrosion of niobium and tantalum in static lithium was not 
affected by oxygen concentrations of 100-2000 ppm in the lithium, 
contrary to behavior in sodium. (39) On the other hand, oxygen dissolved 
in the refractory metals, above some threshold value (-400 ppm for Nb) , 
caused rapid intergranular penetration by lithium. Zirconium alloy 
additions serve to getter the oxygen in the Nb and Ta and preclude the 
rapid penetration by lithium . Russian work indicates that oxygen 
dissolved in steel also enhances lithium penetration. (28a) 

Fusion reactors constructed from the refractory metals are projected 
to operate at substantially higher temperatures than the 500°C maximum 
UWMAK.-1 design temperature. Even at temperatures above 800°C, corrosion 
rates for the refractory metals generally are reported as "nil" or 
"slight". Selected exposures of refractory metals to lithium are sunnnarized 
below : 

Max. Temp Thermal Velocity Test Time 
Material o c  Gradient 2 o c  m/sec hr 

V d . (4
0) ana 1.um 870 204 4 . 0  1194 

Mo-0. 5Ti (40) 
815 93 4.0 694 

Nb-1z/33) 1200 100-150 3 , 2  3000 

Corrosion and mass transfer rates for V and Mo-0 . 5Ti were reported as 
nil after

2
the above exposures. The weight loss from Nb-lZr was up to 

0 . 3 mg/cm (0 . 07 mg/cm2mo) , which is similar to the stainless steel 
mass transfer rate at -375°C (Table III) , 

Corrrosion data for stainless steels in a molten salt (LiF-BeF2-
ThF4-UF4) indicate a maximum corrosion rate of 50 micronsJ,

341
t a hot leg 

temperature of 688 °C and a ·  cold leg temperature of 588°C. ( Grain 
boundary attack and voids extend into the matrix1 apparently due to 
selective chromium diffusion from the specimen . Weight losses 
occurred over exposures up to 32, 000 hr. ; the corrosion rates decreased 
with decreasing temperature over the range of 688 to 668 °C. The 
corrosion rate was controlled by the solid state diffusion of chromium. 

Another molten salt test series at 663 °C indicated a corrosion 
rate of 28 micron/y for 304 SS . At 650° C, 316 SS corroded at maximum 
rates 20-25 micron/y. However, only a fraction of the system area corroded 
at the maximum rates. 
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b . Irradiation Effects on Corrosion 

Irradiation of Type 316 stainless steel in lithium was reported 
to have no effect on corrosion at 540° c, (4l)but the neutron fluences 
(3-7 x 1016n/cm2) were too low to draw definitive conclusions . Limited 
evidence suggests that radiation does not accelerate corrosion rates 
of stainless steel in sodium. (42) However, there is speculation that 
in high-flux sodium-cooled reactors fast neutron sputtering would add 
substantially to corrosion rates , (43) involving damage to a rate-limiting 
ferrite layer. Similar laY.ers also are reported to form on stainless 
steel exposed to lithium, ( 29, 32) and to flibe. (34) Whether such a 
layer would in fact develop on stainless steel at 500° C is not clear, 
but it would almost certainly be very thin (probably <l micron) .  

Sputtering rates for stainless steel were calculated by An%o and 
Walowit to be 38 micron/y at a fast fission neutron flux of 101 n/cm2sec, 
applying a sputtering ratio for Cu (2 x 10-3) in the absence of direct 
data for stainless steei . (43) At 600-700° C in sodium, the ferrite layer 
on stainless steel reaches a steady state thickness of -10 microns(44 � 
Assuming that the ferrite layer thickness controls the corrosion rate, 
the sputtering rate indicated above would have two effect on material 
transport :  a) direct removal of material from the ferrite layer ; 
b) thinning of the layer, resulting in increased corrosion of the 
steel substrate. 

The calculated neutron current for the UWMAK-I is 5. 7 x 10
13 

14 MeV neutrons per sq , cm . per sec on the first wall. The total 
2 neutron flux on the inside surface of the first wall is 4 . 7  x 1014n/cm 

(E1 0-14 MeV) and greater than 99 percent of the neutrons have energies 
above 0. 1 MeV . Using an estimated sputtering ratio for iron of 
9 x 10-3atomsfn(45) , the sputtering loss from the inside surface of the 
first wall is estimated to be 16 microns/y, based on the relationship: 

Metal Loss 
S pt A 
N p 

where, S is sputtering ratio (atoms/neutron) ; ¢t is neutron fluence ; 
A is atomic weight ; N0 is Avogadro ' s  number ; . � is metal density. 
The area of the first wall surface is -4 x 103m , slightly less than 
10 percent of the total primary circuit area . Neutron attenuation 
probably will preclude major sputtering problems in other regions 
of the circuit. From the above calculation, sputtering would 
increase the corrosion product inventory in the primary circuit by 
-10 percent (250 kg/y ) by direct removal. However, the foregoing 
calculation is based on new sputtering ratios estimates for the data 
obtained under vacuum conditions. Sputtering into a condensed phase 

sec. 

(e . g . , liquid lithium) may produce substantially lower sputtering ratios. 
Therefore, sputtering calculations may have to be regarded with reservations 
until accurate sputtering ratios have been determined in liquid metal 
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systems. Recent weight measurements on stainless steel specimens 
exposed to the sodium coolant in EBR-II suggest that sputtering 
was negligible in terms of material transport.(45a) The effect 
of sputtering appears to offer a potential accelerating effect on 
corrosion which would justify experimental study. 

It also is possible that other radiation effects may accelerate 
corrosion processes in the lithium system. While direct parallels 
between aqueous and liquid metal systems are not justified, unusual 
effects of radiation on corrosion have occurred in aqueous systems (46) 
which were not anticipated from experiments in unirradiated systems. 
No unusual radiation effects have been recognized for stainless steel 
corrosion in sodium, but much less is known about the corrosion behavior 
of stainless steel or refractory metals in lithium. 

c. Solubilities of Selected Elements in Lithium 

While liquid-phase solubility is not necessarily rate-determining 
in liquid metal corrosion, it is an important consideration in evaluating 
corrosion and corrosion product transport mechanisms. Solubilities of 
stainless steel constituents(47) and refractory metals(47, 48)have been 
summarized . Solubility data from Ref. 47 are shown in Figure IV-C-2 
indicating that the solubility of nickel in lithium is nearly two 
orders of magnitude higher than the solubilities of chromium and iron, 
and nearly three orders of magnitude higher than the refractory metals. 
The summary of solubility data in Ref. 48 indicates considerable 
variation in results from one observer to another, suggesting that 
solubilities in lithium must be applied with caution on present knowledge. 

The temperature range for the data in Figure IV-C-2 is above the 
design temperature range for the UWMAK-I . If the solubility trends continue 
at lower temperatures, the solubilities will be approximately as shown 
in Table IV-C-4. 

. 5 
When saturated at 500°C, the UWMAK-I primary coolant (8 x 10 kg Li 

from Table IV-C-2) would contain -280 kg of Ni. The significance of 
corrosion product transport to plant operation will be discussed later 
in this section. 

Table IV-C-4 
Solubilities of Selected Elements in Lithium

a) 

Element Solubility, ppm by wt.
b) 

Nickel 
Iron, Chromium 
Niobium, Molybdenum 

500° C 300°C 

350 
8 
3 

80 
2 
1 

a)Extrapolated from date in the temperature range -940-650°C, Ref. 48. 
b) In the UWMAK-I primary circuit, one ppm by weight is equal to -1.5 kg. 
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Solubilities of nitrogen and oxygen in lithium are summarized 
in Table IV-C-5. 

Table IV-C-5 
Solubilities of Nitrogen and Oxygen in Lithium 

Element 

Nitrogen, ppm by weight 
Oxygen, ppm by weight 

Temperature, °C 

500° C
a) 

400 250 

12, 100 400 
1700 650 90 

a) Extrapolated from data in the range 250-400°C cited in Ref. 48. 

Consistent with the data in Table IV-C-5, oxygen concentrations 
in lithium can be reduced to <100 ppm by cold trapping ; nitrogen 
is less susceptible to removal by cold trapping, due to its relatively 
high solubility in lithium, even near the lithium melting point(l86 °C) . 

d. Corrosion Mechanisms 

Liquid metal corrosiog mechanisms potentially include the 
following types of attack: l 2 7, 49) 

i. solution attack - relatively uniform dissolution of the 
metal by the liquid metal ;  

ii. selective dissolution - leaching of one or more alloy con
stituents ; 

iii. direct alloying formation of surface films from reactions 
between the solid and the liquid metal ;  

iv. intergranular penetration - often a variation of selective 
dissolution, where minor alloy constituents which concentrate 
in grain boundaries are selectively attacked. The attack 
often is accelerated by stress. 

v. erosion corrosion - mechanical attack by turbulent coolant, 
suspended particles, or in extreme cases, cavitation. 

vi, fretting corrosion - corrosion which results from vibration 
between two adjacent components in contact. 

vii. stress corrosion cracking - failure of a metal by the combined 
action of corrosion and mechanical stress. 
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Th . d f . 1 1 . d . (43,44) 
e emerg�ng ata rom stain ess stee exposures in so ium, 

lithium, (29, 3ZJ 
and flibe (34) indicate that mechanism ii is important 

in all three systems. Selective removal of nickel and/or chromium 
leaves an iron-rich layer (identified as ferrite in the liquid metal 
systems) . Subsequent corrosion rates are considered by some observers 
to be controlled by solid state diffusion through the iron-rich 
layer. (29, 32, 34,43 ) However, other mechanistic interpretations have 
been presented for steel corrosion in sodium systems. (50)  

Mechanism iv also is important in lithium metal (27, 3 3, 3 6 )
and molten 

salt (34) systems. Mechanism v probably will be relatively unimportant 
in CTR lithium primary circuits, due to low lithium linear velocities. 
Higher flow rates may occur in secondary circuits, where MHD effects 
are not restrictive, imposing a concomitant increase in the likelihood 
of erosion corrosion effects. 

Evaluation of mechanism vi is highly empirical and difficult to 
predict without a detailed knowledge of component design and local 
exposure conditions . Mechanism vii also is difficult to predict on 
the basis of very few systematic stress corrosion studies. Russian 
work indicated that steel corrosion rates in lithium were accelerated 
by stres s . ( 28a) A case of stress cracking was reported for 310 S S  
exposed to lithium. (51) Austenitic stainless steels resisted cracking 
in air-contaminated lithium at 315 and 480° C, but the exposures were 
short. (3 7 ) Di Stefano and Litman reported that no example of stress 

(49) corrosion has occurred for refractory metals exposed to alkali metals. 
However, the present approach to defining stress corrosion cracking 
behavior is largely empirical. Stress corrosion studies clearly will 
be a necessary factor in a CTR development program. 

e. Sunnnary of Thermochemical Relationships for Carbides , Nitrides 
and Oxides 

The thermochemistry of selected carbides, nitrides and oxides 
appears in Appendix IV-C-1. Several generalizations from the literature 
and from Appendix IV-C-1 are summarized below. 

Group IVB Metals (Ti, Zr, Hf ) form oxides, nitrides, and 
carbides which are more stable than the corresponding lithium 
compoundsa) and are more stable than corresponding compounds 
from Groups VB, VIB and VIIB of the periodic table. (48 ) 

• Group VB metals (V, Nb, Ta) form oxides which are less stable 
than LizO, but their nitrides and carbides are more stable 
than the corresponding lithium compounds . (48 )  

• Niobium, tantalum and vanadium lost oxygen to lithium;  titanium 
and zirconium gettered oxygen from lithium at 816

° C. (49 ) 

a)Values in Appendix IV-C-1 show Li20 to be slightly more stable than 
ZrOz , however, zirconium has functioned success fully as a getter in 
lithium systems. 
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Regarding the major stainless steel constituents, Fe and 
Ni compounds are less stable than the corresponding lithium 
compounds; Cr carbide is slightly more stable than Li carbide, 
but the lithium oxide and nitride are more stable than the 
chromium compounds. 

, Yttrium carbide and oxide appear to be slightly more stable 
than corresponding lithium compounds in the range of 500-650°C. 

f. Mechanical Property Effects 

Lithium may degrade stainless steel mechanical properties by 

a) corrosion penetration, or 
b) addition to or removal of elements in the steel matrix. 

Data in Table IV-C-3 suggest that corrosion penetration will be acceptable 
from a mechanical property standpoint for stainless steel exposed to 
lithium at 500° C. Carburization and decarburization and other material 
transport phenomena have occurred in stainless steel exposed to lithium, 
portending that under certain conditions changes in mechanical properties 
may occur. A detailed analysis of possible mechanical property changes 
is beyond the scope of this treatment, but data from stainless steel 
exposures to lithium and · sodium will be discussed. 

The ultimate tensile strength (UTS) of a 1Cr18Ni8Ti steel 
decreased by 14% and the ductility increased slightly on exposure to 
lithium at 700 and 800°C under natural convection. (28) The major 
changes occurred prior to 200 hours, but a small downward trend in 
UTS was present at test termination (1000 hours) . Short-term (up to 
500 hours) tests of the Cr-Ni-Ti steel in static lithium resulted in 
very little difference in UTS and elongation between specimens 
exposed to lithium and controls exposed to argon at 500°c. (2 8a) In 
long-term exposures at 700° C, strength decreased with time, but there 
was little difference between behavior of specimens exposed to pure 
static lithium and those exposed to argon. Addition of 1 wt.% of 
oxygen to the lithium had only minor effects on strength. Carbide 
precipitation occurred in controls and specimens exposed to lithium, 
causing reductions in ductility. 

Reductions in strength occurred for Cr-Ni-Ti steel specimens 
exposed to flowing l�§�fum in a loop with a hot zone at 700°C and a 

cold zone at 400°C. ( 

Stress rupture experiments with 310 SS tubes exposed to lithium 
at 549 to 871°C showed no effect of exposure on tensile strength. (51) 

Stress rupture properties of non-stabilized 304 and 316 stainless 
steels were degraded by sodium exposures for 10, 000 hours at 705 °c. (52) 

However, no changes in properties occurred �n exposures at 620°C. Reduced 
strength at 705°C was due to loss of carbon and boron from the steels 
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and concurrent sigma phase formation. Stabilized alloys (321, 347, 
Incoloy-800) did not lose carbon, but did lose boron and nitrogen, 
though in smaller quantities than non-stabilized alloys . 

The above data suggest that high-purity lithium at 300-500° C probably 
will not induce performance-limiting degradation of stainless steel 
mechanical properties, provided that the presence of zirconium hot traps 
and tritium getter materials do not cause excessive loss of carbon and 
other interstial materials from the stainless steel . If carbon transport 
from 316 S S  proves to be excessive, use of stabilized steels may be 
necessary . Carbon and nitrogen transfer from stainless steel to Nb-lZr 
in potassium at 7 60 ° C were reduced or eliminated when i21 S S, containing 
titanium was substituted for non-stabilized 316 S S . (53 Stabilized 
alloys also have been effective in controlling carbon transport in liquid 
sodium systems. (50) 

g .  Lithium Purity 

Lithium purity is an important consideration in defining the corrosion 
of materials exposed to a lithium coolant . Impurities in lithium may 
be grouped into three classes :(54) 

1 .  foreign alkali or alkaline earth metals 
2 .  transition and heavy metals 
3 .  nonmetals, principally oxygen, carbon, hydrogen and nitrogen . 

Systematic studies of oxygen and nitrogen effects on stainless 
steel corrosion in lithium were discussed in an earlier section, indicating 
that nitrogen at a concentration of 1 wt . percent had an adverse effect 
at 700° C ;  oxygen at a similar concentration has very little effect . Other 
evidence points to nitrogen as the more significant impurity, having an 
adverse effect on stainless steel corrosion . Systematic studies of 
metallic impurity effects on stainless steel corrosion in lithium are 
lacking . 

Typical analyses of as-produced lithium are summarized in Table IV-C-6 . 
Lithium does not appear to become contaminated by contact with anhydrous 
gases, (Oz, COz, Nz) at least to 160° C .  At elevated temperatures, lithium 
reacts readily with nitrogen to form a nitride . (54) 

Effects of successive purification steps on a given batch of lithium 
are summarized in Table IV-C-7 . The as-received impurity content in 
lithium from a commercial source is shown in the upper analysis . Comparing 
the as-received analysis in Table IV-C-7 with Table IV-C-6, nitrogen is 
substantially higher in Table IV-C-7 ; as-received metallic impurities 
are relatively low in Table IV-C-7 ; oxygen and carbon (not specified in 
Table IV-C-6) are 130 and 149 ppm respectively in the as-received lithium. 
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Tab le IV-C-6 

Purity of Conunercial Lithium (54) 

Metal Grade 

Major Impurities 

Na 

K 

Total Alkali 
Metals 

Alkaline Earths 

Other Metals 

Chlorine 

Nitrogen 

American Producers 

Price/lb .  (1967 ) 

99 . 5%
a ) Reactor

b ) 

150 

70 

220 

300 

150 

70 

100 

Foote Mineral 

40 

75 

115 

10 

70 

50 

40 

Lithium Corp . 

Maywood Chemical 

$9-$11 $12 . 00 

Impurity values in ppm by weight 

a ) Typical analyses 
b ) Expressed impurity levels are maximum values . 



Table IV-C-7 

Influence o f Puri fication Techniques on Lithium Purity (55 ) 

ppm ppm ppm 
IDENTITY N O C Ag Al B Be Ca Cb Co Cr Cu Fe Mg Mn Mo Na Ni Pb Si Sn Ti V Zr 

LITHIUM AS - 835 130 149 <5 < 5  
RECEIVED 

<5  135 <25 <5  <5  <5  < 5  5 < 5  <5  55  <5  <25 5 <25 < 5  <25 <5  

LITHIUM AS 
RECEIVED 
AFTER 
FILTRATION 

LITHIUM 
AFTER HOT 
TRAPP ING 
280 HOURS 
AT 15000F 

791 155 

<10 

99  <5  <5  <5  

25 <5 <5 <55  <5  

55  <25 <5  < 5  <5 5 <5 <5 5 <13 5 <5  <25 5 <25 <5  <25 <5 

5 <25 <5 < 5  55  5 5 <25 <5  55 5 <25 5 <25 5 <25 <25 

H <: 
I 

n 
I 

t--' 
er, 
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Filtering (single-pass) at 205 ° C through a 5 micron sintered Type 
316 SS filter had little beneficial effect on impurity levels. However, 
heating in a titanium-lined zirconium-gettered hot trap at 815 °C for 
2 80 hours sharply reduced nitrogen, oxy

�
en, carbon and calcium. The 

area of the zirconium getter was 6.5 cm per 3.4g of lithium. The 
6 zirconium surface area which would be required to clean up 1.4 x 10 kg 

Li is -2.7 x 109cm2. Assuming a foil thickness of 0.01 cm, the zirconium 
getter weight in the primary system (LCS, in Figure IV-C-1) would be 
-105 kg; while this may not be the optimum amount of zirconium for a 
large system, it probably is of the right order of magnitude. The amount 
of getter required for the secondary sodium system would be nearly an 
order of magnitude less than the primary system requirement. the 
relatively high getter cost opts for careful pre-purification of lithium 
and for system design and operation to minimize impurity in-leakage. 
The fabricated cost of zirconium foil in 1973 is -$45 per kg. On this 
basis, the cost of the getter for the primary t!g�em would be -$4.5 x 
106 in 1973 dollars. Based on published data, the 0.01 cm foil 
thickness appears to be marginal; thicker foil may be necessary, 
depending on the required gettering capacity. 

The example cited above (Ref. 55) indicated that zirconium 
gettered oxygen from lithium to undetectable concentrations, despite 
indications from thermodynamic data at 870 °C that Li20 is slightly more 
stable(57)

(-105 kcal/g atom O for Zr ; -106 kcal/g atom O for Li20). Data 
in Table A-IV-C-3 indicate that between 25 and 625 °C the equilibria also 
slightly favor stability of Li20. It is possible that certain impurities 
in the system altered the thermodynamic relationships or that the 
thermodynamic data are in error. However, it seems more likely that the 
thermodynamics of the oxides does not accurately state the energetics 
of a system where oxygen is disolving rapidly into the base metal, as 
it would be expected to do for the case of zirconium at the hot trap 
temperature ( 815 °C). 

Yttrium has been reconnnended as a hot trap material for lithium 
systems, because the thermodynamics slightly favor Y203 formation over 
Li 2o formation. ( 57) From the above discussion, it is not clear that 
yttrium has an advantage over the zirconium for the hot trap getter. 

A desirable feature of the lithium cleanup system hot trap would 
be to minimize tritium accumulation in the getter ; however, both yttrium 
and zirconium getters are strong hydride-formers. This problem can be 
minimized if the vapor pressure of tritium in the LCS is higher than in 
the tritium extraction bed. Because the tritium vapor pressure above 
ZRT2 is higher than f or YT2 ( Figure VIII-C-2) and for both tritides the 
vapor pressure increases with temperature, then the LCS should contain 
Zr at a relatively high temperature and the tritium extraction bed should 
contain yttrium at a lower temperature, as shown in Figure IV-C-1. 
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The entire lithium purification sequence would be operative as 
follows : 

a) 

b) 

c) 

Careful purification of the lithium charging into the 
fusion �eactor, probably involving filtration and possibly 
hot trapping and special treatments to reduce specific metal 
impurities. 

Final purification with the lithium cleanup system containing 
zirconium and operating between a temperature yet to be determined 
between 5 50° and 816 ° C. In sodium, the minimum effective tem
perature for zirconium hot trap operation was -5 50°C ( 5 7) ; how
ever, the use of zirconium as a getter in a lithium system has 
only been demonstrated at 816 ° c (55) 

When tritium generation begins, the valves to the TEB, containing 
yttrium at 283 °C, will be opened. The LCS will remain in the 
system but at a temperature between 5 50-816 °C. As soon as the 
#1 TEB is saturated with YT2, its valves are closed and #2 TEB 
is utilized. Immediately, the lithium is drained from #1 TEB 
and the tritium recovered by thermal regeneration of the yttrium. 
After several sequences of these operations, the oxygen and nitrogen 
levelsin the lithium may be sufficiently low so that the LCS can 
be disconnected and used only as required to maintain acceptable 
impurity concentrations. Nitrogen appears to be the critical 
i�purity from the standpoint of minimizing stainless steel 
corrosion, but a high nitrogen solubility in lithium is indicated. 
This makes cold trapping relatively ineffective for nitrogen 
removal and suggests that a cold trap probably would be un
necessary in the lithium systems. 

The clean up of sodium for the intermediate heat exchanger system will 
follow accepted practices �54, 5 7) Initially, the sodium impurities will be 
filtered and cold-trapped at -120 °C to remove gross quanitities of oxygen, 
nitrogen, carbon and hydrogen. Then, the hot-trap containing zirconium 
(NaCS) (Figure IV-C-1) will be activated at 550°C. This hot-trap will 
probably remain in operation during the power cycle in order to remove 
steam and air which will leak by diffusion or failures in the steam generator 
tubes. 

3.) Corrosion in Auxiliary Systems 

· a. Lithium Cleanup System 

Zirconium corrosion in high purity lithium was reported as nil after
(4 S )  

the following exposures: 1070 hours at 816 to 871°C; 400 hours at 1000° C. 
In general, the corrosion behavior of zirconium in lithium getter applica
tions appears to be satisfactory. Specific data are needed to indicate 
effects of impurities, e.g., carbon and nitrogen, on the long-term 
corrosio.n and embrittlement of thin foils in lithium. 
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h. Tritium Extraction System 

Relatively little is known about yttrium corrosion in lithium at 
UWMAK-I temperatures. In the temperature range 1041-1150 °C, yttrium was 
used as a getter in a lithium system. (SB ) After what appears to have 
been a 30-hour exposure, the lithium had dissolved 5 wt. % yttrium; the 
yttrium corrosion was substantial but not catastrophic . Yttrium forms 
an oxide slightly more stable than LizO at 500° C (Appendix, Table A-IV-C- 1) 
and is used to getter oxygen from lithium. (57) This may suppress yttrium 
dissolution, but it may also inhibit tritium extraction and eventually 
will lead to oxygen saturation of the yttrium. The yttrium carbide also 
is more stable than lithium carbide and carbides of the major stainless 
steel components except chromium. Some carbon transport to yttrium 
therefore may occur. The effect of carbon, nitrogen and oxygen transfer 
on yttrium corrosion and kinetics of tritium absorption will need to be 
investigated. 

c. Helium Circuit for Cooling the Shield 

The helium coolant for the UWMAK-I shield will be contained in a 
stainless steel circuit. Preliminary design calculations indicate that 
the system temperature probably will not exceed 200°C. The principal 
impurities in helium are HzO, CO, COz, Hz, Nz and CH4 • The total impurity 
in the helium can be controlled to about one ppm by volume. (59) Corrosion 
of stainless steel in helium has not caused problems of metal penetration 
even at temperatures in the range of 600-980° c. (60) However, some oxide 
spallation has occurred at the higher temperatures. At 416 °C, 316 S S  
has a weight loss of 5 mg/dm2 

(-0. 06 micron) after 1000 hours. Based 
on the above evidence, it is safe to assume that corrosion will not be 
a problem in the shield cooling circuit. 

On the contrary, De Van has indicated concern regarding corrosion 
of niobium in high-purity helium. (40) Other work indicates that substantial 
corrosion and oxygen solution can occur in niobiqm ?t 1000-1200°C in 
helium having impurity concentrations of -! vpm. t59J The basic questions 
are 

a) whether the relatively large niobium surface area can getter the 
impurities initially in the niobium without reaching damaging 
concentrations of impurities, 

and b) whether in-leakage can be controlled to tolerable levels. 

d. Heat Exchanger Corrosion 

The sodium-steam interface is a critical area in the context of 
corrosion control. Stress corrosion cracking failures of steam generators 
have occurred in nuclear systems �61) The prospects of sodium-steam 
reactions and of tritium release to the steam system will require that a 
highly-reliable steam generator material is available when the first 
system is built. The design material for the steam generator in this 
study is a duplex tube consisting of a 1. 02 mm wall of stainless steel 
and a 0. 63 mm wall of ferritic steel, Croloy T2 2. The intermediate heat 
exchanger design utilized 3041 stainless Steel ; tritium diffusion rates 
are lower for 304 than for 316 ss, CZS) and 304 S S  is reported to have 
better metallurgical stability than 316 ss. (26) 
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Steam-side corrosion resistance of austenitic stainless steels 
and nickel-base alloys has proved satisfactory in sodium-steam generator 
applications, from the standpoint of metal penetration . With regard 
to stress corrosion cracking, the nickel-base alloys are somewhat better 
but not immune . (2 6) For the high-integrity needed in a lithium-cooled 
CTR, development of heat exchanger materials with improved stress corrosion 
resistance and concomitant compatibility with lithium is a maj or need, 

Considerable evaluation preceded the selection of Incoloy-800 
as the steam generator material for the Westinghouse LMFBR demonstration 
plant . (2 6) Because nickel-base alloys have relatively poor corrosion 
resistance in lithium < 2 7) their use for lithium systems without a com
prehensive evaluation program must be treated caustiously . 

The trend in liquid metal systems for corrosion to occur at high
temperature locations and deposition to occur at low-temperature locations 
will have a strong bearing on heat exchanger corrosion performance in a 
lithium-cooled CTR .  Experience with steam generators in sodi

g
m systems 

has confirmed minimal corrosion and substantial deposition . < 2 ) However, 
some selective removal of alloy agents and interstitial impurities has 
occurred, even at cold-leg locations . Selection of a material which is 
amenable to chemical cleaning of fouled heat transfer surfaces probably 
would be a major consideration in a lithium-cooled stainless steel circuit . 

4 . ) Corrosion Product Transport 

Corrosion products generated at one location in a flowing circuit 
typically are transported and deposited at other locations . This process 
has caused some problems in water reactors . (6 2, 6 3 ) Potential corrosion 
product problems and associated solutions are being evaluated in LMFBR 
technology studies, including identification of t�S ;2p

g�_ggj amounts 
of mobile corrosion products which are generated ' ' ; where 
they deposit ; the consequences of the deposits and their associated 
radioactivity on plant performance;  methods to control and remove the 
deposits which develop in liquid metal circuits . 

Corrosion product deposits up to 0 . 25 tillil thick developed in a 
stainless steel circuit exposed ti sodium for 10, 000 hours at 720°C 
(hot leg) and 550°C (cold leg) . (6 ) The amount and composition of 
deposits varied with location in the circuit . Deposition varied as 
a function of temperature, coolant velocity, turbulence level, and 
operating time . Temperature dif ferences as small as -30°C promoted 
deposition . Maximum deposition occurred at the lowest temperature in 

Note: The low lithium temperature ( 200-325°C) in the divertor system will 
result in minimal corrosion (see Table IV-C-3) . Corrosion product 
transport from the divertor plate (approximately 250 m2 ) will be 
less than 1 kg/y. 
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the circuit , The deposition rates generally decreased with ex�osure 
time, tending to reach a steady state rate of 0.1 to 0.2 mg/cm hr after 
a few thousand hours. 

In fusion reactor systems relying on lithium or molten salts for 
heat transfer, corrosion product transport considerations may have a 
significant bearing on materials selection and plant design. The 
four essential factors considered here are: corrosion product 
generation, transport, deposition and removal. 

Corrosion product generation in CTR ' s is amplified by the relatively 
large areas in contact with the primary coolant. The system parameters 
which apply to the Wisconsin Toroidal Fusion Reactor (�-I) appear 
in Table IV-C-2. The primary circuit area is 6 x 104m ;  by comparison, 
the are� of the Fast Flux Test Facility (FFTF) primaty circuit is 
-1 X 10 m2 , (38) 

Accurate assessment of corrosion phenomena in lithium-cooled CTR ' s  
is compromised by the relatively small amount of pertinent data. The 
UWMAK-I lithium inlet and outlet temperatures are -300 and 500°C. 
Corresponding stainless steel corrosion rates are reported to be 0.01 
and 1 mg/cm2mo based on the data of Gill, et al in exposures to flowing 
lithium (15-85 cm/sec). (29) The corrosion rates, extended to an annual 
basis, indicate that approximately 2500 kg/y of corrosion product would 
be released to the primary circuit. In addition to the thermal corrosion 
cited above, a potential substantial contribution from radiation sputtering 
on the inside surface of the first wall was identified in an earlier 
section, amounting to about ten percent of the thermal value (-250 kg/y). 
Further increases in corrosion rate also may occur if sputtering removes 
a rate controlling layer from the stainless steel surface. However, 
accurate measurement of sputtering ratios in liquid metal systems will 
be necessary before the effect on material transport can be clearly defined. 

While the accuracy of the calculated rates of corrosion product 
release are in question, the magnitudes focus on the importance of 
considering corrosion product generation and transport in future 
experiments and eventually in plant design and materials selection if 
the order of magnitude is correct. 

The corrosion of 316 SS in lithium at 500-600° C does not release 
the individual constituents in the stoichiometry shown in Table IV-C-1. 
Nickel is reported to be the principal element transferred; chromium, 
manganese, silicon, and carbon were detectable in the stainless steel 
corrosion product deposits.(29, 31J Selective leaching of nickel results 
in development of a ferrite phase on the corroding stainless steel 
surface. The corrosion rate reportedly is controlled by solid-phase 
diffusion through the ferrite layer in the temperature range of 510-
6100 c, (29, 32) Corrosion data for other CTR candidate materials (alloys 
of Mo, Nb, and V) suggest that corrosion product transport rates from 
thermal corrosion may be orders of magnitude lower than those calculated 
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for stainless steel, even at higher operating temperatures projected 
for CTR' s constructed from the refractory metals. The corrosion rates 
generally are reported as "nil" or "slight". Quantitative corrosion 
rate data for a Nb-lZr alloy in flowing lithium at 1200° c (33) indicate that 
the corrosion product transport rate would be -5 kg/y in a system 
having the area shown in Table IC-C-2. The 5 kg would include principally 
N, C and Zr. Very little Nb was found in the transferred deposits. 

On the other hand, sputtering may contribute to sizable mass 
transport for the refractory metals, paralleling the earlier calculation 
for stainless steel. Assuming a niobium sputtering rate about a facto

4 of two lower than the number used in the stainless steel calculation, ( 5) 

sputtering from the first wall would propel -125 kg/y into the circula
ting lithium, but the reservations mentioned earlier regarding lack 
of sputtering data in liquid metal systems also apply to this calculation. 

Corrosion rates cited earlier for szr
inless steel in flibe are on 

the order of 25 micron/y at 650- 680°C. (3 The temperature range is 
near the operating temperature of a helium-cooled CTR having a molten 
salt blanket.( 67) Since the flibe is not the heat transfer medium, 
corrosion product transport and deposition will be less severe than 
in lithium-cooled stainless steel plants. However, circulation of the 
flibe to the tritium extraction system almost certainly would result in 
radiation problems and possibly fouling and plugging, in view of the 
relatively high stainless steel corrosion rates. 

5. ) Problems Associated with Radioactive Crud 

Mechanisms of corrosion product transport include dissimilar-
metal mass transfer and temperature gradient mass transfer. Both types 
will occur in the UWMAK-I circuits. Dissimilar metal transfer can occur 
between stainless steel, zirconium getter beds, and the yttrium metal 
in the tritium extraction beds. Temperature gradient mass transfer will 
occur by dissolution of stainless steel in the high-temperature regions 
and deposition in the low-temperature regions. 

Corrosion products will be carried to all parts of a lithium-cooled 
primary circuit in solution and also possibly as particulates , with 
maximum deposition occurring in the heat exchanger and tritium extraction 
systems. Potential problems due to corrosion product deposition in the 
primary CTR unit include: fouling of heat transfer surfaces; plugging 
of heat exchanger tubes, valves and instrument sensor lines; fouling of 
tritium extraction surfaces; development of high radiation levels in reactor 
maintenance areas. The radioactivity content of 2500 kg of stoichometric 
stainless steel corrosion product is estimated to be 4 x 106curies. 
Radiation levels in an FFTF heat transport system cell are estimated to 
be 1 to 15 Rad/hr, (38 )based on a stainless steel corrosion product 
inventory which appears to be approximately three orders of magnitude 
below the estimated CTR inventory, portending that relatively high radiation 



IV-C-23 

fields would develop (1000-10, 000 Rad/hr) near out-of-reactor regions of 
a stainless steel CTR circuit . Based on half life considerations, 
stainless steel is the least desirable and vanadium appears to be 
the most desirable for rapid decay of activity in reactor maintenance 
areas. (68 ) 

Stainless steel is the only CTR candidate material with a 
well-developed industry, opting for its consideration as a construction 
material in first-generation plants. If this incentive persists as the 
time to build the first plant approaches, a major effort will be needed 
to determine corrosion and corrosion product transport rates under 
prototypical CTR conditions. Extraction of corrosion products from 
the primary system almost certainly would be required if the estimated 
transport rate is accurate. 

Preliminary studies are underway to investigate corrosion product 
removal from LMFBR systems, either continuously( 9) or by dissolution of 
deposits during plant shutdowns. (66) Possible methods for continuous 
corrosion product removal include hot trapping, cold trapping and high 
temperature ion exchange. However, the technology for successfully 
applying these methods remains to be developed. Proper selection of 
materials, e.g., minimizing cobalt in the primary loop, can assist in 
control of radiation buildup in maintenance areas . Studies of 
decontamination techniques for LMFBR systems are underway, (66) but are 
in early stages. Successful operation of lithium-cooled stainless steel 
CTRs almost certainly would require technology development for corrosion 
product control paralleling that now underway for LMFBR systems. 

6 , )  Sunnnary of Corrosion Product Transport Considerations 

In sununary, Table IV-C-8 compares corrosion product transport 
effects for two materials, 316 SS and Nb-lZr .  Literature values for 
thermal corrosion of stainless steel at 300-500° c indicate substan
tially higher rates than the rates for Nb-lZr at 1200°c. Therefore, 
corrosion product transport for stainless steel appears to present 
substantial problems to CTR operation from corrosion product depo
sition and radioactivity transport. Corrosion product removal during 
p lant operation, during shutdowns, or both almost certainly would be 
required. 

A system designed at Princeton(6
JJnsists of a molten salt blanket 

and a helium coolant. In this concept , transport of large amounts of 
corrosion product to the primary heat exchanger could be avoided, but 
substantial problems may occur from transport to the tritium extraction 
system. However, the distribution of radioactivity would be more 
localized and heat exchanger fouling would be avoided, suggesting that 
the concept also may be attractive for a lithium system where corrosion 
product transport presents problems. 
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Thermal corrosion o f  Nb-lZr appears to be suf ficiently low , 
even at 1200°C ,  to offer essentially no problem from deposition or 
radioactivity distribution. However , sputtering imposes additional 
considerations . 1n the case o f  stainless steel , sputtering adds an 
increment to an already-serious problem. In the case o f  Nb-lZr , 
sputtering becomes the major source o f  circulating material , por
tending that it may impose the need for corrective measures in a 
system which otherwise might operate without cleanup. 

TABLE IV-C-8 

Comparison o f  Corrosion Product Transport in Lithium Primary Coolant 

316 Stainless Steel 

Nb-lZr 

Source of Product 

Therma� Corrosion 

2500 kg/l ' 

5 kg/ye. 

S t . a. put er1ng 

250 kg/y 

125 kg/y 

a. Based on sputtering from f irst wall, which is approximately 10 
percent of  the total primary system area ; however , sputtering 
ratios were measured under vacuum conditions and therefore must 
be regarded with reservations until accurate measurements are made 
in liquid metal systems . 

b. Based on thermal corrosion rates in the range o f  300-500°C. 

c. Based on thermal corrosion rates at 1200°C ,  for the same 
system area used for 316 stainless steel. 
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IV-D . Thermal and Mechanical Stresses in the Heat Removal Cells 

One of the major difficulties in the design of a fusion reactor is 
the selection of a material for the front wall . From a stress standpoint, 
the difficulty arises from the fact that materials tend to become very 
brittle under constant neutron bombardment . (See Chapter VI) In the 
case of stainless steel, the main causes of embrittlement are the 
displacement of atoms from their equilibrium positions and the helium 
generated by (n,a) reactions . Experimental data available for stainless 
steel indicates that during the first 2-3 years of projected operation, 
strains of more than a few tenths of a percent should never be exceeded 
or the metal will fracture in a brittle manner . 

The front wall will experience maximum embrittlement and it is, 
therefore, imperative to keep the stresses in it as low as possible. 
Figure IV-D-1 is an isometric view of the front wall. It consists of 
rectangular cells with the long dimension in the toroidal direction, 
terminating in a cylindrical skin which faces the plasma . The cells are 
7 . 5  cm wide and 1 m long . 

There are three main sources of stresses at the front wall facing 
the plasma . They are :  

(a) Thermal stresses induced by the difference in  temperature 
across the front wall of the heat removal cells . 

(b) Pressure stresses induced by the coolant . 

(c ) Mechanical stresses due to material weight, support structures 
and vacuum load . 

1 .  Thermal Stresses 

The thermal load on the front wall of UWMAK-I is divided into two 
parts: (1) the energy radiated to the wall by the hot 21asma in the 
form of photons and charged particles, Ws=22 . 6  watts/cm , (2)  the nuclear 
heating due to moderation and nuclear reactions in the metal, Wn = 13 watts/cm3 . 
The total energy which produces the temperature gradient in the front wall 
is 

W = (W + W t) watts/ cm
2 

s n 

where t is the material thickness . 
The temperature gradient is then, 

�T = _! (W + 
k s 

w 
_n_ t) t  
2 

in which k is the thermal conductivity . 
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The equation for thermal stress is then 

or 

a E 
= ± 

2 (1-v) 

0 = + o: __ 
E 
__ th - 2 k(l-v) 

6T 

IV-D-3 

where a is the coefficient of expansion, E is the modulus of elasticity 
and v, the Poisson' s ratio at the average temperature of the wall, and 
the sign of the stress indicates compression (-) or tension (+). 

The properties of 316 SS at 500° C used in equation IV-D-3 are 
the following : 

a 18 X 10
-6

oc
-1 

\) = 0.30 

E 23.2 X 10
6 

psi 
-1 -1 -1 

k = .0478 cal sec cm °C 

The thermally induced stress is plotted in Figure IV-D-2 as a 
function of wall thickness. The overall effect puts the outer fiber 
(facing the plasma) of the cylindrical cell into compression and the inner 
fiber (on the lithium side) into tension. 

2. Pressure Stresses 

The hoop stress in a thin walled cylinder is expressed as 

0 = .EE. 
h t 

IV-D-4 

where p is the pressure, r the average radius of the cylinder and t 
the material thickness. 

Although the system pressure may be higher, the front wall will not 
experience any pressure greater than 285 psig (see Section VI-B) .  A 
pressure of 300 psi was used in computing the hoop stress which is intended 
to include the atmospheric pressure on the blanket surrounding the 
vacuum chamber. 

The longitudinal stress is equal to one half of the hoop stress and 
is, therefore, neglected here. 

The thermal and hoop stresses for 316 stainless steel at 500° C are 
tabulated in Table IV-D-1 and plotted in Figure IV-D-2 as functions of 
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TABLE IV-D-1 

Thermal and Pressure Induced Stresses 

in 

316 Stainless Steel at 500 ° C (a) 

Wall Thickness Thermal Stress Pressure Hoop Stress (b) Maximum Tensile 
(cm) �) (psi) Stress Total (psi) 

0.025 ± 842 45 ,720 46 , 56 2 

0 .050 ± 1 , 685 22 , 860 24 , 545 
0 . 100 ± 3 , 370 11 , 430 14 , 800 
0.150 ± 5 ,055 7 , 620 12 , 675 
0.200 ± 6 ,7 39 5 ,715 12 ,454 
0.250 ± 8 , 424 4 , 572 12 , 996 
0 . 300 ±10 , 109 3 , 810 13 ,919 
0 . 350 ± 11 , 794 3 ,266  15 , 060 
0.40 ± 13 , 479 2 , 858  16 ,337 
a . so ±16 , 848 2 ,286 19 , 134 
0 . 60 ±20 , 218 1 ,905 22 , 123 

0.70 ± 23 , 588 1 , 633 25 , 2 21 
0 . 80 ± 26 , 957 1 , 429 28 , 386 
0 . 90 ± 30 , 3 27 1 ,270 31 , 597 
1.00 ± 3 3 , 697 1 , 143 34 , 840 

a) Surface wall loading 22.6watts/cm2 
and nuclear heating rate of 13 watts/cm3 

b) 300psia coolant pressure 
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wall thickness. The sum of these stresses is given as the total stress 
which is tensile on the inside of the wall facing the lithium coolant. 
The difference is, of course , the stress on the outside of the wall 
facing the plasma . The fact that the maximum tensile stress is on the 
inside of the cell means that cracks , if initiated , will propagate 
toward the plasma zone. Allowing for sputtering (Chapter VI) and 
corrosion (Section IV-C) , a front wall of 2 . 5  mm was selected. The 
total stress here is 12 , 400 psi. A value of 16 ,000 psi is given as the 
maximum allowable working stress for 31 6 SS at 500° C by the Unfired 
Pressure Vessel Code. Even at this stress, taking the reduced E for 
31 6 SS at 500 ° C into account , the total elongation under equilibrium 
conditions is 0. 07% . 

For purposes of comparison, similar total stress curves for 
molybdenum, niobium and vanadium front walls are presented in 
Figure IV-D-3, The conditions are as follows: 

a .  Molybdenum at 1000 ° C and Li at 300 psia. 

a =  6 . 7 X 10
6 ° C

-l 

b .  

E = 39 . 6 x 10
6 

psi 

v 0 . 32 

k 0 . 275 cal cm-1
sec-10 c

-l 

Niobium at 1000 ° C and 

a 
E 

\) 

k 

Li at 300 psig 

8 . 52 X 10
-6° C

-l 

6 
15 , 3  ;x: 10 psi 

0. 39 
-1 -1 :.1 

0 . 151 cal sec cm ° C 

c. Vanadium at 800° C and Li at 300 psig 

a =  10 X 10-6 ° C
-l 

E 17 , 9  X 106 psi 

\) 

k 

0. 36 

-1 -1 -1 
0 .0 98 cal sec cm ° C 

It is interesting that the total stress for a molybdenum wall is the 
same as for a niobium wall under identical conditions in spite of their 
different properties. However , the allowable working stress for molybdenum 
is higher . 

It is immediately obvious that the refractory metals display a much 
lower total stress than stainless steel because of their lower coefficient 
of expansion, and higher thermal conductivity . 
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However, radiation damage , activation, and afterheat are other 
considerations in selecting material for the front wall, and these 
subjects will be treated elsewhere in this report. As was stated 
previously, (Section IV-A) , when other factors such as economics, 
availability, and ease of fabrication are considered, then stainless 
steel is certainly a favorable candidate for CTR blankets. 

3. Mechanical Stresses 

The structure of the front wall which is perpendicular to the plasma 
(referred to hereafter as a strut) will have to support the pressure 
load of one cell. Thus, the stress on a 2.5 mm thick strut will be 
-9100 psi. 

The front wall structure will be suspended from the poloidal 
headers which supply and remove the coolant from it. For the present, 
it will be assumed that this suspension is such as to prevent any 
mechanical support stresses of the headers from being transmitted to 
the front wall. This is not an unreasonable assumption, since the 
massive poloidal header structure will carry the vacuum load and the 
pressure load at a very low stress level and there is no rigid coupling 
between the headers and the heat removal cells. Finally, the total weight 
of the largest section of heat removal cells is -320 kg which would add 
a negligible stress to the existing stress levels. 
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IV-E. First Wall Replacement 

1. Reasons for Consideration 

It has already been mentioned that the front wall of a fusion 
reactor is extremely vulnerable to radiation damage and this will be 
considered in more detail in Chapter VI. Because of a severe degradation 
in ductility we may be faced with the problem of having to replace the 
front wall every two or three years. The other option is to wait for a 
technological breakthrough that will allow a front wall to be designed 
for a period of twenty or more years. This is certainly within the realm 
of possibility, but may not be forthcoming for many years. In the meantime, 
we will take a conservative approach and assume that the wall must be 
designed so that it can be replaced several times during the lifetime of 
the plant. 

The above reasoning especially applies to prototypes which are 
expected to be designed in 10-15 years and built in 15-20 years. If 
and when a better material for the front wall is discovered, one can 
merely replace the old wall with one made of the new material and extend 
the lifetime of the reactor. It may be that large resources of the 
refractory metals will be discovered and the technology for fabricating 
them will advance to a point where they could easily be used in front 
walls, By then, maybe some of the other problems of fusion reactors 
will be solved and we will be in a good position to make fusion power 
a reality. But none of this will be possible unless man proceeds now, 
using the materials and the technology available to him, with plans for 
prototype fusion reactors. 

2. Proposed Removal Scheme 

In order to understand the proposed method for removing and replacing 
the front wall, we must review how the whole reactor will be put together, 

The toroidal reactor is divided into twelve identical modules each 
consisting of a superconducting toroidal magnet, blanket and shield wedges, 
vacuum pumps, coolant headers and all the other necessary plumbing and 
electrical connections for fueling and heating the plasma. 

The blanket wedges will be held together at radial seams located 
in the gaps between adjacent magnets. These seams will have flanges 
holding adjacent wedges together, and the vacuum seal will be made with 
an annealed copper wire. It is anticipated that the whole reactor 
enclosure will be evacuated to a vacuum of approximately 10 microns 
(see Section XI-B) . This means that the seal need not be mass-spectrometer 
tight. Nevertheless, an inflatable gasket will be used to provide a 
force on the copper wire in order to produce and maintain the seal. The 
insert in Figure IV-E-1 shows a typical seal which is attached to an 
expansion joint. These joints will be closed during reactor operation 
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due to the large thermal expansion of the blanket and shield. At room 
temperature, there will be a gap between each blanket wedge of about 
9 cm at the outer circumference and 3. 25 at the inner circumference. The 
yoke which clamps the flanges together will be segmented and the pieces 
held together by swivels to facilitate its removal (Figure IV-E-1) .  Clamping 
the ends of the yokes will provide the force needed to hold the flanges 
together and to make the initial seal. 

Figure IV-E-2 is a cross section of a single module showing the 
blanket and shield wedges inside the magnet. It should be noticed that 
the blanket is divided into two distinct regions, one located between the 
divertor slots and the inside core and the other, between the divertor 
slots and the outer periphery of the reactor. The first region men
tioned (region I) will have a single coolant distribution system, 
in other words, it will have a single set of supply and return headers. 
The second region (region II) will be divided into three parts, and will 
be serviced by three different sets of supply and return headers. The 
two regions are, in turn, divided into sections 1. 5 m. long in the 
poloidal direction. 

If one were to stand inside of the vacuum chamber on the center 
line and look at the heat removal cells, he would see them as in 
Figure IV-E-3. These regions are divided into trapezoidal sections, 
differing in shape, depending on where they are located in the reactor 
blanket wedge. The section dimensions will range from 1. 5 m x 1. 25 m 
to 1. 5 x 2. 4 m. 

Figure IV-E-4 is an isometric view of one section consisting of twenty 
cells, each 7. 5  cm wide for a total width of 1. 5 meters. Each section is 
two cells deep, the length in the toroidal direction of the cell depending 
on its location in the blanket as previously described. The weight of 
the largest section (without lithium) is -320 kg (-700#) . 

The lockings studs attached to the top of the cells (shown only on 
one half of the section) will mate with slots in the bottom plate of the 
header structure. Figure IV-E-5 shows how that will be accomplished. 
Figure IV-E-Sa and IV-E-5b are two views of a section of heat removal 
cells attached to the bottom plate of the headers. Figure IV-E-Sc is a 
view from outside the blanket toward the plasma with the top header plate 
removed. It shows the feeder cavities which will distribute and collect 
the lithium coolant from and into the supply and return headers and the 
stud locking slots. Attachement of the front wall consists of inserting 
the studs into the appropriate holes and, with a single motion, locking 
the section in place onto the header. Each section is surrounded by a 
welding lip (Figure IV-Sa and Sb) .  This protrudes slightly into the 
scalloped region and will be used to weld adjoining sections together. 

Enough background information has now been supplied to provide a 
reasonable description of how the front wall will be replaced. 
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To begin with, the bare headers are assembled in, and supported 
from the unitized shield which is in turn supported by jacks on the 
ground. The sections of the front wall will then be inserted and 
attached to the headers . In the case of region I (Figure IV-E-3a) 
attachment will start at the center line and proceed toward the divertor 
slot, while in region II (Figure IV-E-3b) , attachment will start at 
the divertor slots and continue down to the center line. In each case, 
it is obvious that the shapes involved dictate that one has to start 
with the smaller sections in order to be able to assemble them together. 
The locking direction of the last row of sections will have to be 
perpendicular to the others in order for this scheme to work. Arrows 
on Figure IV-E-3 show the proposed locking orientation of each section. 

After the sections are in place, they can be welded. The sections 
adjoining the outside edge of the wedges will be welded to the wedge 
flanges themselves, while those adjoining the divertor slot will be 
welded directly to the header flanges. The important feature of this 
design is that all the welds are on the plasma side of the heat removal 
cells making the first wall the vacuum barrier between the plasma 
and lithium coolant. 

Two important considerations have been made in designing the 
front wall. The first is that the mechanical operations necessary to 
assemble the front wall should be very simple. The second requirement 
is that all operations should be able to be performed from the inside 
of the reactor, eliminating the necessity of removing the headers 
from the shield in order to replace the heat removal cells. 

The procedure which will be followed in replacing the front wall 
will now be described. It is assumed that the following conditions will 
exist: (see Figure IV-E-6) 

1 - The reactor has been shut down for a period of time during 
which the coolant has been continually circulated to remove 
the afterheat generated by the radioactive decay of the 
structural material. 

2 - The coolant has been pumped out and all the residual lithium 
has been evaporated (by vacuum pumping) .  

3 - The magnets have been turned off, although they can still be 
maintained in a cold condition. 

4 - The plasma region and the reactor enclosure is back to atmospheric 
pressure. 

5 - All coolant connections to the blanket headers are disconnected. 

6 - All transfer lines and electrical connections to the magnets 
have been removed. 
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The following procedure will then be used: 

1 - The bottom divertor magnets will be lowered into slots in the 
floor and covers placed over the slots to prevent damage during 
the removal of the reactor module. The upper diverter coils 
D3 & D4 (see Figure VII-B-1) are raised upwards. 

2 - The carriage used for transporting a module will then be inserted 
under the magnet and the load of the magnet shifted from the 
central core to the carriage by means of jacks which mate with 
pads going through the magnet dewars (see Section VII-A ior details) 

3 - The support of the shield is also transferred to the carriage. 

4 - The portion of the shield covering the blanket joints will be 
disassembled in sections, making the joint accessible (the 
joints are between toroidal magnets) . 

5 - The flange clamps will be unbolted and taken off. The blanket 
wedges· are now free to come apart. 

6 - The carriage supporting the whole module will then be moved 
radially out of the reactor to a tunnel behind the reactor and 
then circumferentially to a service area (Figure IV-E-6). 

7 - A radiation and contamination shield is placed over the open 
ends of the torus. 

8 - At the service area, men in shielded capsules can enter the 
blanket enclosure in order to grind off the welds and lift out 
the front wall sections. This can be either performed through 
a shielded tunnel over which the blanket wedge will be placed, 
or it could be performed by a mobile shielded machining facility. 
In either case, accessibility to the front of the wall, where 
all the need�d operations can be performed, has been made 
fairly easy. 

9 - Used blanket sections are discarded. 

10 - New sections of heat removal cells are inserted and welded. 

11 - The module is then taken back to the reactor where it is replaced 
in its original slot. 

12 - The adjoining module can then be taken out for first wall replacement. 

3. Impact on Reactor Efficiency 

It is clear that replacing the front wall of a fusion reactor will 
decrease the plant availability. There are 87 sections of heat removal 
cells to be removed and replaced in each of 12 modules. This requires 
removal of 1044 sections for the entire reactor. In spite of the fact 
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that the operation has been simplified, it will still be quite time 
consuming. How long a reactor can be down for heat removal cell 
replacement and still be economical to operate is a problem that should 
be studied very carefully ! 

There is one redeeming feature which may be very important in this 
case . Several modules could be worked on simultaneously in several service 
areas to speed up the operation. This, of course, requires more equipment, 
facilities and manpower which may very well be justified by the down-time 
saved . 

It would seem that crews working around the clock could replace 
the blanket sections of a module in a week (one section every 2 hours) . 
This means a down-time of twelve weeks if there was only one service 
area or six weeks if there are crews working in each of the two service 
areas . 

A down-time of six weeks every 2 years (-6%) , during which time 
other maintenance can be performed, would be comparable to the down-time 
needed to refuel a fission reactor and comparable to routine maintenance 
of fossil fueled plants . Such a down-time factor does not seem excessive 
at this time. 
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IV-F. Support for Blanket and Shield Structures 

1. Blanket 

The method for attaching the front wall of the reactor to the massive 
coolant headers has already been discussed (Section IV-D-1) . Immediately 
behind the headers, there is a 10 cm thick stainless steel layer which 
acts as a reflector. This layer is part of the blanket and the headers 
will be welded to it. The reflector in turn will have swivel joints welded 
to it , by means of which the whole blanket will be suspended on the shield. 
(Figure IV-E-2) 

The total weight of a single blanket section, including the reflector 
and the lithium coolant, is 355 tons. Using twelve supports, the load 
on each support will be 59, 000 pounds. The supports will be 1. 25 in. diameter 
rods spring loaded with Bellevile washers and capable of swinging radially, 
as shown in Figure IV-F-1. At operating temperature, the point of support, 
which is also the center of gravity of the blanket will move out radially 
3. 5 in. due to thermal expansion. The length of the support rod will have 
to increase 0. 25 in. without appreciably increasing the tension on the 
rod. Bellevile washers can be designed to provide a fairly uniform loading 
over a large range of stroke. 

The blanket will also bear on the shield at the inner radius as 
shown in Figure IV-E-2. The total load of the blanket will then be dis
tributed between the bearing point (which will not move with temperature 
because of the expansion joints provided between adjacent blanket wedges) 
and the upper support rods. The lower support rods will act as guides to 
keep the blanket centered and balanced. (See Figure IV-F-1) 

2. Shield 

The criteria for the designing of the shield is that it be strong 
enough to support itself and the blanket as well, and that it be reasonably 
easy to fabricate and assemble. 

Figure IV-F-2a shows three adjacent toroidal magnets with their 
associated shield wedges. In IV-F-2b, the shield wedge is shown by itself 
and IV-F-2c is a cross section of it. 

The shield will have zones in it which will be filled with B4C and 
with lead, as well as cooling passages. It is reasonable to think of the 
shield in terms of layers with compartments provided for the B4C and lead. 
In Figure IV-F-2b, we have divided the shield into 12 identical rings (re
call that there will be 12 blanket support rods per wedge) and in 
IV-F-2c, each flattened ring has been divided further into three regions, 
the upper and lower yoke, and a central region. 

It appears that a good way to build the shield is to use I beams. 
The beams can be prefabricated with tapered upper and lower flange, and 
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forged to the proper curvature. Stacking the beams in layers will provide 
the compartments needed for placing blocks of B4C or lead in the proper 
locations. This method of construction also distributes the structural 
metal in the most advantageous way. A preliminary calculation shows that 
a single beam with a 1 in. thick web and flanges, 34 in. deep will support 
itself and the concentrated load from the blanket support at a stress 
level of <18, 000 psi. A composite beam with properly placed weldments 
can be made even stronger. 

By making the shield in parts, as shown in Figure IV-F-2c, it will 
make the process of assembling the blanket within it fairly easy. There 
would have to be massive shear pins locking the parts together and enough 
bolts to provide moment restraint . 

The weight of a single shield wedge is 2250 tons and with the 
blanket in place the total weight is 2605 tons. The load distribution 
is such as to have 9 35 tons on the inner shield support and 1670 tons on 
the outer shield support (see Figure IV-F-2c) . The inner support will 
rest on a ledge which will be part of the inner core. There is about 15 
cm of space available between magnets and these ledges will be located 
in these spaces. The outer shield support will have six 300 ton j acks. 
These j acks will be on a platform which will become part of the module 
removal carriage. 

The problem of inserting the shield wedge into the toroidal magnet 
has also been solved. Figure IV-F-2d shows how that can be accomplished. 
The circles on the shield show the locations of supports as the shield 
is inserted. The center of gravity is such as to allow the shield to be 
supported in a stable way during insertion. 
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IV- G, Summary Progress Report for the Period Oct. 1, 1972 to Sept. 30, 1973 · 

1. Introduction 

The purpose of this study was to investigate the application of 
helium cooling to the University of Wisconsin Tokamak reactor conceptual 
design. This was done as an iteration on their basic design which employed 
flowing lithium as the blanket coolant and stainless steel as the first 
wall and blanket structural material. 

The basic approach for the Gulf General Atomic study was to consider 
the lithium as static in the blanket and to provide cooling by means of 
flowing pressurized helium contained in small diameter stainless steel 
tubing inserted into the basic blanket assembly. Thus the blanket be
comes a lithium to helium heat exchanger. 

The effects on the blanket and first wall may be simply expressed 
then as the amount of additional material needed for the tubing and the 
amount of "void" space needed for the pressurized helium. These are 
dependent on the specific conditions chosen for helium pressure, system 
temperatures and temperature limits, material properties and design 
conditions, mechanical arrangement of the assembly, and energy deposition. 
Specific cases for these factors are considered and described below. 

These results may then be interpreted in terms of their effect on 
the system parameters of blanket thickness, tritium breeding and pumping 
power for the helium. These provide a basis for comparison of parameters 
of the helium cooled and liquid lithium cooled systems. 

2. Design Considerations 

One of the major limitations of the stainless steel-lithium system 
is the maximum temperature of the stainless steel. This arises from (1) 
radiation damage considerations and (2) limitations on corrosion rates 
at the liquid lithium-stainless steel interface. This maximum temperature 
is not a well identified or fixed value, and thus two cases are considered 
in the calculations that follow, 500° C (Cases 1 and 2)  and 650°C (Case 3 ) .  
The lower value was chosen to match that of the University of Wisconsin 
flowing lithium design. The higher value was considered as a reasonable 
upper limit from corrosion rate considerations. A static lithium system, 
i. e., the helium cooled case, could tolerate a higher temperature (corrosion 
rate) since mass transfer would be limited by diffusion processes rather 
than fluid flow. Even natural convection of the liquid lithium in the 
blanket would be suppressed due to the high magnetic fields. 

Three cases were chosen for calculation of the blanket parameters. 
These are Cases 1 and 3 as described above for the two temperature limits, 
and Case 2 which was devised to reduce the helium pumping power, compared 
to Case 1 by increasing the amount of coolant tubing in the blanket structure. 
(This was accomplished computationally by decreasing the amount of lithium 
cooled per tube and hence heat load per tube. ) In essence, the parameters 
for Case 1 were chosen to match those of the flowing lithium design where 
appropriate and are shown in Table IV-G-1 for the material properties and limit" 
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Table IV-G-1 

STAINLESS STEEL , LITHIUM, AND HELIUM MATERIALS DESIGN PARAMETERS 

Stainle s s  Steel - 316 

Thermal Conductivity 

Maximum Mechanic al Stres s  

Poisson ' s Ratio 

Young ' s  Modulus 

Linear Expansion Coefficient 

Maximum Temperature - 316 SS 

Lithium 

Thermal Conductivity 

Maximum Lithium Temperature 

Helium 

Specific Heat - Constant Pre s sure 

Specific Heat Ratio 

Stanton Number 

Friction Factor 

C /c 
p V 

5 

Case 1 & 2 

C ase 3 

C ase 1 

Case 2 

Case 3 

0 .23  w/cm0c 

500 atm 

0 . 31 
6 

1 .43 X 10 

1 . 8  X 10- 5 /°C 

773
°
K ( 500

°
C) 

923
°
K ( 650°c )  

0 . 62 5  w/cm0c 

848°K ( 57 5°C)  

813°K ( 540°C) 

963
°K ( 690

°
c)  

5 .2 Watt- Sec/gm°C 

1 . 67 

3 X 10-3 

4 . 5  X 10- 3 
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Table IV-G-2 

REACTOR SYSTEM DESIGN PARAMETERS 

Major Radius 

First Wall Minor Radius 

Reactor Power Output 

Unit Cell Module Length 

Neutron Energy Flux on First Wall 

Bremsstrahlung Energy Flux on First Wall 

Total Blanket Energy Generation 

First Wall Thickne ss 

Blanket-Lithium Thickness 

Internal Energy Generation in First Wall SS 

Internal Energy Generation in First Wall 
Lithium ( max) 

Internal Energy Generation in Blanket 
Lithium ( max) 

Helium Inlet Temperature - first wall 

blanket 

Helium Exit Temperature - blanket - Case s 1 & 2 

Case 3 

Helium Temperature Rise Cases 1 & 2 

Case 3 

Helium Pressure Range 

1 

13 . 0  meters 

5 , 5 meters 

5000 MW ( th) 

3 meters 

1. 2 5 MW/m2 

0 .2 5 MW/m2 

1 . 11 MW/m2 

0 ,25 cm 

70 cm 

12 . 3 w/cm3 

4 . 91 w/cm3 

4 . 5  w/cm3 

57 3
°K 

573
°K 

748°K 

87 3
°K 

175
°c 

300°c 

50 & 70 atm 
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Table IV-G-3a 

RESULTS FOR STAINLESS STEEL-LITHIUM HELIUM COOLED MODULES 

BASE CASE 1 

Blanket Helium "void" Volume ( °/o) 

Metal Volume (%) 

Tube Diameter ( ID ,  cm) 

Tube Wall Thicknes s  ( cm) 

Thermal Stre s s  (max ,  atm) 

Total Stre s s  ( atm) 

Number of Tubes ( around minor 
dimens ion c ircumference )  

Pumping Power (% of thermal 
output) 

Mean Outlet Temperature ( °K) 

Tritium Breeding Ratio 

10 

Static Helium Pre s sure 

50 atm 70 atm 

1 .2  1 .2 

0 . 5  0 .7 

0 . 5  0 . 5  

0 . 026 0 . 04 

47 66 

547 566 

2 , 480 2 , 480 

12 6 

742 742 

1 . 47 1 . 47 
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Table IV-G-3b 

RESULTS FOR STAINLESS STEEL-LITHIUM HELIUM COOLED MODULES 

WITH INCREASED METAL VOLUME 

CASE 2 

St atic Helium Pres sure 

50 atm 

Blank.et Helium "void" Volume (%) 1 .  7 

Metal Volume ( %) 0 ,73 

Tube Diameter ( ID ,  cm) 0 .78 

Tube Wall Thickne s s  ( cm) 0 , 040 

Thermal Stres s  (max , atm) 76 

Total Stres s  ( atm) 576 

Number of Tubes ( around minor 4140 
d imension circumference)  

Pumping Power (% of thermal output) 3 ,2 

Mean Outlet Temperature ( °K) 733 

Tritium Breeding Ratio 1 . 47 

11 

1 . 7  

1 . 00 

0 ,78 

0 , 054 

106 

606 

4140 

1 . 6  

733 

1 .15 
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Table IV-G -3c 

RESULTS FOR STAINLESS STEEL-LITHIUM �::ELrJM COOLED MODULES 

WITH HIGH TEMPERATURE LIMIT ON METAL 

CASE 3 

Blanket Helium "void" Volume ( %) 

Metal Volume (%) 

Tube Diameter ( ID ,  cm) 

Tube Wall Thickne s s  ( cm) 

Thermal Stre s s  ( max , atm) 

Total Stre s s  ( atm) 

Number of Tube s ( around minor 
d imens ion c ircumference )  

Pumping Power (% o f  thermal output ) 

Mean Outlet Temperature ( °K) 

Tritium Breed ing Ratio 

12 

Static Helium Pres sure 

50 atm 

1 . 5 

0 . 60 

o . 6  

0.030 

53 

553 

3600 

1 . 6  

873 

1 .47 

70  atm 

1 .5 

0 , 87 

0 . 6  

0 . 042 

74  

574 

3600 

o . 8  

873 

1 . 46 
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and Table IV-c -2 for the system parameters. The values in these tables 
represent the input numbers for the calculations. Note that two values 
of helium pressure, 50 to 70 atm, were used in each of the cases. In 
all cases, a design mechanical stress of 5000 atm was used for the stain
less steel. The maximum recommended design stress at 500°C for stainless 
steel is approximately 1000 atm. 

3. The Model 

The approach taken was to consider the blanket as composed of 
modules, 3 meters long, and of arbitrary width. The lengthwise direction 
is oriented in a direction parallel to the main toroidal magnetic field 
and the helium flow is taken as this direction also. The coolant tube 
spacing, size, and wall thickness are calculated in the same manner as 
used previously for helium cooled niobium and molybdenum structural 
material systems. ( 70, 7 1, 7 2 )  The width of such a module could range from 
less than a meter to a cylindrical shaped unit that covered the entire 
circumference in the minor dimension of the torus. The liquid lithium 
container and first wall were considered as composed of the same amounts 
of stainless steel as the University of Wisconsin 5000 MW (th) design. 
Thus the iteration for helium cooling consisted of inserting ( 1) a row 
of coolant tubes along the inside of the first wall and (2) throughout 
the lithium blanket region, in sufficient number and size to remove 
the heat generated in these regions. 

4. Results and Discussion 

The major results to be considered are (1) the amounts of coolant 
tubing material and helium "void" space that are required in the blanket
first wall regions, (2) the effect of the additional metal on tritium 
breeding, ( 3 ) the tubing dimensions and number of tubes, (4) the thermal 
stresses on the metals, and (5) the pumping power required to circulate 
the helium coolant. These and other values are given in Tables IV-G-3a, 
3b, and 3c for the three design cases and the two values of static helium 
pressure chosen. 

The tritium breeding ratio change was obtained from Fig. IV-G-1, a 
curve provided by the University of Wisconsin Group showing the tritium 
breeding as a function of stainless steel content in the blanket lithium. 
The amount of stainless steel needed for coolant tubing was added to the 
5% value for structure and the breeding ratio then obtained from the 
curve. The 5% structural content is the value used for the flowing 
lithium design and has a breeding ratio of 1. 49. Inspection of the 
curve shows a slope at -5% stainless steel .content of -0.03% SS ; thus 
the change in breeding ratio for the additional stainless steel may be 
readily calculated and the values for the cases are shown in Tables 
IV-G-3a, 3b, and 3c. It is evident that the amount of stainless steel 
utilized for helium cooling does not change the breeding ratio by a 
large amount, that is, does not impose a severe limit on blanket design. 
This permits a further increase in stainless content for systems 
optimization of other parameters such as a reduction in design stress load 
on the coolant tubing, decrease in pumping power for the helium flow, 
and an increase in the helium coolant pressure. 
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The pumping power for circulating the pressurized helium is a 
significant parameter since it affects the overall thermodynamic efficiency 
of the systems. This shows a wide variation in the cases analyzed, 
ranging from 0.8% to 12% of thermal power output. The higher temperature 
and helium pressure cases provide the smallest values as expected. Note 
that even with the low temperature limits of Case 2, the pumping power 
can be reduced to 1.6%, a very low value. 

The volume within the magnet structure of a fusion reactor is 
important from the magnet cost aspect. The additional volume within the 
70 cm thick blanket required for incorporation of helium cooling in the 
cases analyzed ranges from 1.7% to 2.43%, the sums of metal and helium 
volumes from Tables IV-G-3a, 3b, and 3c. These result in an increase of 
blanket thickness of 1.2 cm and 1.7 cm respectively. If these are 
interpreted as increases in the inside minor diameter of the magnet 
structure (-7.5 meters) , the volume increases within the magnet of 0.16% 
to 0.22% may be calculated, and the cost of the toroidal magnet system 
would increase accordingly. 

The increases in cost of the blanket and magnet may be offset by 
several other fusion reactor system factors that result with pressurized 
helium cooling. Some of these are as follows: 

1. The helium system provides an effective barrier between the 
sttam generator and liquid lithium, thus secondary loops may 
be eliminated. 

2. The employment of static lithium in the blanket and cleanup 
system only, compared to use as a primary coolant would reduce 
the inventory of lithium and hence tritium in lithium by a 
large amount. This would ease the tritium containment require
ments. 

3. The higher temperatures perhaps obtainable with helium cooling 
would increase plant efficiency and hence electrical power 
output. 

4. The corrosion of the stainless steel would be decreased, 
possibly leading to a longer useful life in the reactor. The 
smaller amounts of corrosion products in the lithium and their 
more limited distribution should reduce radioactive material 
containment problems. 

These and other system considerations need to be considered in more 
detail for a better assessment of the relative merits of helium vs. lithium 
cooling. 

5. Conclusions 

The primary purpose of this study was to investigate the helium coolant 
parameters for a stainless steel structure, static liquid lithium, pressur
ized helium cooled blanket assem�ly, for a fusion reactor with a first wall 
neutron energy flux of 1.25 MW/m .  The results show that the amounts of 
stainless steel and helium volume required in the blanket for the helium 
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coolant are small enough that the maj or sys tem parameters o f  blanke t 
volume and trit ium b reeding are changed by only small  amounts . Further 
trade o f f  s tud ies to maximize helium outl et temperature , minimize  pump
ing power , minimize  s tresses on the metal ,  o r  reduce the maximum metal 
o r  l ithium temperatures , appear pos sible without maj or changes in the 
syst em paramete rs . 
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IV- H Insulator Requirements in the Blanket 

The plasma current is initially driven by the inductive electric 
field produced by a changing core-flux. In order to allow this electric 
field to appear in the plasma, there must be at least one insulated gap 
in the blanket and shield. The average voltage across the gap during 
the rise of the plasma current is about 30-50 volts if the rise time 
of the plasma current is 100 seconds. 

The peak voltage is much higher than this because a stronger 
electric fi eld is required for adequate ohmic heating when the plasma 
is still cold. A simple estimate of the initial electric field re
quired is obtained from the following analysis. We assume the plasma 
has been preionized and heated to an ion temperature of 5 eV at a 
density of 3 x 1013 cm-3. We assume the ion temperature is temporarily 
fixed because of good thermal conduction to the outside. The electrons 
are assumed to be heated by joule heating and cooled primarily by 
electron-ion rethermalization. The electron energy equation is then 

d 3 2 3 (T - T .) 
( kT ) E - nk e 1 

dt 2 n 
e = a - 2 T 

eq 
IV-G-1 

where a(T ) e T 3/2
/65. 3 lnA mho/m is the Spitzer conductivity and e 

T 
eq 

2. 52 X 104 T 3/2 
e 

n lnA 
sec, 

is the electron-ion rethermalization time. Here T is in 
°K and n 

is in particles/m3. For the electrons to heat, weeneed dT /dt >O, or 
e 
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3 
The right hand side of (IV-G-2) peaks at T

e
= 2 T

i ' for which the 
corresponding electric fi eld is 

E m. = 180 volts/m. in 
IV-G-3 

If E >Em. , then the electrons will heat and the ion temperature will 
eventuall� rise. 

This Em . implies an initial voltage of 16 kV around the torus. 
Neglecting bflli< emf from the plasma current, the insulated gap sees 
a peak voltage of 16 kV. If necessary, this can be reduced by a 
factor of 12 by insulating between every sector of the torus. The 

insulator subjected to this voltage will be at the back side of the 
blanket and before the shield in a region of high neutron flux and 
temperature (300-500°C) . The insulator thickness need not be small 
( - a few centimeters) ,  so the electric field in the insulator is 
- 500 volts/cm, which is quite modest. 
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Chapter V. Neutronics and Photonics 

V-A. Blanket and Shield Responses 

It is important to note at the outset that a D-T reaction pro
duces -20 MeV (including a 14 MeV neutron) while a fission reaction 
produces -200 MeV , including -2.5 neutrons with an average energy of 
2 MeV. Thus, for the same power , there are 3-4 times as many neutrons 
produced in a fusion as in a fission reactor. In addition , they carry 
seven times the energy per neutron. Thus the neutron flux in a fusion 
reactor is very high and the spectrum is very hard. 

This gives rise to a variety of nuclear effects which are in 
many respects as diverse and intricate as those found in a fission 
reactor. However , the important behavior is quite different ; for there 
is no eigenvalue problem for neutron multiplication. Further , no 
single problem dominates the subject like the neutron multiplication 
problem of fission reactors. Instead , a number of different , but more 
or less equally important , responses of the system to the neutron 
flux occur. 

The energetic 14 MeV neutrons from the D(T , n)a reaction pro
duce a highly anisotropic angular flux ,  at the first wall, which 
requires a high order transport approximation for its accurate 
determination. Much new data in an energy range not previously of 
great importance is also required. 

These problems could in principle challenge the feasibility of 
fusion power and will in any case strongly affect the economics of the 
system. For these reasons , a treatment of much of the material 
usually referred to as fusion neutronics and photonics will be 
given here in considerable detail. 

The responses of the blanket and shield of importance for reactor 
design are given next. This is followed by the main section of this 
chapter which presents the results in detail. The reasoning behind 
various design choices is explicitly discussed. Sections V-C and V-D 
discuss nuclear data requirements and calculational procedures. We 
have expended considerable effort to produce suitable energy deposition 
factors. Since these results are important in their own right , an 
appendix is devoted to the documentation of these results in addition 
to the discussion in the data section. 

As mentioned earlier in Section IV-A , the blanket and shield 
must serve the diverse purposes of accepting and removing most of 
the energy produced , shielding the magnets from the radiation ,  
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providing such structure as is necessary to form the confinement 
chamber and support itself, and in most D-T fueled cases, to breed 
additional tritium. A representative system proposed to perform 
these functions is shown schematically in Figure V-A-1. A first 
wall is shown which must withstand the most extreme environment 
in the system. It must be both a good heat and electric conduc
tion medium and capable of operation at high temperatures and 
in the presence of intense radiation of all kinds. This narrows 
the choice to non-magnetic steels and the refractory metals and 
their alloys. Behind the first wall, a zone containing lithium 
in some form for tritium breeding extends for the order of SO cm. 
The coolant may, in principle, either contain the lithium as a 
constituent or be a separate material. Further into the blanket 
and shield, the details could vary from that shown in the figure, 
but a reflector zone is often employed followed by further cool
ing and attenuation z ones as required to protect the magnet and 
cryogenic systems. The responses of the system will be important 
in determining both the technical and economic feasibility of 
fusion power. 

1. Tritium Production 

The most obvious response is the tritium production , The 
only effect ive reactions for this purpose are the neutron re
actions in Li6 and Li 7. The possibility of producing as much or 
more tritium than the D-T fusion reactions consume is based on 
capturing most fusion neutrons in Li6 and loosing very few fusion 
neutrons to parasitic capture, the production of tritium by in
elastic scattering from Li 7, and the multiplication of fusion 
neutrons by (n, 2n) reactions in some materials. The response 
function required here is simply the sum of the tritium production 
cross sections of Li6 and Li 7 weighted by their respective number 
densities. The actual response can be influenced directly by 
the lithium density through changes in the lithium bearing ma
terials and the fractional content of structure and other con
stituents of the breeding zone and by intentionally changing the 
isotopic composition of the lithium. Indirectly, the response 
is influenced by wall, structure and other composition influences 
on the spectral and spatial flux dependence. The feasibility 
of fusion power is clearly dependent on the possibility of tritium 
production exceeding its consumption ; however, inventory con
siderations detailed in Chapter VII I  of this report indicate that 
the ratio of production to consumption (i.e. the breeding ratio) 
need only slightly exceed unity. 

2. Radiation Damage Responses 

A set of responses of great importance to reactor performance 
are those which relate to materials damage by the radiation 
(effects of charged particle fluxes are taken up elsewhere) . 
While the ideal response functions would relate the radiation 
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fluxes to the specific  material property e ffects , the phenomena 
involved are much too comp lex tc .::i LLow such a direct approach . 
Ins tead , one can only determine transmut ation , impurity p ro duc
tion, and ini t ial displacemen t rat es  in Lhe material . Composi
tion changes , due to hydrogen and helium production , can cause 
deleterious property changes which } imit the time during whi ch 
accep table  performance can b e  assured (see Chap ter VI) . The 
transmutation products may influence materials properties , b ut 
they may also b e  radioac tive and thus c reate a new set  o f  pro
blems . For these reas ons , cross sections for the various re
actions form a s e t  o f  response "''unc'::ions o f  great importance . 
A s ligh t ly dif ferent case is the displacement o f  atoms from their 
positions in the crystal latt i c e  of the ma terial . The damage 
due to displacements is comp l e x  s ince many displacements  are 
o f fs e t  by recomb ination of the vacant lat t ice s i tes with displaced 
atoms . The degree o f  recovery and the interact ion o f  vacant 
si tes and displaced atoms wi th oDe ano the r and with other lattice 
imperfections depends on temperature and imperfection dens i ties 
and is a maj or  s tudy area t aken up elsewhere . However ,  even 
the initial displacement rate is a complex topic whi ch depends 
on lattice properties as wel l as nuc lear cross sections . Thus , 
a des irab ly response function , the displacement cross s ec tion , 
wh ich would  give the displacement rat e when multiplied b y  the 
flux am: i - tegrated , mus t be b as ed on a model of the diplace-
ment process and the various nuclear cross sections . This re
sponse funct ion i s  important enengh that i t  will b e  determined 
along wi th the more convention8 l respons es . 

3 .  Energy Deposition and _ Gamma Production 

Mos t  of the energy producecl is c a::-ried by the neutrons . To 
determine the spati al distribution and the exac t  t o t al amount of  
energy produced ,  neutron energy depos i tion cross  sections known 
as k2rma factors mus t b e  availab le .  The energy depo s ition depends 
on the reaction Q values as well as the cross sec tions . Closely 
related to the kerma factors , the gamma p roduction cross s e ctions 
comp lete  the energy b alance for the reacti ons and provide the 
s ource for gmnma t ransport ca lculation s . Thus , while  gamnia pro
duc tion is not directly a res ponse func t ion of interes t ,  it is 
related to  energy dep o s i t ion b o t h  th rough reaction energy con
servation and through th e eventual energy deposition by the gamma 
pho tons . 

4 .  Energv Attenuation 

A respons e wh i ch is somewhat d i f fe rent is  the energy attentu
ation.  This is not a reac tion rate and is no t even a volumetric 
e ffect . Whi le i t� is related t o  all re actions taking p l ace , its  
de termination by sub t ra c ting i nc :L •1 e n t  e nergy absorbed from the in
cident energy would be an awkw;:i rd p roceoure . The energy wei ghted 
curren t can b e  used to d e t e nnl r, e  t he n t tenua t i on achieved , b ut 
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the high energy total cross section is the data which most readily 
indicates the approximate attenuation rate. In any case, the 
energy leakage represents an important response of the blanket 
and shield since it measures the energy load to the magnets and 
thus to the cryogenic refrigerators. 

5. Energy Production and Economics 

The responses discussed to this point are required in the 
technical analysis of reactor performance. Energy production is 
included in 3 above, where the emphasis is on the determination 
of the energy deposited. However, from an economic point of view, 
a comparative study of alternative materials and their relative 
energy production may strongly influence design decisions. Thus, 
while energy production is not a separate response function, this 
discussion is introduced to emphasize that a different set of cal
culations may be important when optimizing the response than in 
simply analyzing a particular system. 

The response functions mentioned here are very different from 
one another and are generally important in different zones of the 
blanket and shield. The only response which could challenge tech
nical feasibility is tritium breeding. However, all data to date 
indicates that adequate breeding should occur with enough margin 
for error that is seems exceedingly unlikely that this will be a 
problem. The remaining responses, as well as the tritium pro
duction, strongly influence economic questions. 

V-B. Results and Conclusions of Neutronics and Photonics Design 
Studies of the Blanket and Shield 

1. Introduction 

A detailed study of several alternative blanket and shield 
materials and configuration has been carried out in our program , 
The results of these studies were published in references 1 and 3. 
This section is devoted to a summary of the results. The section 
is organized into five parts. The next four parts deal with the 
main blanket and shield regions, i.e., first wall and structural 
materials, blanket, reflector, and shield. For each region, a 
series of designs is investigated using the calculational techni
ques described later. The leakage via divertor slots and fueling
heating ports is discussed in section 6 along with other Monte 
Carlo studies. Section 7 is concerned with a study of tritium 
breeding using variational calculations. Section 8 takes up the 
details of the present design and the last section draws conclu� 
sions from these studies. 
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2. Firs t Wal l  and Structural Materials 

The mos t  di fficult question in the nuc lear des ign of fusion 
reactors is  the performance o f  the first wall for which s everal 
ma terials have b een proposed. To compare the various responses 
for thes e  mate rials ,  a s eries of neut ronics and photonics c al cu
l at ions were carried out for the con figuration o f  Figure V-B-1 
with the fir s t  wall and s t ruc tural materials chosen as vanadium , 
niobi um, and s t ainless s teel. Molyb deT'.um was not included be
cause of  nuclear data deficiencies. All the des igns in this 
section are given three digit identi ficat ion numbers. Here , the 
identi fication numbers are 301 for niob ium ,  302 for vanadium , and 
30 3 for s tainless  s teel first wall s  and s t ructure designs. 

Figures V-B-2 and V-B-3 compare the spatially dependent 
helium and hydrogen production for 1'.'b , V ,  and SS. Thes e  figures 
show that helium and hydrogen production are highes t  in s t ainless 
s teel, lower in vanadium , and lowest in niobium .  Figure V-B-4 com
pares the spatially dependent dpa ( dis�lacements  per atom) in 
three structural mat erials. For lMW/mL neutron wall loading , 
each atom is displaced about 15 times e ach year in niob ium and 
vanadium and about 20 times each year in s t ainless s t eel. 

Tab l e  V-B-1 s ummarizes all t he important res ults for the 
three s tructural materials. A comparison of the heating rates 
in the three des igns is  included in the tab le. These resul ts 
show that the total heat ing rate in niob ium is  about 2.3 times 
that in vanadium and l. 2 times that in a s t ainless  s teel first 
wall. The relative magnitude of  the neutron heat ing follows that 
of the neutron kerma factors as dis c ussed  in section C. The 
gamma pro duction is  large s t  in niobium oecause of  the l arge in
elas t i c  s cattering. The gamma energy deposition is also the 
highes t in niob ium as it has the l argest  at omi c number and secon
dary gamma source among the three mat erials . The comparison o f  
the total energy deposition i n  the sys tem for the three des igns 
shows th at us e o f  niobium increases the us e ful power b y  about 
1.1 MeV per fus ion reaction ove r  a s tainles s s teel and by  1.0 MeV 
over a vanadium system. This :L s a nontrivial gain s ince i t  re
p resents an increase in the system power output by ab out 6 to 7%. 
Vanadium is  als o  s l ightly b etter  th an s tainless s teel in this 
regard. 

3. Blanket Region 

In D-T reactors , 1 7.6 MeV is released in a fus ion reac tion 
compared with 200 MeV per fiss ion reaction. In addit ion , all the 
useful energy in a fus ion reactor mus t pass through one critical 
section and hence the wall loading s eems t o  b e  l imi ted to values 
lower than desi red from an ec onomi cs point of view. Further , the 
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Table V-B-1 Comparison of Radiation Damage Parameters , Tritium 
Production , ana Nuclear Heating lor Various Structural 
Miteriais {Designs �01 , l02 i �Ol} 

Design ID 301 302 303 
First Wall Niobium Vanadium Stainless 
& Structure Steel 
Res2onse Zone 

(n,a) in strucural 3 9 . 4470 28 . 9301 1 24 . 0960 
material 4 4 . 331 2 1 2 . 3060 55 . 1 620 

5 0 . 9 1 1 9  2 . 2741 10  . 3 739 
(reactions per one 6 0 . 41 81 1 . 0062 4 . 6977  
fusion neutron) xlO� 7 ------ ------ ------

8 0 . 0084 0 . 0020 0 . 1 019 
s* z 15  . 1 1 66 44 . 5364 194 . 4315 

displacements per 
atom per 102 1  3 1 0 . 6349 9 . 9863 1 4 . 31 1 9  
fusion neutron 

(n, p) in structural 3 3 . 1 985 5 . 41 79 25 . 0850 
material 4 1 . 5423 2 .  7 1 68 1 2 . 0252 

5 0 . 3440 0 . 6203 2 .6478 
(reactions per one 6 0 . 1 60 1  0 . 29 15  1 . 7909 
fusion neutron)xl 03 7 ------ ------ ------

8 0 . 0032 0 . 0058 0 .0361 
s� 5 . 2482 9 . 0522 41 . 5850 

(n , 2n) in structural 3 0 . 1099 0 . 0858 0 . 0523 
material 4 0 . 0478 0 . 035 1 0 . 0199 

5 0 . 0094 0 . 0061 0 . 0033 
6 0 . 0042 0 . 0026 0 . 0033 
7 ------ ------ ------
8 0 . 0001 0 . 0001 �o .o  
s: 0 . 1 71 5  0 . 1 296 0 . 0760 

Li6 (n,a) t 4 o .  3671 0 . 4329 0 . 3927 
5 0 . 2016  0 . 2362 o. 2114  
6 0 . 1 763 0 . 2035 0 . 1 836 
T6 o. 7734 0 . 9042 0 . 8161 

Li 7 (n ,n ' a.) t 4 0 . 3566 0 . 4009 0 . 3598 
5 0 . 0910 0 . 1033 0 . 0908 
6 0 . 0434 0 . 0496 0 . 0429 
Tz 0 . 4918 0 . 5547 0 . 4944 

(continued on next page) 
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Table V-B- 1 (cont inued) 
Comparison of Radiation Damage Parameters 2 Tritium 
Production2 and Nuclear Heating 
Materials (Designs 301 , 302 & 

Design ID 
First Wall 
& Struc ture 
Response 

Tritium Breed ing 
Ratio 

Neut ron Heating 
in MeV per one 
fusion neutron 

Gamma Heating in 
MeV per one 
fusion neutron 

Total Heating 
in MeV per one 
neutron fusion 

Net Energy t 
Leakage from 
Zone 8 

Zone 

T 

3 
4 
5 
6 
7 
8 
s* z 

3 
4 
5 
6 
7 
8 
s� 

3 
4 
5 
6 
7 
8 
s* z 

neutrons----------------
gammas------------------

(continued on next page ) 

301 
Niobium 

1 .  2652 

0 . 1 2 75 
6 . 1 366 
2 . 1 1 80 
1 . 431 5 
0 . 3330 
0 . 1 6 1 5  

1 0 . 3081 

1 . 5361 
1 . 7399 
0. 6 781 
0 . 4 247  
2 . 1 933 
0 . 01 20 
6 . 584 1 

1 . 6635 
7 . 8 765 
2 .7961 
1 . 8562 
2 . 5263 
0 . 1 735 

1 6 . 892 1  

0 . 06 72 
O . OJ67  

for Various Struc tural 
303) 

302 303 
Vanadium Stainless 

Steel 

1 . 4589 1 . 3 1 05 

0 . 2208 0 . 6016  
6 . 9487 6 . 4003 
2 . 4352 2 . 1 895 
1 .6445 1 . 4734 
0 . 2958 0 . 3204 
0 . 1 805 0 . 1 608 

1 1 . 7255 1 1 . 1458 

0 . 4881 o .  7 732  
0 . 9494 1 . 2061 
0 . 4 1 35 0 . 4809 
0 . 2 766 0 . 3058 
2 . 07 18  1 . 8 749  
0 . 0093 0 . 0023 
4 . 208 7 4 . 6432 

0 . 7089 1 .  3 748 
7 . 8981 7 . 6064 
2 . 8487 2 . 6 704 
1 .  921 1 1 .  7792 
2 . 3676 2 . 1 953 
0 . 1 898 0 . 1 631 

1 5. 9342  1 5 . 7890 

0 . 0754 0 . 0649 
0 . 0404 0 . 0324 



Table V-B-1 (cont inued) 

V-B-9 

Comparis9n of Radiation Damage ¥arameters , Tritium 
Product ioni and Nuclear Heating for Various Structural 
Materials (Designs 301 1 302 & 303) 

301 302 303 Design ID ��-------�������������--���������--�-�� 
First Wall Niobium 
& Structure 
Res�nse Zone 

Secondary 3 2 . 4370 
Ga11111a 4 1 . 8610 
Product ion 5 0 . 4686 
in MeV per 6 0 . 2341 
one fusima 7 
neutron 8 

s* z 

t in MeV per source neutron 
* sum over Zones 3 through 8 

(end Table V-B-1) 

1 . 614 7 
0 . 0078 
6 . 6232 

Vanadium 

0 . 7903 
1 . 1 724 
0. 331 1 
0 . 1 758 
1 .  7 700 
0 .0075 
4 .2471 

Stainless 
Steel 

1 . 2514 
1 . 31 90 
0 . 3555 
0 . 1819  
1 . 5683 
0 . 0020 
4 . 6781 
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capital cost o f  fusion reactors is l ikely to be higher than th at • 
o f  fission reactors [ 6 ] and low fuel cos t in fusion compared with 
fission reactors will only partly compensate for the low energy 
produced per fusion reaction. Hence, ways of increas ing the energy 
multiplication per fusion neutron must b e  investi gated. Fiss ion
fus ion symbiosis has b een proposed [ 7 ] for the purpose of increas
ing energy multiplication but the complicated safety and main
tenance aspects in such systems is a strong disadvantage. The 
subject o f  increasing energy multiplication in fusion reactors 
des erves a separate detailed study. However, two concepts for im
proving the e ffective energy produced per fus ion neutron are in
vestigated next. Before p roceeding into this  discus s ion it should 
b e  noted that higher e f fective ene rgy production values (22 to 30 
MeV per fus ion neutron) have b een quoted in l iterature. Much 
lower values are calculated here. 

This  low value has an important impact on the economics o f  
fus ion reactors. The reasons for the difference between our value 
and that obtained in previous work is discussed in great detail 
in reference 1. The app roach we have used to calculate the energy 
production is based on pn

]
accurate theoretical model and an efficient 

computational algorithmL 4 . Furthermore, in the present work, we 
use consistent and energy preserving sets o f  kerma factors and 
gamma produr.tion cross  sections. Two schemes for investigating 
the validity of energy release parameters were developed [1]  and 
it was shown that our results are indeed correct. A comparison 
of  the energy release  parameters obtained in this  work and those 
obtained in p revious work is  given in Appendix A. 

L ithium Enrichment 

Natural l ithium consis ts of  7 .42% Li6 and 92. 5 8% Li7 . The 
dominant reaction in Li 7 is  the (n,n ,... CV t  which is important at 
high energy and has a Q-value o f -2 . 46 7 MeV. The most important 
reaction in Li 6 is the (n, d) which has a large 1 /v cross  section 
at low energy and a Q-value of +4 . 7 85 MeV . Both isotopes have 
other exothermic and endothermic reactions but these two domi
nate the total reaction rates. There fore, the energy multipli
cation may be increased  by enriching lithium (increasing the 
isotopic ration of  L i6 ) .  To see the e ffect of  enriching l ithium 
on energy multiplication in the b lanket, a series of neutronics 
calculations were carried out for the system shown in Figure V-B-1 
with a vanadium first wall and structure. The isotopic ratio of 
Li6 in lithium was increase d  from the natural ab undance o f  7 . 42% 
(design 401 ) to 15% in des ign 402 , 30% in desi gn 403 and 50% in 
des ign 404. The total energy praduced in the system ( first wal l, 
lithium blanket and re flector region ;  see Figure V-B-1 )  is given 
as a function of Li enrichment in Table V-B-2. The results show 
that the gain in energy multiplicatio� as the Li6 isotopic ratio 
is increased is only 0.06 % for 15% Li0, and 0. 5% for 50% Li6 . 
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Table V-B-2 Effect of enrichin&,_ lithium in Li 6 on Energy Multiplication 

in the blanket 

Design ID 

% of  Li 6 

in Lithium 

Neut ron * Heating 
in Li6 

Li 7 

V 
Fe 
Ni 
Cr 

Hn = SUM 

401 

7 . 42  (natural) 

4 . 9966 
6 . 0376 
0 . 3953 
o. 2340 
0 . 0801 
0 . 0538 

1 1 . 7974 

Sh')' • Total Gamma Energy 
4 . 2533 

l\t + S
Ey 

1 6 . 0507 

402 

1 5 . 0  

6 . 1 338 
5 . 4082 
0 . 3750 
0 . 2 2 78 
0 . 0785 
0 .0521  

1 2 . 2754 

3 . 7893 

1 6 . 0647 

* in MeV per one fusion neutron 

---
403 404 

30 . 0  50 .0  

7 . 6839 9 . 3943 
4 . 32 70 2 . 9924 
0 . 3590 0 . 3481 
0 . 2208 0 . 2153 
0 . 0765 0 . 0749 
0 . 0502 0 . 0487 

1 2 . 71 74 1 3 .0737 

3 . 3851  3 . 0627  

1 6 . 1025 16 . 1364 
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Given the fact that isotopic enrichment is an expensive process, these 
results imply that the economics for lithium-enriched systems may be 
worse than for systems operating with natural lithium. 
Beryllium Effects 

Design 401 described earlier which is shown in Figure V-B-1 
with vanadium as the first wall and structure was chosen for inves
tigating the effect of adding beryllium to the blanket. The design 
was kept the same but an amount of beryllium equivalent to a 4 cm 
thick layer was homogenized with the first lithium region which is 
20 cm of 95% natural lithium plus 5% vanadium and the new design was 
given the identification number 405. Design 406 is the same as 
design 405 except that the equivalent beryllium thickness was in
creased to 10 cm. Table V-B-3 summarizes the effect of adding 4 cm 
and 10 cm of Be on the important reactions, on heating, and on 
secondary gamma energy production. The results show that the tritium 
breeding ratio in natural lithium increases from 1. 46 in design 401 
(no beryllium) to 1.68 in design 405 (4.0 cm Be) to 1.91 in design 
406 (10.0 cm Be) . The total energy production increases by 9.3% 
and 18.45% when 4.0 cm and 10.0 cm of Be, respectively, are added. 
The energy leakage to the shield was not added in all cases because 
this energy is generally not recoverable with high efficiency for 
power production. However, it is generally 0.02 to .07 MeV and does 
not affect any of the above results appreciably. 

It is seen from the above results that adding 4 cm of beryllium 
increases the power output by about 10% which is large enough to 
offset the high cost of beryllium. Unless the cost of 4 cm of Be is 
greater than 9% of the total plant cost , it is economical to use 
beryllium. The first wall, blanket, reflector, shield and magnet 
regions are of roughly 3.0 meters thickness. The average density of the 
materials in this region is about three times that of Be with an 
average cost that is uncertain at present but is sonewhere between 
$ 7/lb and $15/lb [ 6 ] . The price of beryllium is high and uncertain 
too but has an estimated upper price of $60/lb [ 8 ] . Therefore, the 
price of 4 cm Be is less that 3% of the total reactor cost. Since 
the net gain in power is greater than 9% , it is economical to use 
beryllium. 10 cm of Be costs roughly 8% or less of the total cost 
but the power increases by about 18% with the net result of a lower 
cost per unit power. These qualitative arguments show that the 
benefits from using beryllium warrants future studies for assessing 
the various problems associated with it , such as toxicity and high 
helium production. Each (n , 2n) reaction in beryllium is followed 
by the emission of two alpha p 1rticles and table V-B-3 shows that 
for each fusion neutron, 0. 69 alpha particles are produced in a 
beryllium layer 4.0 cm thick. 

4. Reflector Region 

As shown above, a lithium region of about 40 cm is adequate for 

--
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Table V-B-3 Effect of adding Beryllium on Energy Multiplication 

in the blanket 

Design 401 405 406 

Thickness of o . o  4 . 0  cm. 1 0 . 0  Beryllium cm. 

Reactionst 

Li (n ,a) 0 .9042 1 . 236 1  1 . 5803 
Li (n,n' )at 0 . 5547 0 . 4410 0 . 3249 
Li Tritium Breed- 1 . 4589 1 . 6 771 1 . 9052 

ing ratio 
Be (n , 2n) o . o  0 . 3301 0 . 6627 
Be (n, t )  o .o  0 . 0055 0 .0104 
Be (n,a) o . o  0 .0303 0 . 0628 

Neutron Heating* 
in Li6 4 . 9966 6 .4462 7 . 9520 

Li7 6 .0376 4 .  7 795 3 .5067 
V 0 . 3953 0 . 3756 0 . 3528 
Fe 0 . 2340 0 . 1 507 0 .0774 
Ni 0 . 0801 0 .0519 0 .0269 
Cr 0 . 0538 0 .0347 0 .0 1 79 
Be o . o  2 . 21 93 4 . 3891 

8n • Total Neutron 1 1 . 79 74 14 .0579 1 6 . 3497 
Heating* 

Gamma Energy* Pro-
duction • SEy 4 . 2533 3 . 4891 2 . 6623 

8n + SEy 16 .0507 1 7 . 5470 19 .0120 

% increase in energy 0 . 0  9 � 322 1 8 . 450 

t reactions per one fusion neutron 
* in MeV per one fusion neutron ------------------------------------------------------------------------
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satisfying the requirements of tritium regeneration even without the 
use of Be. Most of the neutrons are also slowed down converting their 
kinetic energy into heat in this lithium region. However, the average 
kinetic energy of the neutrons streaming out of the region is roughly 
7 MeV and the net energy leakage is about 1.0 to 1.5 MeV per source 
neutron. Clearly, this large amount of energy cannot be allowed to 
pass directly into and be "wasted" in the shield which must be operated 
at relatively low temperatures. Therefore, an intermidiate region 
between the lithium and shield regions is required to perform the 
following functions : 
l - moderates and reflects a large fraction of the neutrons back into 
the lithium region increasing the tritium production per unit volume 
and allowing a thinner lithium region. 
2 - extracts nearly all the remaining kinetic energy from the neutrons 
thus increasing the recoverable energy and decreasing the energy 
leakage into shield, and 
3 - if possible - increases the energy production. 

Obviously, the thickness of the lithium region can be increased to 
perform the above functions. However, such a choice has disadvantages. 
The moderating power of lithium for fast neutrons is low and is roughly 
one-third that of graphite and one- fifth that of several heavy materials. 
Since it is important to minimize the thickness of the blanket and 
shield ae discussed shortly, it is highly desirable to use materials 
with high moderating power. Further, due to the relatively low moder
ating power of lithium, increasing the lithium region lowers the 
tritium production per unit volume in the inner lithium regions with 
a net modest increase in the tritium breeding ratio. Both effects 
are undesirable because increasing the total tritium production be-
yond that required results in more tritium hazard and lower tritium 
concentration complicates the problem of tritium recovery. 
Increasing the lithium inventory increases the hazard of accidental 
potential energy release. We have also found that increasing the 
size of the lithium region to more than 40 cm does not produce 
enough added energy multiplication to be worthwhile. 

For the above reasons, the thickness of the lithium region 
should be kept to a minimum that satisfies the tritium regeneration 
requirements and the lithium region should be followed by a b etter 
moderator, reflector, and energy multiplying material. Graphite has 
b een widely used for neutron moderating applications and has also 
been proposed for use in fusion reactors. Iron, on the other hand, 
has considerably b etter neutron attenuation characteristics and the 
possibility of using it in the reflector region is explored here. In 
order not to perturb the magnetic field it is necessary that the 
materials employed be nonmagnetic. Hence, stainless steel which has 
more than 70% iron and is nonmagnetic should be used. Furthermore, 
the nickel and chromium contents of stainless steel are useful for 
covering the well known iron "windows" associated with the minima in 
its total cross section. 
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To bring up the salient points in comparing graphite and stainless 
steel in the intermediate reflector region, the configuration of 
FigureV-B-5 is considered. The system consists of a 1 cm first wall, 
40 cm of 95% Li plus 5% structure, a 25 cm intermediate region, and 
a one-meter shield consisting of 50% Pb + 20% Fe + 30% B4c .  Calcu
lations were carried out for three designs. The composition of 
the intermediate region is graphite in design 110, iron in design 
112, and 50% Pb + 20% Fe + 30% B4c in design 111. Iron was used in 
this series of calculations for the purposes of comparison but stainless 
steel does not change results significantly as is shown later. 

Table V-B-4 is a sunnnary of the results for the comparison be
tween the three materials. Two important conclusions can be 
from this table. 
1 - The total recoverable energy per fusion neutron in design 112 
(iron reflector) is higher than that for design 110 (graphite re
flector) by 1. 5  MeV. In other words, replacing graphite by iron 
increases the recoverable energy by 9. 5%. 
2 - The total (neutron plus gamma) energy leakage from the iron is 
about an order of magnitude lower than that from the graphite reflec-
tor. 

A mixture consisting of 50% Pb plus 20% Fe plus 30% B4c is better 
than graphite in the reflector region from the energy attenuation and 
multiplication of recoverable energy points of view, but iron is 
better than either. The tritium breeding ratio drops to 1. 06 when 
this mixture is used and this is unacceptable in one-dimensional 
calculations. In addition, the heat generation in the reflector 
region is so high that it would be difficult to employ le.ad in this 
region. 

From the above results, iron is superior to graphite in the reflec
tor region from both an energy multiplication, and a neutron and 
gamma attenuation point of view. In addition, graphite suffers from 
severe radiation damage (9 ] (ma��ly di2ensional changes) when irradi
ated to fluences higher than 10 n/cm while stainless steel has 
better radiation resistance at such fluences. Hence, stainless steel 
is superior to graphite in the reflector region. The only question 
remaining to be answered is the effect of cost considerations. Since 
no quality control is required in fabricating the stainless steel 
for this region, its cost is roughly the same as that of 
graphite . In addition, the gain in energy multiplication would off
set the increase in cost if stainless steel prices were higher. The 
stainless steel thickness required to perform the attenu ation 
function of 25 cm of graphite is roughly 9 cm. If the cost of 9 cm of 
stainless steel were the same as 25 cm of graphite, there is still a 
benefit trom using stainless steel since the shield and magnet volumes 
would be decreased by decreasing their inner radii. 

5. Magnet Shield 

a. Introduction 

If the neutrons and gammas streaming out of the blanket region 
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* The material composition in the intermediate region was varied as follows : 

Design 110 : Graphite 

Design 111 : 20% Fe + 50% Pb + 30% B
4
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Design 112 :  Iron 

Figure V-B-5. Reference Design for comparing the performance of various materials in the 
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Table V-B-4 Comparison of Various Materials in the Reflector Region 

Design 

Reflector Material 

Neutron Heat ing* 

* C:amma Ene rgy Product ion 

* Gamma Heat ing 

Total Heating 

Neutron Energy Leakage* 
from reflec tor 

* Gamma Energy Leakage 
from reflector 

Total Energy Leakage* 

Li6 (n ,cx)t  

Li7 (n, n ' cx ) t  

Tritium Breeding Ratio 

1 1 0 

Graphite 

1 0 . 6659 

5 . 1 7 1 4 

4 . 8306 

1 5 . 4965 

0 . 2 794 

0 . 3399 

0 . 61 93 

o . 7 70 7  

o .  4877 

1 . 2584 

* in MeV per one fusion ( 1 4 .06 MeV) neutron 

1 1 1  1 1 2  

20% Fe + 50% Pb Iron 
+ 30% B1iC 

10 . 6585 10 . 1 790 

5 . 6580 6 . 821 7 

5 . 6481 6 . 794 

1 6 . 3073  1 6 . 9 731  

0 .091 4  0 .0616 

0 .0025 0 .0257 

0 .0939 0 .0873 

0 .5808 0 . 7645 

0 . 4850 0 . 4836 

1 .0658 l .  2481 
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are allowed to pass directly into the superconducting magnet, the 
total plant power output will not be suf ficient to supply the power 
requirements of the refrigeration system .  Hence, the need for a 
magnet shield is obvious. No quantitative design for the magnet 
shield has been previously investigated . The following discussion 
is devoted to the nuclear design of the magnet shield . 

The shield is required to perform three major functions: 

1 - reduces the nuclear radiation heating of cryogenic coils to a 
permissible level to be defined shortly, 
2 - reduces the radiation level to the superinsulation at the inner 
surface facing the. shield in order that it may function properly 
without deterioration; and 3-keeps the radiation to the magnet to 

that allowed by a tolerable increase in the resistivity of the copper 

stabilizer and radiation damage to the superconductor for a satis

factory lifetime . 
'fhe energy attenuation required by the refrigeration system 

can be determined by a compromise between its operating and capital 
cost, the shield cost, and the increase in the magnet cost if the 
shield thickness is increased . On the other hand, an increase in 
the resistivity of the copper stabilizer, or radiation damage to 
the superconductor cannot be compromised beyond a tolerable level 
for the reactor lifetime . Therefore, a point of immediate interest 
is to see if the attenuation required by the refrigeration system 
is sufficient to satisfy the stringent requirements of radiation damage . 
However, before this can be done we have to investigate first the 
various possible shielding materials and configurations and find out 
the energy attenuation coefficients obtainable . 

b .  Shield Composition 

A considerable fraction of the neutrons leaking from the blanket 
have kinetic energies above a few MeV . A basic requirement there-
fore of the shielding material is to have a large attenuation 
coef ficient for high energy neutrons . Inevitably, this has to be a 
material of moderate or large mass number since inelastic scattering 
is the most efficient mechanism for reducing the energies of tigh 
energy neutrons . Further, light materials such as water, LiH, and 
lithium have small total cross sections at high energies compared 
with heavy materials . Stainless steel and lead have relatively 
large total cross sections above 3 MeV and the average secondary 
neutron energy per inelastic cullision at 14 MeV is 2 . 2  and 2 . 5 MeV 
in lead and iron, respectively . Both materials are available, rela
tively inexpensive, and a great deal of knowledge about their 
characteristics exists . Below the inelastic threshold, these materials 
are no longer effective and a light material should be present . 
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Borated water is efficient and is almost cost free . However, the 
presence of water in the same system with a high-temperature liquid 
metal increases significantly the potential for accidental energy 
release . Graphite is an alternative choice . In addition, to mini
mize the gannna emifflion from radiative capture reactions, it is 
desirable to use B , which has a large (n,a) cross section for low 
energy neutrons and is associated only with soft gawna ( . 5  MeV) 
emission (compared with a strong line at 7 . 6 MeV in the capture 
gamma ray spectrum for iron) . Boron carbide (B

4c) has been used 
in control rod applications in fission reactors [10 ] and seems to 
represent an excellent choice for neutron moderation and absorption 
at ljtl energies . With the

3theoretical density, B
4
c has a high content 

of B (0 .0217 atoms/cm ) .  No significant radioactive decay 
products are formed in B4c irradiation but helium production is 
significantly large . However, if B

4
c is used in the shield with only 

80% of the theoretical density, the swelling problem due to the 
excessive helium production can be tolerated . Baral (50% B

4
c and 

50% Al) is another good choice . 

Based on the above discussion, a mixture of stainless steel 
and boron carbide, or of lead and B C, or a combination of the three 
materials are reasonable choices an� further investigation is needed 
to find the optimum composition and shield depth for an overall low 
cost . For this purpose, a fixed composition and configuration of the 
blanket coupled to a shield for which the parameters are to be varied 
is shown in Figure V-B-6 .  Based on the results presented earlier in 
this section, the blanket consists of a 1 cm first wall, 42 cm of 
95% Li plus 5%  structure, 20 cm stainless steel, and 7 cm of 95% Li 
plus 5% structure . The first wall and blanket structure is niobium 
in the following calculations but the results in the shield are 
insensitive to this choice . The extra 7 cm of lithium at the outer 
face of the reflector region was introduced to meet the cooling re
quirements of the reflector . As a preliminary criteria, the a5ten
uation required in the blanket and shield should be roughly 10 . From 
the previous results for design 112, this requirement can be satisfied 
by roughly 70 cm of stainless steel plus boron carbide following the 
blanket described above . As a starting p oint, Figure V-B-6 in which 
the blanket is followed by a one meter shield was considered as a 
reference design for investigating the various aspects of the shield 
design. Four cases for the composition of the shield were considered ; 
70% SS plus 30% B C  (design 114),  70% Pb plus 30% B C  (design 115 ) ,  
35% SS  plus 35% Pt plus 30% B4

c (design 116) , and 160% SS (design 117) 
where percentages are by volume . Neutronics and photonics calcula
tions were carried out for the four designs . It will be shown in a 
later section that the convergence of the discrete ordinates results 
for such system are achieved by s 8 and that s

4 
overestimates the 

leakage by 10 to 15% . In order to reduce the cost for these calcula
tions, s 4 was used . However the comparison is not significantly 
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affected by the difference between s
4 

& s 8. P3 
scattering anistropy 

and cylindrical geometry approximations were used in all these calcula
tions. Before proceeding to discuss the results, a few words about 
"terminology " will be helpful. 

The energy deposition in the magnets by neutrons and photons 
streaming out of the shield increases, in general, with the neutron 

anq photon energies. Hence, it is appropriate in comparing the per
formance of the various shield compositions to compare the "energy" 
rather than the "number" attenuations. The net neutron energy leakage 
at the right boundary for a spatial zone is defined as the total 
energy of the neutrons streaming out (to the right) of the zone minus 
the total energy of the neutrons entering the zone at the right boundary. 
Mathematically, the neutron energy leakage, L E ' at a zone boundary 
is then given by 

n 

and in multigroup representation, 

E J • 2rrr 
ng nog o (1) 

where J (E ) is the neutron current density for neutrons of energy 
E at tR� oUter (right) boundary for the zoie. The current density 
h�re is the net current density (i.e. J = J - J-) .  The subscript 
g denotes an energy group and J is the neutron current density in 
the group. E is the midpointn�flergy for group g and 2rrr is the 
surface area �f the zone outer boundary per unit length in°the un
bounded direction. A similar term is defined for photons with the 
subscript y replacing n. The total energy leakage, LTE ' is the sum of 
neutron and photon energy leakage, i.e. 

(2) 

The average kinetic energy for the neutron leakage at the outer boundary 
is defined as 

l E 
ng nog 

E = (3) 
n r J 

g 
nog 
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with a similar term for the gammas. 

We will assume that L
E

, L
E

, and L vary exponentially 
with the spatial variable Bithinyche shielaE

(it will be shown 
shortly that, to an excellent approximation, this is indeed so 
within a region of uniform composition) , i . e.  

L
nE

(r) = L
nE

(o) -µ r e n 

L
yE

(r) = L (o) e-µyr 

yE 

L
TE 

( r) L
TE

(o) e -µr 

(4 . a) 

(4. b) 

(4. c) 

Each lJ is called the energy attenuation coefficient of the appropriate 
type as indicated by the subscript or by no subscript for the total. 
The energy attenuation coefficient, A

f ' for a distance of width r2-r1 
is defined as 

(5 )  

with a similar term for neutrons and photons. All the results are 
usually quoted here per fusion neutron (14 MeV) unless otherwise indica
ted. The above symbols and definitions will be employed in the tables 
and text to follow. 

The energy leakage, L
T , is plotted against the distance from 

the inner boundary of the sffield for the four compositions in Figure 
V-B-7. Inspection of this figure reveals the following : 
1 - L

TE 
varies exponentially with the spatial variable in the shield, 

to an excellent approximation, as assumed in equations 4. _1 
2 - The total energy attenuation coefficient is equal to . 1445 cm 
for design 114, 0 . 1113 for design 115, . 1283 for design 116, and . 0902 
for design 117.  
3 - Comparison of LTE 

for designs 114 and 117 shows that the presence 
of B C  (or an alternative) is necessary. At the end of a one meter 
shie1d the total energy leakage in a 100% stainless steel shield is 
about two orders of magnitude higher than that in a shield consisting 
of 70% SS plus 30% B4c .  This is mainly due to the fact that B

4
c is 

better than l8 in attenuating neutrons below about 2 MeV, and in the 
absence of B , neutrons slowed down eventually gets absorbed in 
radiative capture reactions in stainless steel increasing the gamma 
energy production. 
4 - Comparison o f  designs 114, 115 and 116 shows that stainless 
steel has considerably better neutron attenuation characteristics 
than lead if both are mixed with a fair  amount of light material . 



,0
- 1 - \ 

C -
:::, ,  
tU z 
CP 

,0
2 CJ ... 

� 
Cl) 

> 
cu 
� 

,o-
3 

Cl) 
C: 
0 

... 
Cl) � 

> 164 cu 
:I 

·--
105 

cu 
c,t 
C, 

JC 
C, .. 
...J 

, o
-6 

>, 
0 ... .. c:: 
Lu 

,0
1 

V-B-23 

,0
-1 

302 

,0-2 

\, 
\·� . '�' -,\\ 

,o-3 ' \  
\ .  \ ,, , '" 

\ \ 
\ ' · " 

\ \ 
\ \ " · 

\ ' " ' \ 
,o-4 ' ' .  " 

\ 
\ \ " ' \ ' " \ \ ' 

\ \ '\ \ \ ' 
\ " 

,o
-s \ 

\ \ " ' 
\ \ \. 

\ \ \ " \ \ " \ 
\ \ \ " \ 

, o
-6 

\ \ 
\ \ ---·  Design 1 1 4 ' -·- Design 1 1 5 \ \ · - -· Design 1 1 6 ' \ \ - Design I I  7 \ 

\ 

, 0
-1 

Distance 
( Zero 

i n  cm from t he  Begi nning of the Stield 
Corresponds to 70 cm from First Wa l  I ) 

F I G U  R E  V-B-7 



V-B-24 

c. Optimum Shield Thickness 

Increasing the thickness of the shield increases its cost and 
the magnet cost but lowers the refrigeration power requirements. 
In the following, an attempt is made to f ind the optimum thickness 
that minimizes the cost for a given shield composition. 

The total cost of the reactor as a function of the shield 
thickness is given by 
Total Cost = Magnet cost + shield cost + refrigeration cost + 

other f ixed costs independent of the shield parameters. 

Since the reactor is fairly uni form in the toroidal direction the 
cost can be stated per unit length in the toroidal direction. The 
above equation can be rewritten as 

(6) 

where the subscripts M, S, R, and F denotes magnet, shield , refrig
eration, and f ixed costs, respectively. All the C ' s  are in dollars 
per unit length. An expression for each of these items as a function 
of the shield parameters is derived next. 

The magnet cost is assumed to be proportional to the energy stored 
in the magnetic field (see Chapter VII) . This is a function of the 
field strength, the maj or radius for the torus, (R) , and the inner radius, 
(rM) , of the magnet. Since our concern is the dependence of the magnet 
costs on the shield thickness, all these parameters except r

M 
are 

assumed fixed. Further, it is assumed that the magnet cost , CM
, 

varies with rM to the power m, i. e. 

rM m 
� (-r - )  

ref 
(7) 

where r 
ref 

is the inner radius of the magnet in a reference design. 

C
M 

m � 
(8) �

r
M ' � 

m 
(r f) 

re 

(9) 

where r
b is the outer radius for the blanket (inner radius for the 

shield) . t is the shield thickness and is the parameter to be 
. . d s opt1nuze . 



V-B-25 

The shield cost is taken to be that of the material in the shield, 
i.e. 

C ·  
s 

(10) 

where a
8 

is the cost of the shielding material in dollars per unit 
volume . 

The refrigeration cost is estimated to be $6000 per watt of 
thermal load (see Ch�pter VII) and it varies with the capacity 
as 

C = 6000 p0 · 6  
R 

where P is the thermal load in watts and is given by 

p 

(11) 

(12) 

Here, r is the first wall radius , W is the neutron wall loading, 
µ and tl are the energy attenuation

n
coefficients in the blanket and 

sRield r�spectively, and t
b 

is the blanket thickness. Thus 

(13) 

where 

(14) 

Rewriting equation (6) in terms of the above parameters and minimizing 
CT with respect to t , the optimum shield thickness, t , is found to 

s so 
be given by 

1 t = --- Log so 0 . 6µ e s 

0 .  6 JJsa R 
(15) 
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Tables V-B-5 and V-B-6 tabulate the values of the optimum shield 
thickness for different values of the parameters in equations ( 6) 
through (15) . The ene1gy attenuation coefficient , µ ,  for the shield 
is taken as 0. 1447 cm-

(which is obtai�1d from the �esults of design 
114 for 70% S S  + 30% B C) and 0. 1113 cm (which is ,obtained from 
design 115 for 70% Pb i 30% B

4
c) in tables V-B-5 and V-B-6 , respectively. 

In all cases , the value of exp (-�tb) was taken as . 007 which was 
found to represent the energy attenuation in the blanket in all of 
the designs 114 through 117 without any significant variation. The 
values of a' and6r in equation 7 were taken from Lubell ' s  work 
[11 ] as $70 x 10 Ita 5 . 6  meters , respectively. It was found that 
50% change in this typical cost results in less than 5% change in the 
optimum shield thickness for the conditions of tables V-B-5 and V-B-6. 

From equation (15) it is noted that the optimum shield thickness 

varies inversely with µ , m, � .  rb ' and as and increases with the re
frigeration coefficient� aR. "Except for µ , the dependence of t on 
these parameters is relatively weak due tosthe nature of the logi�
ithmic function . For example , inspection of both tables V-B-5 and 
V-B-6 shows that changing the dependence of the magnet cost on rM in 
equation 7 from m = 1 to m = 2 ,  changes t by only 3 to 8% depending 
on the other parameters. Doubling the wa!� radius (compare cases 1 & 
7 ,  and 4 & 8 in table V-B-5 ; 1 & 5 ,  and 4 & 7 in table V-B-6) changes 
the optimum thickness of the shield by roughly 2%. The results show 
a relative�y strong dependence of t on the wall loading. It is 
worth noting that if one assumes th�� a specified fraction of the 
power output is to run the refrigerators , the attenuation required 
is fairly independent of the wall loading. 

In table V-B-5 two prices fo3 the stainless-B4C mixture were 
used. The value as of 6. 26 gm/cm ). The other value of as is 
0. 035 and corresponds to $2. 55/lb of the mixture The price for the 
lead-B

4
c mixture was taken as $0 . 92 /lb. 

, Case number 5 in table V-B-5 repres2nts typical conditions for 
the reactor. The wall loading is 1 MW/m , µ is taken from transport 
calculations and the price of the shield and magnet are realistic .  
This case shows that for these conditions and for the blanket shown 
in Figure V-B-6 the total cost is minimized for a shield consisting 
of 70% SS  + 30% B4C by a thickness of 66.97 cm . The total cost in this 
case is $19 , 220xl04 / cm and for a major radius of 12 meters is 144. 8 
million dollars . The corresponding case with the lead-B4c mixture is 
case number 1 in table V -B-6 . The total price for a major radius of 
12 meters is 128 . 42 million dollars . These prices do not include 
fixed costs (see equation V-B-6). From these two cases ,  it is conclud
ed that using the lead-B

4
c mixture saves 16 million dollars compared 

with the ss-B
4

c mixture�6 Furthermore , these optimum thicknesses 
correspond to 4. 17 x 10 _7MeV to the magnet per MeV in the first wall 
for ss-B

4
c and 1. 85 x 10 per MeV for the lead-B4c .  Hence the lead

B
4

c mixture is cheaper to use and optimum thickness corresponds to 
better attenuation. 
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Table V-B-5 Values of Oetimum Shield Thickness for several values of the 

Parameters in eguations O through 15 for an energy 

attenuation coefficient of 0 . 1447 in the shield 

(corresponding to 70% SS + 30% B4C) 

parameter r rb w m a a a t w n 2 s M R so 
(cm) (cm) watts/cm $/cm3 $/cm $ /cm (cm) 

Case 
No. 

1 400 470 100 1 0 . 088 18 . 96 5 . 312 (+5) 57 . 60 

2 400 470 1000 1 0 . 088 18. 96 2 . 115 (+6) 73 . 19 

3 400 470 50 1 0 . 088 18. 96 3 . 504 (+5) 52 . 90 

4 400 470 100 2 0 . 088 0 . 03386 5 . 312 (+5) 57 . 00 

5 400 470 100 1 0 . 0352 18. 96 5 . 312 (+5) 66 . 97 

6 200 270 100 1 0 . 0352 18 . 96 3 . 504 (+5) 66. 65 

7 200 270 100 1 0 . 088 18 . 96 3 . 504 (+5) 57 . 87 

8 200 270 100 2 0 . 088 0 . 03386 3 . 504 (+5) 57 . 69 

9 200 270 50 1 0 . 088 18. 96 9 . 204 (+5) 68 . 65 

* a of 0 . 088 corresponds to $6 . 4/lb for a density of 6 . 26 gm/cm3 and 

0 . 0352 corresponds to $2 . 55/lb for a density of 6 . 26 gm/cm3 

------------------------------------------------------------------------



Table V-B-6 

Parameter 

Case 
No . 

1 

2 

3 

4 

5 

7 

V-B-28 

Values of 0Et imum Shield Thickness for seve ral values of 

the Parameters in eguat ions 6 - 15 

uation coefficient of -1 0 . 1113 cm in 

(corresponding to 70% Pb + 30% B4C) 

r rb w m a s aM n 
(cm) (cm) watt $/cm3 $/cm 

� 

400 470 100 1 0 . 0176 18. 96 

400 470 1000 1 0 . 0176 18.96 

400 470 so 1 0 .0176 18 .96 

400 470 100 2 0 . 0176 0 . 03386 

200 270 100 1 0 . 0 176 18 .96 

200 270 100 2 0 .0176 0 .03386 

for an energy at ten-

the shield 

a R so 
$/cm (cm) 

5 . 312 (+5 ) 91 . 06 

2 .115 (+6) 111 . 3  

3 . 504(+5 ) 84. 96 

5 . 312 (+5 )  87 .98 

3 .504(+5 ) 89 .65 

3 . 504(+5) 88 .38 

* a s of 0 .0176 corresponds to  0 . 92 $ /lb for 70% Pb + 30% B4c 
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6. Monte Carlo Calculations 

Almost all of our neutrons calculations have been based on one 
dimensional geometries, such as the infinite cylinder. These 1-D 
calculations have been based on the multigroup Sn approximation to the 
transport equation. To date, no transport solutions have been carried 
out in toroidal geometry, the acutal geometry of Tokamak reactors. 

Monte Carlo methods are generally more adaptable to studies re
quiring realist ic treatments of the geometry of a problem. In fact, 
it is possible to develop a toroidal geometry routine for Monte Carlo 
computer programs, although this has not been done to date. Even with
out this refinement, there are a number of geometry questions which can 
be investigated with the aid of Monte Carlo. The types of problems 
of interest here are those involving neutron leakage through divertor 
slots and fueling ports, and those related to homogenization to obtain 
a simple cylindrical representation for survey studies. 

Our implefr2!ty ion of these calculat ions employed the MORSE com-
puter program. This is a multigroup program with a flexible 
geometry routine allowing rather arbitrary quadratic surfaces. The 
nuclear data employed is in the form of 46 energy group sets derived 
from ENDF data. It is the same data and group structure as is used in 
the Sn calculations. P3 anisotropy is retained in the scattering 
treatment. 

The initial calculations were based on the interim UW design 
presented at Aust in , Texas in November, 19 72 and shown schematically 
in Figure V-B-8. As the slots for the divertor do not directly face 
the center of the confinement region, it is of considerable concern 
that the correct spatial distribution of the neutron source be employed. 
The geometry used is shown in Figure V-B-9, which is an accurate rep
resentation of the main features of the confinement region, blanket, 
and shield. In order to see the influence of source geometry, three 
different source representations were chosen based on plasma density 
distributions. These are: 
1 - the actual plasma shape with a uniform density distribution, 
2 - a circular plasma shape with a uniform density distribution, and 
3 - a circular plasma shape with a parabolic density distribution. 
Leakage of neutrons and energy in the form of neutrons for cases k, 
2, and 3 above are given in Table V-B-7 and the tritium product ion in 
the various regions is given in Table V-B-8. The leakage in this 1, 000 
MWth plant amounts to 340 KW at the back of the slots in the worst 
case. Referring to the attenuat ion indicated for various shields 
in Figure V-B-7 , additional shielding of 30 to 40 centimeters at most 
are required to shield the magnets. As is readily seen , irt Figure 
V-B-8, there is more than adequate room behind the slots for such a 
special shield in this design. The tritium production differs very 
little for the different cases and compares favorably with the value 
1.5 from the simple infinite cylinder results. There is a very sig
nificant difference in the leakage through the slots for the different 
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Table V-B.,..7 

Summary of Leakage Probabilities 

:::� 1 2 3 e 

Leakage prob. 0 . 256% 0 . 222% 0 . 231% from slots 

-3 0 . 186 X 10-3 -3 Energy leakage 0 , 34 X 10 0 , 145 X 10 
from slots (Mev/Mev) 

Leakage prob. 0 . 204% 0 . 151% 0 . 172% 
from the system 



Case Case 1 

� T7 T
,; 

1 0 . 1731 o . 2961 

2 0 . 1372 0 . 2853 

3 0 . 0278 0 . 067 9  

4 0. 1274 0 . 2 768 

Total 0 . 4655 o.  9261 

T7 + T
6 1.  3916 

Table V-B-8 
Tritium Production 

Case 2 

T7 T
6 

0 . 1374 + . 0041 0 . 3037  + . 0064 

0 . 1322 + . 0043 0 . 2880 + . 0060 -
0. 0298 + . 0018 0 . 0669 + . 0031 - -
0. 1288 + . 0041 0 . 2792 + . 0062 - -
0 . 4282 + . 007 0 . 9378 + . 011 - -

1.  3660 + o .  02 -

Case 3 

T7 T
f.. 

0 . 1357 + . 0043 0 . 2985 + , 0069 -
0 . 1391 + . 0042 0 . 2908 + . 0048 - -
0 . 0321 + . 0028 0 . 0684 + . 0033 -
0 . 1268 + . 0045 0 . 2782 + . 0062 - -
o . 4337 + . oo7 0 . 9359 + . 011 - -

1 .  3696 + . 02 -

< 
I 

t:tl 
I w w 
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source distributions. Inspection of the table shows the expected 
actual source shape , as used in case 1 yields about twice the leakage 
from the slots compared to case 2. Case 1 is almost certain to over
estimate the leakage since the source is not expected to extend , with 
unigorm strength , to the boundary of this plasma. The overestimate 
may well be of the order of 30% as would be indicated by comparing 
cases 2 and 3. 

The homogenization of a unit cell of the blanket coolant structure 
is required in the S infinite cylinder studies . The cell is shown in 

- Figure V-B-10. The 8ne space dimension treatment is obtained by re
placing the actual first wall by a one space parameter simulation 
which preserves at least approximately the volume of the actual wall 
(. 73 cm thick as compared with the real . 5  cm wall thickness) . The 
remainder of the wall is included by treating the coolant region as a 
mixture of 95% lithium and 5% structure. An intermediate stage in this 
simplification is shown in Figure V-B-11. Tables V-B-9 and V-B-10 
show the comparison the the flux and tritium production in the two 
cells shown. Essentially all results are the same within the statistical 
uncertainty. These results also agree very well with the corresponding 
results for the completely homogenized discrete ordinates calculations. 
Thus, the homogenization employed in the S calculations is adequate. n 

--
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Table V-B-9 

1 

1 . 3165 + . 0148 

2 .4945 + . 0793 

(5 . 3874 + . 2 28) 10-

(5 . 4497 ±. . 665) 10-2 

2 . 8606 + . 138 

1 .  2968 + . 036 7 

1 .  3017 + . 0308 

(7 . 8974 ±. . 427) 10-l 

(1 . 5367 ±. . 244) 10-l 

(2 . 3535 ±. . 459) 10-2 

2 

1 .  3268 + .0193 

2 . 6137 + .0876 

(4 . 5662 ±_ . 2 3) 10-l 

(6 . 1263 ±. . 65) 10-2 

3 . 0198 + . 131 

1 .  3245 + . 0289 

1 .  3102 + . 02 7 

(7 . 3825 ±. . 378) 10-l 

(1 . 2462 ±. . 206&) 10-l 

(1 . 2 471 ±. . 346) 10�2 



Case 
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Region 

I 

II 

IV 

TOTAL 

T6 + T
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Table V-B-10 - Tritium Product ion 

Curved First Wall · Straight First Wall 

. 39"44 + . 015 36 

. 08615 + . 00455 2 

. 003275 + . 001622 

. 048494 + . 0161 

. 8693 + .01129 . 3585 + . 01278 

. 05014 + . 001693 . 07896 + . 005 536 

. 8719 + . 0112 

. 05425 + . 00233 

.1065 + . 008144 . 006818 + . 022424 . 1111 + . 009036 

. 1026 + . 014 0 . 44427 + . 0141 1 . 0372 + .0145 

1.  51094 + . 02 1 .  4814 7 + . 02 
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7. Variational Sensitivity Study 

It is expected that variational procedures will allow extensive 
survey and sensitivity studies at reasonable computing costs. As 
an example of this type of calculation in a case of considerable 
interest , Conn and Cheng [ 14 ]  have carried out a study of the in
fluence of varying amounts of structural material in the coolant 
region on the tritium breeding ratio. 

The results, shown on Figure V-B-12 1 give the breeding ratio 
plotted against the volume percent of stainless steel. A set of 
discrete ordinates calculations using the ANISN computer program were 
carried out in this case to illustrate the accuracy of the less 
expensive variational results. Two variational curves are shown 
corresponding to bilinear and fractional (Roussopolous and Schwinger) 
functionals. Both are within a few percent of the exact result 
for small composition varietions about the reference case (at 5 
volume percent) but for very large increases in the structural content ,  
the fractional form is more accurate and is still within 7% of the 
exact calculation. 

The breeding ratio is seen to vary from 1. 55 at 1% structure 
to 1. 17 at 20% structural content.  At the design content of 5% 
structure , the ratio is 1. 4 4. These are S4-P3 46 group slab 
geometry calculations and differ slightly from the full cylindrical 
calculation. 

8 .  Details of Present U . W. Design 

From the neutronic and photonic studies discussed tothis point ,  
the following blanket and shield design has been chosen for UWMAK-I . 
The design is shown schematically in Figure V-B-13. Heat transfer , 
radiation damage to materials , superinsulation and magnet consider
ations were taken into account in this design. 

The plasma and wall radii , a and r were given from other 
studies of the plasma parameters (see ciapter I I , Section F). In the 
previous section , it was shown that no undesirable neutronics effects 
would arise from choosing a first wall thickness somewhere between 
zero and 2 cm. Therefore , the first wall thickness was determined from 
considerations , including hoop and thermal stresses , and corrosion 
problems. The wall thickness chosen is 2 . 5  mm. For one-dimensional 
calculations , the effective wall thickness which approximately preserves 
the first wall volume , is taken as 4 nnn. The main blanket region con
sists of 51 cm of 95% Li plus 5% stainless steel , by volume. It was 
shown earlier that adequate tritium breeding could be obtained with a 
thinner blanket (about 35 cm). However , in order to achieve adequate 
heat transfer and reduce the pressure of the coolant on the first wall , 
the blanket thickness was increased to 51  cm. This also reduces the 
pumping power losses. The reflector region (zone 7) is stainless steel � 
The merits of this choice over other alternatives ,  such as graphite , 
were discussed in the previous sections . Zone 8 consists of 5 cm of 95% 
Li plus 5%  SS and provides for cooling the reflector and the blanket 
structural wall (zone 9) . 
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In order to provide maximum cooling efficiency, this 5 cm lithium 
zone is rearranged within the reflector region, as discribed in 
the heat transfer section (see section IV-B). The neutronics results 
in the main blanket and shield regions are not appreciably affected 
by redistributing the coolant inside the reflector zone. 

Zone 10 is a 1 cm vacuum gap and it serves as a therm.al barrier 
between the high temperature blanket region (about 500°C) and the low 
temperature shield (approximately· 200

°c). Zones 12 through 20 com
prise the magnet shield. As shown in the previous section, for the 
materials investigated, an optimum shield, from a cost point of view, 
consists of a homogenious mixture of 70% Pb plus 30% B4c. The total 
energy attenuation is obtained using the heterogeneous arrangement 
of lead and B4c shown in Figure V-B-13. However, 10% of the total 
volume is occupied by stainless steel for structural purposes. Zones 
11, 14 and 17 are for helium cooling of the shield. Zone 20 serves 
as the dewar and for further attenuation of the nuclear radiation. 
Zone 21 is therm.al insulation for the magnet and cryogenic systems. 
The vacuum in this zone is to prevent heat transfer by conduction and 
the nylar superinsulation reduces therm.al radiation losses. (see 
Chapter VII for the details of the magnet .design.) The magnet region 
was homogenized for neutronics and photonics calculations as shown in 
zone 22 of Figure V-B-13. All percentages in Figure V-B-13 are by 
volume and the nuclide densities used in the calculations are given 
in Table V-B-11. The nuclide densities used in the calculations accounted 
for therm.al expansion at the operating temperatures. 

We turn now to the important neutronics and photonics parameters 
for the present UW design. These results provide the basic input to 
other areas of the design ; thus, the implication of most of these re
sults are discussed in other chapters. 

Neutron and ganuna heating are given by material and zone in MeV 
per source neutron in Tables V-B-12. Several observations are in 
order. The gannna heating is only about 25% of the total nuclear heat
ing in the blanket and shield. The neutron heating in lithium alone 
contributes about 70% of the total nuclear heating in the system. The 
nuclear heating in the shield ( zones 11 through 20) is 1.26% of the 
total nuclear heating in the blanket and shield. In other words, for 
the 5000 MW(th) plant and with - 20 MeV per fusion reaction (as dis
cussed next), only 51 MW of thermal power is dissipated in the shield. 
Extracting this amount of energy at·. high efficiency is therefore not 
crucial from a total plant economics point of view. It is however, 
necessary to remove this energy to ensure the physical integrity of 
the shield. 

Tables V-B-12a,b show that the total nuclear heating is 16.56 MeV 
per source neutron. Hence, the net energy per fusion reaction is 
20.06 MeV, which is lower than the values reported in earlier in litera
ture (as discussed earlier in this chapter). However, these results 



Table V-B-12-a 

Neutron Heating by Material and Zone 
(in units of MeV per source neutron) 

Li6 Li 7 
Sum by 

Zone Composition Fe Cr Ni B-10 B-11 Pb C-12 Zone 
1 Plasma 0 .0 

2 Vacuum 0 .0 

3 S .S .  0 . 165 0 .036 0 .057 0 .258 I 

4 95% Li 1 .848 3 .836 0 .182 
I 

0 .0 40 0 .065 5.970 

5 + 1 .473 1 .  713 0 .0 70 0 .010 0 .026 3 .298 

6 5% S . S .  1 .3 77 0 .823 0 .031 0 .00 7 0 .012 2 .250 

7 S .S .  - - 0 .146 0 .034 0 .050 0 .230 

8 95% Li + 5% S .S .  0 .234 0 .023 0 .0007 0 .0002 0 .0002 0 .258 

9 S .S .  - - 0 .0047 0 .0012 0 .0014 7 .30 (-3) 

10 Vacuum - - - - - . o  
11 90% He + 10% S .S .  2 .0 (-4) 5.2 (-5) 6 .15(-5) 3.14(-4) 

12 90% Pb + 10% S . S .  2 .2 (-3) 5 .4 (-4) 5.93 (-2) 4.6 6 (-3) 6.20 (-2) 

13 B4C - - - 1 .29 (-1) 6 .2 (-3) 1 .88 (-3) 1 .3 7 (-1) 

14 He + 10% S . S .  9 .  9 (-6) 2 .42 (-6) 3 .0 (-6) 1 .53 (-5) 

15 90% Pb + 10% S .S .  - - 1 .0 (-4) 2 .6 (-5) 2 .8 6 (-5) 2 .3 (-4) 3 .85(-4) 

16 B4C - - - - - 3 .95(-4) 2 .51 (-5) 7 .6 (-6) 4.28 (-4) 

17 He + 10% S . S .  - - 4.5(-7 ) 1 .1 (- 7 ) 1 .3 (-7 ) 6 .90 (-7) 

18 90% Pb + 10% S . S . - - 3 .0 7 (-6) 7 .6 (-7) 8 . 6 7 (-7) 6 .60 (-6 ) 1 .13 (-5) 

19 B
4
c - - - - - 3 .95(-4) 2 .51 (-5) 7 .60 (-6) 4.28 (-4) 

20 S . S .  1 .  53 (-6 ) 3 .70 (- 7) 4. 68 (-7 ) 2 .37 (-6) 

Sum by Material 4.932 6 .395 0 .604 0 .135 0 .213 0 .135 0 .006 0 .005 0 .002 12 .43 
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Table V-B-12-b 

Neutron and Gamma Heating by Zone (in units of MeV per source neutron) 

Zone Composition Neutron Heating Gamma Heating Total Heating 

1 Plasma 

2 Vacuum 

3 Stainless steel 0 . 258 0 . 300 0 . 558 

4 95% Li 5. 9 1 . 027 6 . 997 

5 + 3 . 298  0 . 703 4. 001 

6 5% Stainless steel 2 . 250 0 . 479 2 .  729 

7 Stainless steel 0 . 230 1 . 462 1 . 692 

8 95% Li + 5% SS  0 . 258 0 . 014  0 . 272 

9 Stainless steel 7 . 30 0 . 046 0 . 053 

10 Vacuum 

11 90% He + 1% ss 3 . 14 (-4) 1 . 589 (-3) 1 . 89 (-3) 

12 90% Pb + 10% SS 6. 20 (-2 )  9 . 64 (-2 ) 1 . 58 (--1 )  

13 B4c 1 .  37 (-1 ) 4. 86 (-4) 1 .  37 (-1 ) 

14 90% He + 10% ss 1 . 53 (-5) 2 .  32 (-5) 3 . 85 (-5) 

15 90% Pb + 10% ss  3 . 85 (-4) 2 . 62 (-3) 3 . 00 (-3)  

16 B4c 4. 28 (-4) 2 . 09 (-5) 4. 49 (-4) 

17 90% He + 10% ss 6 . 90 ( - 7 )  1 . 00 (-6) 1 .  69 (-6) 

18 90% Pb + 10% ss 1 . 13 (-5 ) 8 . 60 (-5) 9 . 73 (-5) 

19 B4C 4. 28  (-4) 4. 41 (-6) 4. 32 (-4) 

20 ss 2 . 37 (-6) 1 .  58 (-5) 1 . 60 (-5) 

SUM 12 . 43 4. 13  16. 56 
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are not explained on the basis of simply having different systems. 
They result rather because the kerma factors and gamma production 
data used are thorough and self-cons istent. 

Figure V-B- 14 shows the spatial distribution of the total 
nuclear heating in the first 70 cm of the blanket. Figure V-B-15 
gives this heating broken down into the two types, neutron and 
ga� heating. The neutron wall load�ng in our design is 1. 245 
MW/M and is rounded off to 1. 25 MW/M throughout this report. 
From Figure V-B-14, it3can be seen that the heating in the first wall 
is about 12. 5  watts/cm . The maximum volumetic heating rate in the 
blanket is less than one-half of this value 

Table V-B-t3 gives7the tritium production per source neutron 
by zone from Li and Li . The tritium breeding 6atio7is 1. 49. The 
spatial distribution of tritium production in Li , Li , and the sum is 
shown in Figure V-B-16. The atomic displacement rates in stainless 
steel are shown versus distance in the blanket in Figure V-B-17.  
Helium and hydrogen production are given by zone in Tables V-B-14 
and V-B-15. 

The neutron and gamma flux spectra at several positions in the 
blanket and shield are given in Appendix B. 
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Table V-B-13 Tritium Production Per Source Neutron 

-r-

� 

Zone 6 L .  (n , a) t 
1 (T6) 

I 4 o .  301126 

5 0 . 267564 

6 0 . 266870 

8 0 . 047924 

I sum by zone 0 . 883481 

, 7 1 L .  (n , n  a) t 
1 

(T7) 

0 . 370365 

0 . 16039 

0 . 072047 

0 . 000908 

0 . 603706 

' 
I 

' 
i T=T + T 
, 6 7 

0 . 671491 

0 . 427954 

0 . 338917 
I L---------t 

' 0 . 048832 

1 . 48719 
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Table V-B-14 Helium Production by Zone in S tainless S teel 

(in helium atoms per source neutron) 

� Zone Fe Cr Ni ss 

3 4 . 1360 (-3) 7 . 7360 (-4) 4 . 1388 (-4) 5. 323 (-3) 

4 4 . 2942 (-3) 8 . 4660 (-4) 4 .  3715 (-4) 5. 578 (-3) 

5 1 . 5023 (-3) 3 . 1697 (-4) 1 . 5793 (-4) 1 . 977 (-3) 

6 6 . 0310 (-4) 1 .  3234 (-4) 6 . 4651 (-5) 8 . 001 (-4) 

7 ·  2 . 3742 (-3) 5 . 2023 (-4) 2 . 5309 (-4) 3 . 147 (-3) 

8 8 . 0156 (-6) 1 .  7648 (-6) 8 . 5210 (-7) 1 . 063 (-6) 

9 5. 0829 (-5) 1 . 1196 (-5) 5. 4134 (-6) 6 . 744 (-6) 

11 2 .0997 (-6) 4 . 609 8  (-7) 2 . 2289 (-7) 2 . 783 (-6) 

12 1 .  6759 (-5) 3 . 6433 (-6) 1 .  7693 (-6) 2 . 217 (-5) 

15 7 .0259 (-7) 1 . 5468 (-7) 7 . 5439 (-8) 9 . 327 (-7) 

18 2 . 1822 (-8) 4 . 8669 (-9) 2 . 38068 (-9) 2 . 907 (-8) 

20 1 .  38858 (-8) 3 . 1395 (-9) 1.  53408 (-9) 1 . 856 (-8) 

Sum over 1 . 29902 (-2) 2 . 6074 (-3) 1 .  33525 (-3) all Zones 
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Table V-B-15 Hydrogen Production by Zone in Stainless Steel 

(in hydrogen atoms per source neutron) 

I� Fe Cr Ni ss 

3 6 . 6293 (-3) 1. 4128 (-3) 3 . 2785 (-3) 1 . 132 (-2) 

4 7 .  6 714 (-3) 1 .  5448 (-3) 4 . 3038 (-3) 1 . 352 (-2) 

5 3 . 0952 (-3) 5 . 7781 (-4) 2 . 0065 (-3) 5 . 680 (-3) 

6 1 . 3452 (-3) 2 . 4111 (-4) 9 . 3332 (-4) 2 . 520 (-3) 

7 5 . 1725 (-3) 9 .  4778 (-4) 3 . 6189 (-3) 9 .739 (-3) 

8 1.  7789 (-5) 3 . 2151 (-6) 1. 2745 (-5) 3 . 375 (-5) 

9 1 . 1222 (-4) 2 . 0396 (-5) 8 . 1223 (-5) 2 . 138 (-4) 

11 4. 6166 (-6) 8 . 5338 (-7) 3 . 3887 (-6) 8 . 859 (-6) 

12 3 . 6884 (-5) 8 . 3979 (-7) 2 . 8398  (-5) 6 . 612 (-5) 

15 1 . 67891 (-6) 2 . 8179 (-7) 1 .  440Z (-6) 3 . 401 (-6) 

18 5 . 5204 (-8) 8 . 8654 (-9) 4 . 9461 (-8) 1 . 135 (-7) 

20 3 . 5849 (-8) 5 . 7179 (-9) 3 . 0998  (-8) 7 . 256 (-8) 

Sum over 2 .  40913 (-2) 4 . 7565 (-3) 1 .  4272 (-2) all Zones 
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9 .  Conclusions 

The important question of tritium breeding has been given a high 
priority in all studies of fusion reactors. Our results do not differ 
significantly from those of other groups. From the results obtained ; 
it seems very unlikely that any uncertainty in nuclear data or in 
required amounts of structural materials will cause fusion reactors 
to be unable to produce enough fuel for their needs and an excess 
for initial fueling of other fusion reactors in an expanding economy . 

Assuming tritium production is potentially greater than the mini
mum for feasibility , the use of the extra neutrons that can be diver
ted to other purposes becomes important . Also important is the materi
als choices which are used to achieve the stated purpose . One can 
attempt to produce excess tritium for fueling special fusion react-
ors which consume but do not produce tritium (for safety or environ
mental reasons) . In addition, at least one alternative is to produce 
exothermic nuclear reactions and thus increase , to the maximum extent 
possible, the energy production per fusion reaction . This spreads the 
resources usage over more materials , lowers plant capital costs per 
unit power, and helps alleviate the materials problems of the first 
wall by reducing the neutron wall loading for a given plant power . 
We have not explored this point exhaustively . However, this was the 
basis for choosing steel over graphite for the reflector region . The 
relative advantages of the different first wall materials in this re
spect6was also noted , as was the effect of enriching natural lithium 
in Li . A related point regarding energy production , which is elabor
ated on in the data sections of this chapter, concerns the reduced 
energy per fusion reaction obtained in our work compared with that 
usually stated . Our results, which place this energy at about 20 MeV, 
are 2 MeV or more lower than one often sees in the literature . The 
difference arises from the inclusion of data for more reactions and 
a careful treatment of all available data. 

The energy attenuation requirement of the shield is governed by 
economics according to our present understanding of the system. 
Nuclear heating in the magnets , rather than radiation damage , is 
the limiting factor .  If one can then spend a fixed percentage of 
plant capacity on refrigeration, the shield attenuation and thickness 
may become rather insensitive to plant size . Optimization of the 
shield thickness, including magnet, shield , and refrigeration costs, 
showed the optimum to be insensitive to most perameters (for a fixed 
composition) . The best materials choice turned out to be 70% lead 
plus 30% baron carbide mixture, when only the above criteria were 
included . Our actual design incorporates a good deal of stainless 
steel for structural reasons. 

The optimum shield is thinner than is usually employed, as is 
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the blanket region . The blanket could easily have been thinner yet 
and still have produced adequate tritium production . The blanket 
sizes was therefore governed by heat transfer and coolant flew con
siderations . It should be noted that the tritium production remains 
unnecessarily high. A possible choice oi poison, which could produce 
about as much10nergy as the displaced Li , is boron preferrably 
enriched in B . 

Conclusions regarding materials problems are mainly taken up in 
other chapters . The main conclusion here is that uncertainties in 
the displacement and charged particle production data are generally 
larger than in other nuclear data and these preclude a very accurate 
determination of damage . 
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V-C. Nuclear Data Requirements 

1. Introduction 

One of the most important requirements for carrying out the 
neutronics design of fusion reactor blankets is the availability and 
accuracy of neutron and photon cross sections for all nuclides of 
interest for use in the blanket and shield over the energy range from 
0 to 14 MeV. Our efforts in this area of nuclear data are summarized 
in this section. 

The basic quantity of interest in neutronics and photonics takes 
the form of a response rate 

(16) 

where FR is the response function, � is-+t�e angular flux, and P 
represents a point in the phase space (r,v). Calculation of the neutron 
and gannna fluxes requires : 
1 - neutron multigroup cross sections (including transfer matrices) ,  
2 - gamma multigroup cross sections (including transfer matrices) , 
3 - gamma production cross sections, and 
4 - a transport code . 
The response functions of importance are 1-group cross sections for the 
important reactions ; e.g. (n,t) , (n, n ' t) ,  (n,a) ,  (n, n ' a) ,  (n,p) and 
(n, n ' p) ,  2-displacement cross sections, and 3-neutron and gamma kerma 
factors. These items are discussed in the following sections. 

2. Multigroup Neutron Cross Sections 

Fine-group paramey12j and group-to-group scattering matrices were 
obtained as the DLC-2D data packaf161

rom RSIC. The DLC-2D library 
was generated by the program SUPERTOG from nuclear data in ENDF/B 
version III. This data has been averaged over each specified energy 
group with the assumption that the flux (used as a weighting function) 
per unit lethargy is constant. Resolved and unresolved resonance 
contributions have been calculated where resonance data is available 
using the infinite dilution approximation. The thermal group constants 
were obtained using a Maxwellian weighting. Some of these assumptions 
and approximations are not accurate for CTR neutronics and will be 
discussed shortly. 

The library is in the GAM-II one-hundred group structure shown in 
Table V-C-1. The machine storage increases as the square of the 
number of energy groups. Thus, the use of a fine energy group structure 
limits the use of necessary high order approximations for the scatter
ing anisotropy and angular quadrature. Therefore, the 46 group 
structure in Table V-C-2 was constructed and the one-hundred group 
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Table V-C-l Neutron 100 Energy Group Struc ture in ev 

Grou� Limits 
E (Top) E (Low) E (Mid Point) 

1 . 4918 (+7 )* 1 . 3499 (+7 ) 1 . 4208 
1 . 3499 (+7 ) 1 . 2214 (+7 ) 1 . 2856 
1 . 2214 (+7) 1 . 1052 (+7 ) 1 . 1633 
1 . 1052 (+7 ) 1 . 0000 (+7 ) 1 . 0526 
1 . 0000 (+7 ) 9 . 0484 (+6) 9 . 5242 
9 . 0484 (+6) 8 . 18 73 (+6) 8 .6178 
8 . 1873 (+6) 7 . 4082 (+6) 7 . 7977  
7 . 4082 (+6) 6 . 7032 (+6) 7 . 0557 
6 . 7032 (+6) 6 . 0653 (+6) 6 . 3843 
6 . 0653 (+6) 5 . 4881 (+6) 5 . 7767 
5 . 4881 (+6) 4 . 9659 (+6) 5 . 2270 
4 . 9659 (+6) 4 . 4933 (+6) 4 . 7296 
4 . 4933 (+6) 4 . 0657 (+6) 4 . 2795 
4 . 0657 (+6) 3 . 6788 (+6) 3 . 8722 
3 . 6788 (+6) 3 . 3287 (+6) 3 . 5038 
3 . 3287 (+6) 3 . 0119 (+6) 3 .1703 
3 .0119 (+6) 2 . 7253 (+6 ) 2 . 8686 
2 . 7253 (+6) 2 . 4660 (+6) 2 . 5956 
2 . 4660 (+6) 2 . 2313 (+6) 2 . 3486 
2 . 2313 (+6) 2 . 0910 (+6) 2 . 1251 
2 . 0190 (+6) 1 . 8268 (+6) 1 . 9229 
1 . 8268 (+6) 1 . 6350 (+6) 1 . 7399 
1 . 6530 (+6) 1 . 4957 (+6) 1 . 5743 
1 . 4957 (+6) 1 . 3534 (+6) 1 . 4245  
1 . 3534 (+6) 1 . 2246 (+6) 1 . 2890 
1 . 2246 (+6) 1 . 1080 (+6) 1 . 1663 
1 . 1080 (+6) 1 . 0026 (+6) 1 . 0553 
1 . 0026 (+6) 9 . 0718 (+5) 9 . 5488 
9 . 0718 (+5) 8 . 2085 (+5) 8 . 6401 
8 . 2085 (+5) 7 . 4274 (+5) 7 .8179 
7 . 4274 (+5) 6 . 7206 (+5) 7 . 0740 
6 . 7206 (+5) 6 . 0810 (+5) 6 . 4008 
6 . 0810 (+5) 5 . 5023 . (+5) 5 . 7917 
5 . 5023 (+5) 4 . 9787 (+5) 5 . 2405 
4 . 9787 (+5) 4 . 5049 (+5) 4 . 7418 
4 . 5049 (+5) 4 . 07 62 (+5) 4 . 2906 
4 . 0762 (+5) 3 . 6883 (+5) 3 . 8827 
3 . 6883 (+5) 3 . 3373 (+5) 3 . 5128 
3 . 3373 (+5) 3 . 0197 (+5) 3 . 1785 
3 . 0197 (+5) 2 . 7324 (+5) 2 .8761 
2 . 7324 (+5) 2 . 47 24 (+5) 2 . 6024 
2 . 4724 (+5) 2 . 2371 (+5) 2 . 3547 
2 . 2371 (+5) 2 . 0242 (+5) 2 . 1306 
2 . 0242 (+5)  1 . 8316 (+5) 1 . 9279 
1 . 8316 (+5) 1 .  6573 (+5) 1 .  7444 

(+7 ) 
(+7 ) 
(+7 ) 
(+7 ) 
(+6) 
(+6) 
(+6) 
(+6 ) 
(+6) 
(+6) 
(+6) 
(+6) 
(+6) 
(+6 ) 
(+6) 
(+6 ) 
(+6) 
(+6) 
(+6) 
(+6) 
(+6) 
(+6) 
(+6) 
(+6) 
(+6) 
(+6) 
(+6) 
(+5) 
(+5) 
(+5) 
(+5) 
(+5) 
(+5) 
(+5) 
(+5) 
(+5) 
(+5) 
(+5) . 
(+5) 
(+5) 
(+5) 
(+5) 
(+5) 
(+5) 
(+5) 
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Table V-C-1 Continued 

Grou2 Limits 
Group E (Top ) E(Low) E (Mid Point) 

46 1 . 657 3 (+5) 1 . 4996 (+5) 1 . 5784 (+5) 
47 1 . 4996 (+5) 1 . 3569 (+5) 1 . 4282 (+5) 
48 1 . 3569 (+5) 1 .  227 7  (+5) 1 . 2923 (+5) 
49 1 .  2277 (+5) 1 . 1109 (+5) 1 . 1693 (+5) 
50 1 . 1109 (+5) 8 . 6517 (+4 ) 9 . 8803 (+4) 
51 8 . 6517 (+4 ) 6. 7379 (+4 ) 7 . 6948 (+4 ) 
52 6 . 7379 (+4 ) 5 . 2475 (+4) 5 . 9927 (+4) 
53 5 . 2475 (+4 ) 4 . 0868 (+4 ) 4 . 6671 (+4 ) 
54 4 . 0868 (+4 ) 3 . 1828 (+4) 3 . 6348 (+4 ) 
55 3 . 1828 (+4 ) 2 . 4788 (+4 ) 2 . 8308 (+4 ) 
56 2 . 4788 (+4 ) 1 . 9305 (+4 ) 2 . 2046 (+4 ) 
57 1 . 9305 (+4 ) 1 .  5034 (+4) 1 . 7169 (+4 ) 
58 1 . 5034 (+4 ) 1 . 1709 (+4 ) 1 . 3372 (+4) 
59 1 . 1709 (+4 ) 9 . 1188 (+3) 1 . 0414 (+4 ) 
60 9 . 1188 (+3 ) 7 . 1017 (+3 ) 8 . 1103 (+3) 
61 7 . 1017 (+3 ) 5 . 5308 (+3 ) 6 . 3163 (+3) 
62 5 . 5308 (+3 ) 4 . 3074 (+3) 4 . 9191 (+3 ) 
63 4 . 3074 (+3) 3 . 3546 (+3) 3 . 8310 (+3 ) 
64 3 . 3546 (+3) 2 . 6126 (+3 ) 2 . 9836 (+3) 
65 2 . 6126 (+3 ) 2 . 0347 (+3) 2 . 3236 (+3) 
66 2 . 0347 (+3 ) 1 . 5846 (+3) 1 . 8096 (+3) 
67 1 . 5846 (+3) 1 . 2341 (+3) 1 . 4094 (+3) 
68 1 . 2341 (+3 ) 9 . 6112 (+2 ) 1 . 0976 (+3 ) 
69 9 . 6112 (+2) 7 . 4852 (+2 ) 8 . 5482 (+2) 
70 7 . 4852 (+2) 5 . 8295 (+2) 6 . 6573 (+2 ) 
7 1 5 . 8295 (+2) 4 . 5733 (+2) 5 . 1847 (+2) 
72 4 . 5733 (+2) 3. 5358 (+2 ) 4 . 0379 (+2) 
73 3 . 5358 (+2) 2 . 7536 (+2 ) 3 . 1447 (+2 ) 
74 2 . 7536 (+2) 2 . 1445 (+2 ) 2 . 4491 (+2 ) 
75  2 . 1445 (+2 ) 1 . 6702 (+2 ) 1 .  9074 (+2 ) 
76 1 . 6702 (+2 ) 1 . 3007 (+2) 1 . 4855 (+2 ) 
77 1 . 3007 (+2) 1 . 0130 (+2 ) 1 . 1569 (+2) 
78 1 . 0130 (+2 ) 7 . 8893 (+1 ) 9 . 0097 (+1) 
79 7 . 8893 (+1 ) 6 . 1442 (+1) 7 . 0168 (+1) 
80 6 . 1442 (+1 ) 4 . 7851 (+1) 5 . 4647 (+1) 
81 4 . 7851 (+1 ) 3 . 7267 (+l) 4 . 2559 (+1) 
82 3 . 7267 (+1 ) 2 . 9023 (+1) 3 . 3145 (+1 ) 
83 2 . 9023 (+1 ) 2 . 2603 (+1) 2 . 5813 (+1 ) 
84 2 . 2603 (+1 ) 1 . 7603 (+1) 2 . 0103 (+1) 
85 1 .  7603 (+1 ) 1 . 3710 (+1) 1 . 5657 (+1) 
86 1 .  3710 (+1 ) 1 . 0677  (+1) 1 .  2193 (+1) 
87 1 . 0667 (+1 ) 8 . 3153 (+o) 9 . 4962 (+O) 
88 8 . 3153 (+o) 6 . 4760 (+o) 7 . 3956 (+o) 
89 6 . 4760 (+o) 5 . 0435 (+o) 5 . 7597 (+o) 
90 5 . 0435 (+o) 3 . 9279  (+o) 4 . 4857 (+O) 
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Table V-C-1 Continued 

Grou� Limits 
Group E ( Top )  E (Low) E (Mid Point) 

91 3 . 9279 (+o) 3 . 0590 (+O) 3 . 4934 (+O) 
92 3 . 0590 (+o) 2 . 3824 (+O) 2 .  7207 (+o) 
93 2 . 3824 (+o) 1 . 8554 (+o) 2 . 1189 (+o) 
94 1 . 8554 (+O) 1 . 4450 (+O) 1 . 6502 (+o) 
95 1 . 4450 (+o) 1 . 1254 (+O) 1 . 2852 (+O) 
96 1 . 1254 (+o) 8 . 7643 (-1 ) 1 . 0009 (+o) 
97 8 . 7643 (-1 ) 6 . 8256 (-1) 7 . 7949 (-1) 
98 6 . 8256 (-1 ) 5 . 3158 (-1) 6 . 0707 (-1) 
99 5 . 3158 (-1) 4 . 1399 (-1) 4 . 7279 (-1) 

100 4 . 1399 (-1) 2 . 2000 (-1) 2 . 1800 (-1) 

* (±n) represents uo±n> 
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Neu tron 46 Energy Group S truc ture 

GrouE Limits  
E (Top) E (Low) 

1 . 4918 (+7) 1 .  3499 (+7) 

1 .  3499 (+7) 1 .  2214 (+7) 

1 .  2214 (+7) 1 . 1052 (+7) 

1 . 1052 (+7) 1 . 0000 (+7) 
1 . 0000 (+7) 9 . 0484 (+6) 

9 . 0484 (+6) 8 . 1873  (+6) 

8 . 1873 (+6) 7 . 4082 (+6) 

7 . 4082 (+6) 6 . 7032 (+6) 

6 .  7 032 (+6) 6 . 0653 (+6) 

6 . 0653 (+6) 5 . 4881 (+6) 

5 . 4881 (+6) 4 . 9 659 (+6) 

4 . 9659 (+6) 4 . 4933 (+6) 

4 . 4933 (+6) 4 . 0657 (+6) 
4 . 0657 (+6) 3 . 6788 (+6) 
3 . 6788 (+6) 3 . 3287 . (+6) 

3 . 3 287  (+6) 3 . 0119 (+6) 
3 .  0119 (+6) 2 .  7 253 (+6) 
2 . 7 253 (+6) 2 . 4660 (+6) 
2 . 4 660 (+6) 1 . 8268 (+6) 
1 . 8268 (+6) 1 .  3534 (+6) 
1 . 3534 (+6) 1 . 0026 (+6) 
1 . 0026 (+6) 7 . 4274 (+5) 
7 . 4274 (+5) 5 . 5023 (+5) 
5 . 5023 {+5) 4 . 07 62 (+5) 
4 . 0762 (+5) 3 . 0197 (+5) 
3 . 0197 (+5) 2 .  2371 (+5) 
2 . 2371 (+5) 1 . 6573 (+5) 
1 .  657 3 (+5) 1 . 2277 (+5) 
1 . 2277 (+5) 6 . 73 79 (+4) 
6 . 7379 (+'•) 3 . 1828 (+4) 

in cV 

E (Mid-Point) 

l .  l1 208 (+7) 

1 .  2856 (+7) 
1 . 1633 (+7) 

1 . 0526 (+7) 

9 . 5242 (+6) 

8 . 6178 (+6) 

7 .  7977 (+6) 

7 . 0557 (+6) 

6 . 3843 (+6) 

5 .  7767 (+6) 

5 . 2270 (+6) 

4 .  7 296 (+6) 

4 . 2795 (+6) 

3 . 8722  (+6) 

3 . 5038 (+6) 

3 . 1703 (+6) 

2 . 8686 (+6) 

2 . 5956 (+6) 

2 . 1464 (+6) 

1 .  5901 (+6) 

1 . 1780 (+6) 

8 . 726  (+5) 

6 . 4648 (+5) 

4 . 7892 (+5) 

3 . 5480 (+5) 

2 . 6284 (+5) 

1 .  9472  (+5) 

1 . 4425 (+5) 

9 . 508 (+4) 

4 . 9 604 (+4) 



V-C-6 

Table V-C-2 (cont.) 
-

-
----·-�---- ·----

GrouE Limits 
Group E (Top) E (Low) E (Mi<l-Point) 
---------·-·· 

31 3 . 1828 (+4) 1 . 5034 (+4) 2 . 3431 (+4) 

3 7  1 . 5034 (+4) 7 . 1017 (+3) 1 . 1068 (+4) 

3 :5 7 . 1017 (+3) 3 . 3546 (+3) 5 . 2281  (+3) 

34 3 . 3546 (+3) 1 .  5846 (+3) 2 . 4696 (+3) 

35  1.  5846 (+3) 7 . 4852 (+2) 1 . 1666 (+3) 

36  7 . 4852 (+2) 3 . 5358 (+2 ) 5 . 5105 (+2) 

37 3 . 5358 (+2) 1 . 6702 (+2) 2 . 6030 (+2) 

38 1 . 67 02 (+2) 7 . 8893 (+1) J. . 2296 (+2) 

39  7 . 8893 (+1) 3 .  7 267 (+1 ) 5 . 8080 (+1 ) 

li (} 3 .  7267 (+l) 1 . 7 603 (+1) 2 . 7435 (+1) 

41 1 . 7603 (+1) 8 . 3153 (-f:"0) 1 . 2959 (+1 ) 

42 8 . 3153 (+O) 3 . 9279 (+O) 6 . 1216 (+O) 

43 3 . 9279 (+O) 1 . 8554 (+O)  2 . 8917 (+O) 

44 1 . 8554 (+O) 8 .  7643 (-1) 1 . 3659 (+O) 

45 8 . 7643 (-1) 4 , 1399 (-1) 6 . 4521 (-1) 

4 6  4 . 1399 (-1) 2 . 2000 (-2) 2 . 1800 (-1 )  
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data were properly collapsed using typical CTR blanket spectra. 
The 46 group data has the same fine group structure above 2 MeV 
as the one-hundred group set. 

A general sensitivity study is currently underway to evaluate 
the adequacy of presently available transport cross sections. An 
outline of this study was given in re f. [ 14 ] The accuracy o f  present 
and needed nuclear data for calculation of nuclear heating in CTR 
blankets and shields is discussed later in this section . 

3. Multigroup Gamma Cross Sections 

The gamma cross sections as used in transport and heating cal
culations result from a simplified picture of the complex inter-
action processes of gamma photons with matter. The primary pro-
cesses that are accounted for in the gamma transport and heating cal
culations undertaken in this study are the photoelectric effect, Compton 
scattering ,and pair production. All other processes make very small 
contributions to the total cross section. 

Gamma multigfgyp cross sections were generated for this work 
with the MUG code for the 43 group structure shown in Table V-C-3 
for all materials of interest in CTR applications. This group struc
ture is based on the use of equal energy widths of 1. 0 MeV for 
groups above 8 MeV and 0 . 25 MeV in the 1 to 8 MeV range. The gamma 
cross section variation with energy for the most important CTR 
materials was taken into account in choosing this group structure. 
The gannna interaction data are available with reasonable accuracy 
for all materials of interest. 

4. Photon Production Cross Sections 

In performing gamma-ray transport calculations, secondary gamma
ray spectra must be available in addition to gamma group to group cross 
sections. The basic quantity to be calculated from gamma production 
cross sections is the secondary photon production source represented 
by 

where 

-+ 
S (r, E ) 

y y 

crj (E , E ) = 
p n y ):

1 
crj (E ) f� (E , E ) 

i n 1 n y 

crj photon production cross section in element j . 
p 

(17) 

(18) 
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Table V-C-3 Gamma-Ray 43 Energy Group Structure in MeV 

Grou12 Limits 

Group E (Top) E (Low) Mid Point Energy 

1 14 . 00 13 . 00 13 . 50 
2 13 . 00 12 . 00 12 . 50 
3 12 . 00 11 . 00 11 . 50 
4 11 . 00 10 . 00 10 . 50 
5 10 . 00 9 . 00 9 . 50 
6 9 . 00 8 . 00 8 . 50 
7 8 . 00 7 . 75 7 . 875 
8 7 . 75 7 . 50 7 . 625 
9 7 . 50 7 . 25 7 . 375 

10 7 . 25 7 . 00 7 . 125 
11 7 . 00 6 . 75 6 . 875 
12 6 . 75 6 . 50 6 . 625 
13 6 . 50 6 . 25 6 , 375 
14 6 . 25 6 . 00 6 . 125 
15 6 . 00 5 . 75 5 . 875 
16 5 , 75 5 . 00 5 . 375 
17 5 . 00 4 . 75 4 . 875 
18 4 . 75 4 . 50 4 . 625 
19 4 . 50 4 . 25 4 . 375 
20 4 . 25 4 . 00 4 . 125 
21 4 . 00 3 . 75 3 . 875 
22 3 . 75 3 . 50 3 . 625 
23 3 . 50 3 . 25 3 . 375 
24 3 . 25 3 . 00 3 . 125 
25 3 . 00 2 . 75 2 . 875 
26 2 . 75 2 . 50 2 . 625 
27 2 . 50 2 . 25 2 . 375 
28 2 , 25 2 . 00 2 .·125 
29 2 . 00 1 . 75 1 . 875 
30 1 . 75 1 . 50 1 . 625 
31 1 . 50 1 . 25 1 . 375 
32 1 . 25 1 . 00 1 . 125 
33  1 . 00 0 . 75 0 . 875 
34 0 . 75 0 . 55 0 . 650 
35 0 . 55 0 . 45 0 . 500 
36 0 . 45 0 . 40 0 . 425 
37 0 . 40 0 . 30 0 . 350 
38 0 . 30 0 . 20 0 . 250 
39 0 . 20 0 . 15 0 . 175 
40 0 . 15 0 . 10 0 . 125 
41 0 . 10 0 . 05 0 . 075 
42 0 . 05 0 . 01 0 . 030 
43 0 . 01 0 . 001 0 . 0055 



f� (E , E ) = 
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microscopic neutron cross section in element j for gamma 
production reaction i at neutron energy E

n . 

number of photons produced with energy E per reaction i 
in element j induced by neutrons of enerly E 

n 
Thus, the gamma production cross section data are extremely 

important for determining gamma fluxes, heating, and leakage . Un
fortunately, the data on gamma productiog suf7ers

1
�rom large un

certainties at present . For example, Li , Li , C , niobium, 
molybdenum, boron, copper and several other materials are the 
strongest candidates for use in a CTR .  However, there exists no 
information about gamma production for these materials in the widely 
used nuclear data libraries such as ENDF/B . In addition, the uneval
uated gamma production data for these materials available in the 
literature suffers from very large uncertainties as shown in re
ference 1 .  The gamma production cross sections used for deriving the 
photonics results of this study are discussed below . 

The gamma production cross sections for H-1, Be-9, N-14, 0 -16, 
Na-23, tl6j7, K, Fe, and Pb were generated from ENDF . B

[
l?J with 

LAPHFOR which is a revision of the program LAPHANO • The 
resonance cross sections required by LAPHANO and LAPHFOR were calcu
lated for Na-23 and Fe with the MACK program. Vanadium gamma pro
duction cross se

TI��ns were also generated with LAPHFOR from a recent 
ORNL evaluation . Photon production cross sections for Li-6, 
Li-7, Nb, and C-12 were obtained ft�� ga201in reference 28 which were 
generated with the POPOP4 program • It is shown in references 
1 and 3 that these gamma production cross sections for Li-6, -Li-7 
Nb and C-12 suffer from large uncertainties . For a blanket of 50 cm 
consisting of 95% natural lithium and 5% structure, the total energy 
of the gammas produced by the lithium is roughly 30% of the total 
energy of photons produced in the blanket .  The total energy is only about 
one-third of the total gamma energy production produced in the 1 cm 
first wall, the 50 cm blanket, and the 20 cm stainless steel reflector 
region . Furthermore, the total gamma heating in such systems is 
about 30 to 40% of the total nuclear heating . Therefore, 20 to 30% 
error in the lithium gamma production data has the effect of changing 
the nuclear heating by only about 1 to 2% . This is fortunate since 
lithium is used in all the designs presented in this chapter .  For 
systems employing niobium in the first wall, the error in the 
total nuclear heating due to a 20% error in the_ gamma produc-
tion in a niobium first wall is roughly the same as the error in 
the niobium secondary photon production . In a system consisting of 
a 1 cm first wall, a 40 cm blanket of 95% Li plus 5% structure, 
followed by a 25 cm reflecting region of graphite, the total energy 
of the secondary photons produced by C-12 is only about 4% of that 
produced in the system. Hence, 20 to 30% uncertainty in the data 
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for C-12 gamma production has little effect on the total nuclear 
heating in the system. 

5. Response Functions 

The neutronics and photonics analysis of the system provide the 
basic input for other areas of the design such as heat transfer, 
tritium removal, radiation damage, magnet design, and decay heating 
and emergency cooling. The quantities required by such studies as 
described in V.B can generally be formulated into response rates 
(as shown in equation 16) such as spatial distribution of nuclear 
heating, charged particle production, and atomic displacement. In 
addition to the neutron and gannna fluxes, the required response 
functions can be divided into four types: 

a - partial cross sections for reactions of importance, e.g. (n,t) , 
(n, n' t) , (n, a) , (n, n' a) ,  (n, p) and (n, n' p) .  

b - neutron kerma factors, 
c - gannna kerma factors, and 
d displacement cross sections. 

A major effort has been devoted in our p·rogram to the development 
of theoretical and computational algorithms for calculation of kerma 
factors. The next section is devoted to this subject. Calculation 
of other response functions such as helium and hydrogen production is 
automated for multigroup representation by integrating the required 
processing with the computational capability developed for kerma factors. 
This is also discussed in the next section. The displacement cross 
sections for f§�tnless steel and refractory metals were obtained from 
Doran ' s work • The calculational methods cy401ntly available 
for calculating the displacement cross sections need to be re-
fined. This is scheduled for future studies. 

6. Kenna Factors 

Calculation of the heat generation rate and dose due to the 
interaction of nuclear radiation with matter is of prime importance 
in almost any nuclear system. These calculations are particularly 
easy in the case of fission systems since the fission reaction 
dominates and most of its energy is deposited locally. The remainder 
of the energy is a small correction and can be treated by relatively 
crude approximations. In fusion systems, on the other hand, the 
high energy neutrons undergo a variety of reactions which contribute 
significantly to the energy release. Thus an accurate determination of 
the energy generation rate requires careful evaluation of the energy 
release of the various reactions in the first wall, blanket, shield, 
and magnets. 

For the purposes of calculation, the heating rate due to 
neutron reactions with nuclei of the target material is divided 
into two types ; the first due to neutron reactions, and the second 
due to ab sorption o f  secondary gamma radiation produced by these 
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neutron reactions. As an example, consider the (n,p) reaction. The 
energy deposited of the first type is the kinetic energy of the recoil 
nucleus, the proton emitted and of any charged particle (e.g. S-) 
which may be emitted from the activated residual nucleus. The energy 
deposition by the gamma-photons emitted is treated separately. 

Heating by neutrons at any spatial point can be express as 

H(r) = f¢ (;, E) II N. (;) a . . (E) E . .  (E) dE(MeV/cm
3

sec) . 
. . J 1J 1J 

J 1 

where 

¢(r, E) = neutron flux at spatial point r and energy E, 

� 3 N. (r) number density of element j at point r, (atoms/cm ) 
J 

a . .  (E) = microscopic cross sectiop of element j for reaction iJ 
i at neutron energy E (cm2/atom) 

E . .  (E) = energy deposited per reaction i in element j (MeV). 
1J 

The units have been chosen as those normally employed in nuclear 
calculations. 

The terms k . .  and k . defined as 
1J J 

k . .  (E) a . . (E) E . .  (E) 
1J 1J 1J 

k ,  (E) Ik . .  (E) 
J i 

1J 

(19) 

(20) 

(21) 

are flux and density independent. Hence, the heating rates can be cal
culated from particle transport results for any system if the factors 
k . are predetermined for all materials in the system. 

J 

k . .  is called the microscopic kerma factor for reaction i in 
elemenP j. The term "kerma" is an acronym standing for the Kinetic 
Energy B_eleased in !!aterials. The phrase "fluence-to-kerma factors" 
was introduced by [ ��, International Commission on Radiological Units 
and Measurements . The term "kerma" will be used throughout this 
report as defined by equation 20 and 21 shown above, with E . .  as de-
fined next. 1J 
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E . . (E) is the energy released in element j per reaction i induced 
by a ni!tron of energy E. The energy release considered here is the 
energy which can be assumed to be deposited locally, i.e. , within a 
negligible distance from the site of the reaction. This implies that 
E . . is the sum of kinetic energies of the recoil nuclei, charged 
p!tticles emitted, and charged particles produced by radioactive 
decay of the residual nucleus and such other processes as internal 
conversion. The addition of the contribution from radioactive decay 
to energy deposition depends on the type of calculation performed, 
time dependent or steady state. This coilllllent will be elaborated on 
later. 

The gannna-ray kerma factors are defined in a similar manner and 
can be determined from 

where 

Gj E + Gj (E - 1 . 02) + Gj E 
pe pp ca (22) 

kj (E) = gannna kerma factor for element j (MeV . cm2
/atom) 

y 

E = photon energy (MeV) 

� 
pe 

pho2
oelectric microscopic cross section for element j 

(cm /atom) 

= Compt�n microscopic absorption cross section for element 
j (cm /atom) 

pai2 production microscopic cross section for element j 
(cm /atom) 

In pair production, 1 . 02 MeV (two electron masses) of the photon energy 
is not available for local heat deposition. The two . 51 MeV photons 
produced by the pair are accounted for in the transfer cross sections 
of gannna energy multi-group cross section sets, hence the energy balance 
is maintained. Implicit in the use of Eq. 22 is the assumption that 
photoelectric, pair production, and Compton scattering are the only 
processes that contribute to energy deposition, thus all other possible 
processes are assumed nigligible. 

The evaluation of gaillllla kerma factors (Eq. 2 2) is straightfor
ward and is usually performed by tfrsJodes which [ 22�erate multigroup 
photon cross sections such as MUG and GAMMA . Therefore, 
gamma kerma factor calculations present no problem at present. 

Calculation of neutron kerma factors, on the other hand, is compli
cated by the variety of reactions which a neutron can undergo, and the 
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emission of more than one particle in many of these reactions. However, 
the kinematics and theory are still simple and the limitation on the 
accuracy of a neutron kerma calculation is set by the availability and 
accuracy of the nuclear data. 

Prior to the work reported here there were several efforts at cal
culating kerma factors. Some of these are reported in references 23 
through 28. However, these efforts were directed mostly toward cal
culating kerma for elements which are major constitutents in the human 
body. Furthermore, they involved several simplifying assumptions such 
as neglecting inelastic scattering entirely, anisotropy of elastic 
scattering, and several others. The work of Ritts et al. 27 included 
a larger number of reactions and was an improvement over all preceeding 
work. They calculated kerma factors fof2st elemental constitutents of 
the human body. This work was extended to calculate kerma for seven 
elements of interest in fusion reactor blankets. However, Ritts et. al. 
in their work did not have a general format or algorithm for calcula
ting kerma and the same effort had to be duplicated for each material 
or for a new evaluation of the basic data for the same material. In 
addition, it involved some approximations in calculation of the secon
dary neutron energy distribution and the excitation of residual nuclei 
in non-elastic reactions. 

The Evaluated Nuclear Data File (ENDF) [ 2 9 ] provides a unified for
mat that is used to store and retrieve evaluated sets of neutron and 
photon cross sections. The ENDF formats are versatile and flexible 
enough that almost any type of neutron interaction mechanism can be 
accurately described. Further, the nuclear data in the ENDF/B library 
is continuously revised, re-evaluated, and updated. Thus, it provides 
the most suitable up-to-date nuclear data library. 

A computer program was written to calculate neutron fluence-to
kerma factors from nuclear data in ENDF/B format based on the theoreti
cal model described shortly. The name of the code is MACK (MACK: 
�ohamed !bdou _£omputes ferma). 

The basic purpose of the MACK program is to calculate neutron
induced kerma factors as a function of neutron energy. The �alcula
tion is carried out for a discrete energy mesh flexibly specified 
by input options for any desired energy range. In addition, several 
calculational routines were included in the program to generate 
energy group kerma factors and energy group cross sections (group 
constants, not transfer matrices) for any reaction type desired. 
These options provide a rapid and economical way of obtaining cross 
sections in multigroup form for calculation of reaction rates of 
interest ; e. g. , helium, hydrogen and tritium production. The MACK 
code also has a built-in resonance treatment and the resonance cross 
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sections can be computed, Doppler-broadened at an arbitrary tem
perature, from resonance parameters (ENDF/B) file 2) . This provides 
the code with independence from other programs in processing ENDF/B 
data for resonance nuclides. 

The theory involved in evaluating kerma factors, the algorithm 
for the MACK program, and the models for processing nuclear data in 
ENDF/B format are discussed in great detail in reference 4 but a brief 
sunnnary is given next. This is folowed by an analysis of the kerma 
factor results for CTR materials. A discussion of the generation of 
libraries of group kerma factors and partial cross sections with MACK 
from ENDF/B3 is given in Appendix A. 

Theory for Kerma Factor Calculation 

The theory required for calculation of neutron kerma factors is primarily 
that associated with the kinematics of collisions of both elastic 
and nonelastic types. Thus, in addition to cross sections for excited 
levels both discrete and in the continuum, the average direction cosine 
for each reaction, the energies of the excited levels, Q values, and 
internal conversion factors must also be known. Further, if the product 
nucleus is radioactive with a short enough half-life that its energy 
release should be included in a steady state calculation of the energy 
deposition, there must be data on its mode of decay and the energetics 
of the prJcess. Thus, rather complete data is required on the nuclei 
and the reaction processes involved as compared to that normally used. 
There is an additional complication in that it is not readily possible 
to combine the different isotopes of an element and simply give elemental 
data. Of course, one must finally combine microscopic data to obtain 
macroscopic kerma factors. 

The theory has been given elsewhere in considerable detail [4 ] 

and will not be repeated here. It is reasonably straightforward 
in most cases. An exception arising in multiple particle reactions 
such as the (n, 2n) reaction in which the intermediate nucleus can 
be left in more than one state of excitation. The averaging required 
over intermediate states to determine how much of the energy is de
posited and how much goes to gamma production is more complicated. 

Reaction Types 

For kerma calculation, the nuclear reactions are conveniently 
classified into the seven types given in Table V-C-4. In this table 
MT is the ENDF/B reaction number and LR is a flag used in ENDF/B3 to 
allow inclusion of information about the (n, n ' ) part of a combined 
inelastic reaction (other then y-ray emission) by presenting these 
reactions with MT = 50-91 (inelastic scattering to levels and con
tinuum) and using the appropriate MT number in the LR flag field. 

Since ENDF data generally extends only to 15 MeV at present, 
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TA BL E V - C - 4  

REAC T ION  TYP E S  

F o r  t h e  P u rp o s e  o f  Ke rma C a l c u l a t i o n , Th e Nuc l e a r  R e a c t i on s  
a r e  C l as s i f i e d  I n t o  t h e  Fo l l owing  Typ e s : 

( n , n )  

( n , n ' ) y 

(n , n ' ) y  

( n , mn ' ) a  , a  • • •  c l c 2 

(n ,  y )  

( n , 2 n )  

R EAC T ION TYP E MT 

E l a s t ic 2 

I n e l a s t i c  5 1 - 9 0  

I n e l a s t i c Co n t i nuum 9 1  

( n , mn ' ) C h a r g e d  P a r t i c l e s  2 2 , 2 3 , 2 4 , 2 8 and 

m •l o r  2 

( n , Ch a r g e d  P ar t i c l e s ) 

R ad i a t i ve C a p t u r e  

5 1 - 9 1  w i t h  F l a g  L R  

1 0 3 - 1 0 9  
7 0 0- 7 9 9  

1 0 2  

1 6  
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which is the energy range required for most applications, contribu
tions to the kerma factors from (n, 3n) reactions and from secondary 
nuclear reactions caused by charged particle products of the primary 
reaction are neglected. 

Energy Deposition Due to Radioactive Decay 

Particle emission from the decay of the activated residual 
nuclei must be considered in the calculation of neutron kerma 
factors as it is another mechanism for local energy deposition. 
Since radioactive decay is time dependent, the kerma factors for 
nuclear reactions followed by radioactive decay is time dependent. 

However, the most important contribution to energy deposition 
from radioactive decay is generally from short-lived residual nuclei 
since the mean-life time for decay decreases rapidly as the dis
integration energy increases. The contribution from activated re
sidual nuclei with a mean life time greater than a few days is 
usually negligibly small. Thus, kerma factors in which radioactive 
decay is considered for half-lives less than an arbitrary cut-off 

(e. g. 10 days) only are suitable for steady state heating rate 
calculations. If the heating rate is to be calculated for a short 
period of operation of the nuclear system (e. g. start-up) , then 
the contribution from radioactive decay should be calculated 
separately from the contribution to energy deposition by charged 
particle recoil from nuclear reactions. Clearly, the latter is 
always time-independent (energy release not heating rate) .  

+ 
The most frequent type of decay is by emis�ion of B particles. 

B decay may occur after (n, 2n) reactions and B after (n,y) and 
(n, charged particles) reactions. Since B particles are emitted 
with an energy spectrum, the average kinetic energy of B particles, 
E8 must be calculated. Previous works [27 and 28 ] assumed the average 
k1netic energy of a B particle to be 30% of the end-point for all 
isotopes a�d end-point energies. This assumption severely under
estimates E

6
. 

Use of the Fermi theory of B decay allows a more careful 
treatment of this energy. This has been carried out in detail [ 1 ] . 
The average energy of B decay is not usually given in the table of 
isotopes [30 ]  nor in other compilations radioisotopes. The B 
endpoint energy, relative intensities, fraction of electron cap
ture, a-particle energies, half-lives and other required information 
are usually given in such compilations . This suggests generating 
a library for the average energy release from radioactive decay for 
all reactions and isotopes of importance. Such a library will not 
only be useful for adding the contribution of radioactive decay to 
kerma factors but also will provide necessary information for 
calculation of decay heat in nuclear devices. It is also suggested 
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that the average energy release from radioactive decay following a 
nuclear reaction be specified in ENDF/B file 1 section 453. 

The MACK code provides several options for adding the energy 
release contribution of radioactive decay that follows a nuclear 
reaction to the energy release calculated from recoil of charged 
particles. These options are fully described in reference 4. 

A final point worth mentioning concerns the contribution to 
energy release by gamma emission from radioactive decay. Since 
the gammas are frequently of high energy, they are transported 
through the medium away from the site of the neutron reaction 

and they do not contribute to the local energy deposition. The 
energy deposition by these gammas can be properly accounted for 
by adding them to the secondary gamma production source. 

7. Comparison and Analysis of Neutron Kerma Factors For CTR Materials 

The neutron fluence -to-kerma factors presented here are for 
materials of prime interest for use in CTR blankets, shields and 
magnets. The kerma factors are plotted for the energy range 
to 15 MeV at 100 points generated by taking every tenth point from the 
1000-point energy mesh described in Appendix A. This repro-
duces clearly the gross behavior of the neutron kerma factors for all 
materials but does not exhibit all the fine detail·s. 

Before discussing the results it is useful to summarize the 
technique for calculating the total nuclear heating. In the pre
ceding subsections, the nuclear heating was divided into two contri
butions. The first type is the energy deposition by charged particles 
and recoil nuclei from the neutron reactions and the second type is 
the heat generated by the secondary gammas. This classification is 
rather artificial and is made only to facilitate the calculations. 
In any nuclear system both types occur. The nuclear heating is a 
function of the nuclide densities, neutron and gamma flux spectra 
in addition to the neutron and gamma kerma factors. The ratio of 
gamma heating of H to the neutron heating H varies considerably 
from material to mAterial. Materials which Rttenuate neutrons mostly 
through inelastic scattering reactions have, generally, small neutron 

kerma factors and large photon production cross sections. Further
more, these materials are in most cases of high atomic number and 
attenuate the photons effectively resulting in a high H to H ratio. 
Therefore, in comparing the neutron kerma factors for vXriousnmaterials 
it is not true in many cases that the material with the smallest k 
has the lowest nuclear heating. However, this is generally true 

n 

for materials of approximately the same atomic number. 

Comparing the neutron kerma factors for several materials for 
the purpose of comparing "energy multiplication" also does not yield 
useful results in many cases since the energies of the secondary 
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neutrons and photons are not included in local energy deposition 
factors. Further since kn combines the energy release per reaction 
with the neutron reaction cross sections a lower neutron kerma factor 
does not necessarily imply energy " gain" or "loss". For example, 
an endothermic (n,a)  reaction usually yields a higher kn, than the 
exothermic (n,y )  reaction. 

The purpose o f  the above comments was to show that it is dif fi
cult in some instances to draw conclusions about "energy breeding", 
relative magnitude o f  total heating rate, etc. in various materials 
by comparing the neutron kerma factors alone . It is also sometimes 
difficult to get information about energy breeding from the reaction 
q-values alone. The ratio o f  exothermic and endothermic reaction rates 
to the total reaction rate should also be examined. In addition, a 
material can have a net"energy gain" in one system and an "energy 
loss" in another system depending on the spectra and the energy 
ranges o f  importance for exothermic and endothermic reactions. In 
some cases, however, many conclusions can be reached by inspecting 
the neutron kerma factors alone as long &s care is exercised. Of  
course, in all cases, the required information can be obtained from 
calculating the various response rates in the system o f  interest. 

Since the neutron heating depends strongly on the spectrum it is 
helpful here to introduce two reference spectra. The first is the 
blanket first wall flux given in Appendix A and will be re-
ferred to �s the FWS (fusion wall spectrum) . The second is a constant 
flux in all groups o f  the GAM-II  group structure given Table V-C-1. 
The GAM-II one hundred group structure employs 0.1 lethargy unit 
intervals from 15 MeV to 111 KeV and 0.25 lethargy unit intervals at 
lower energies. Therefore a uni form GAM-II  group flux represents a 
C/E spectrum above 111  KeV and c2/E spectrum below with C2 = .25 Cl, 
The integrated flux below 111 KeV is approximately equal to that above 
i.e. 50% o f  the total. Hence, the uni form GAM-II  spectrum emphasizes 
the low energy range while the FWS emphasizes the high energy range. 
These two spectra represent the opposite ends o f  the shield and blanket 
spectra. Two integral quantities for comparing neutron kerma factors 
based on these spectra are defined as follows : 

ns = heat generated per unit fluence per atom for uni form GAM-II  
group �lux (qualitative shield spectrum) 

heat generated per unit fluence per atom in the reference 
CTR first wall system 

Table V-C-5 tabulates the values of  n and nw for CTR materials cal
culated from the kerma factor results o f  tRis work. Very useful in
formation can be deduced from comparing n and nw for the same material 
and comparing each of  them for di fferent �aterials. 

From Figures V-C-1 to V-C-8 it is evident that the energy dependence of  the 
neutron kerma factor, kn, for a material does not resemble that o f  the 
total cross section for the material in the high e�ergy region. In 
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Table V-C-5 Neutron Heating per Unit Fluence for Uniform Group Flux 
(C/E) and CTR Blanket First Wall Flux 

Heating per Unit Fluence 
in eV. barn/atom 

Uniform (GAM-II) Blanket First 
Material Group Flux (n ) Wall Flux (n ) s w 

H-1 1. 3232 (+6) 1. 9220 (
+6) 

H-2 8 . 9 317 (
+5) 1. 2875 (+6) 

He 6 . 8592 ts> 9 . 4207 (
+5) 

Li-6 1 .1684 ta> 4 . 9455 (+6) 
Li-7 4 . 7525 ts> 7 . 9208 (

+5) 
Be-9 4 . 8390 ts> 8 . 8523 (

+5) 
B-10 2 . 7463 ta> 7 . 2484 (

+6) 
B-11 2 . 8431 (

+5) 5 . 0805 (+5) 
t-12 3 . 1895 (

+5) 7 . 4605 (
+5) 

0-16 2 .  989 7 (
+5) 7 . 3357 (+5) 

Na-23 2 . 7397  ts> 6 . 6978  (
+5) 

Al-27  2 . 8324 ts> 8 . 1872 (
+5) 

V 2 . 6729 (
+5) 2 . 8960 ts> 

Cr 1.  7750 (
+5) 5 . 7093 ts> 

Ni 5 . 7031 (
+5) 1. 3559 t6) 

Fe 1 . 9151 (
+5) 6 . 2025 (+5) 

Cu-63 3 . 1195 ts> 6 . 6301 (+5) 
Cu-65 3 . 1737 (

+5) 3 . 5170 (
+5) 

Cu(natural) 3 . 1362 (
+5) 5 . 6682 (+5) 

Nb 9 . 0062 (+4) 2 . 2813 (+5) 
Ta-181 4 . 3584 (

+4) 7 . 6382 (
+4) 

W-182 4 . 5902 (
+

4) 8 . 5089 (
+4) 

W-183 4 . 4777  (
+

4) 8 . 5610 (
+4) 

W-184 4 . 3192 (
+4) 8 . 4098 (

+
4) 

W-186 6 . 7309 (
+6) 1. 5949 (

+5) 
Pb 4 . 4141 (+4) 7 . 2026 (+4) 
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general, the total cross section decreases with energy in the MeV 
region while k increases because the energy release per reaction 

increases lineirly or faster while the total cross section decreases 
slowly with energy . On the otherhand, in the resonance region, the 
energy dependence of k follows closely that of the total cross 
section . In the elect¥on volt region, k decreases with energy for 
all but a few materials . In this energynrange, k is dominated by 
� reactions such as (n,y)  in most materials or in,a) in Li-6 and 

� 
B-10 . The energy release per reaction is rather constant in these 
case� and k

n 
follows roughiy the energy dependence of the cross 

sections .  

The kerma factor plots are arranged in groups of two or three 
materials on the same graph for comparison purposes . Figure V-C-3 
shows the kerma factor for the three basic elements in the human 

body . More than 95% of the dose in a Standard Man results from 
energy deposition in hydrogen, carbon and oxygen for incident neutron 

energies greater than 1 KeV. Below 10 eV the dose comes mostly from 
neutron interactions in nitrogen . Although k for carbon is higher 
than k for oxygen over most of the range thenoxygen dose in Standard 
Man isnhigher because of elemental percentages. Kerma factors for 
hydrogen , carbon and oxygen have proved extremely useful in Section 

B in calculating the dose in the coil insulators. 

Figure V-C-1 shows that k for Li-6 is higher than for Li-7 over 
the entire energy range from Onto 15 MeV (This contradicts previous 
results by Ritts et al . [28 ] ) . Since both materials have the same 
atomic number the total nuclear heating in Li-6 is always higher 
than in Li-7 for equal nuclide number density for any spec�rum. Table 
V-C-5 shows that n for Li-6 is about 800 times n for Li-7 butn is 
higher by only a f3ctor of six . Therefore, in th� first few mean

w 

free paths (for 14 MeV neutrons) of natural lithium (7 . 42% Li-6 and 
92 . 58% Li-7) the nuclear heating in Li-7 is higher than in Li-6.  In 

the rest of the blanket the reverse is true. Above 5 MeV, the energy 
deposition in Li-7 is mainly due to the (n, n �a) reaction and elastic 
scattering.  The elastic scattering contribution dominates in Li-7 
at lower energies down to about 0 . 1  MeV where the (n,y) reaction . comes 
into play . k for Li-7 at thermal energies is essentially that of 
radiative cap�ure which is followed by the 0 . 85 second S- decay of Li-8 . 
In Li-6, more than 50% of the energy release comes from the (n, .n � ) d  
reaction for incident energies above 6 MeV with elastic, (n,a) and 
(n,2n) a  reactions contributing the other 50% .  The (n,ai reaction has 
an exothermic Q-value in Li-6 of 4 .786 MeV and a large - cross section 

at low energy . For incident energies less than 200 Kev; almost all 
the heat generated in Li-6 comes from this reaction . In an optically 
thick Li-6 region with a 14 MeV neutron source, the (n,a) reaction 

rate is more than 90% of the total nonelastic reaction rate . Hence, 
more than 4 MeV is converted from mass to kinetic energy and Li-6 is 
an excellent clean "energy breeder" . Except for the radiative capture 
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reaction, all nonelastic reactions in Li-7 are endothermic and hence 
there is an "energy loss" in Li-7 through conversion of kinetic energy 
to mass. The situation is different in Li-7 for incident energies of 
about 1 KeV or lower. In this low energy range, the (n, y) reaction 

dominates and there is a gain in energy of 11. 3 MeV per reaction 

(2 MeV neutron binding energy and 9. 3 MeV from the 8- decay of Li-8 
to Be- 8 which disintegrates into two alpha particles) . The energy 
multiplication in natural lithium at low energies is governed, however, 
by the Li-6 (n, a) reaction which has a much larger cross section than 

the (n,y) in Li-7. 

Figure V-C-2 shows the neutron kerma factor, k ,  for the two 
isotopes of natural boron which is the basic neutroR absorber in most 
shields. k is much higher for B-10 than for B-11 in the entire energy 
range from 2ero to 15 MeV. This is primarily because of the large 
energy release from the (n, a) reaction at lower energies. Both reactions 
are exothermic with a Q-value of 2. 79 MeV for (n,a) and 0. 23 MeV for 
(n, t) in addition to 0. 95 MeV average decay energy per (n, t) reaction. 
Except for radiat'ive capture, all nonelastic cross sections in B-11 
are endothermic. n for B-10 is three orders of magnitude higher than 
n for B-11. Therefore, the heating rate in natural boron (19. 6% B-10 
a5d 80. 2% B-11) is essentially that of B-10 for a typical shield 
spectrum. For high energy spectra such as the first wall 
spectrum, the neutron heating in B-10 is also more than 70 times the 
neutron heating in B-11. Although k for B-10 is higher than that of 
Li-6 at energies below 7 MeV Li-6 is

n
a better energy multiplier. The 

B-10 (n, a) cross section is larger than the Li-6 (n, a) cross section but 
the (exothermic) Q-value for the latter is about 1.7 times the Q-value for 
the former. 

Figures V-C-3 through V-C-8 show the neutron kerma factors for 
other materials of great importance for use in CTR. Vanadium and 
niobium are proposed for use as the first wall material. Iron, 
chromium and nickel are the basic constituents of stainless steel 
which may be used as the first wall material in the first generation 

of fusion reactors. In addition, stainless steel will very likely 
be employed for high energy neutron attenuation in the shield and 
as structural material for the magnet. Copper is used as the stabil
izer for the superconducting magnet. 

Figure V-C-8 compares the neutron kerma factors for the important 
elements in stainless steel, Fe, Cr, and Ni. It can be seen from this 
graph that k for nickel is roughly twice that of iron from 3 to 15 
MeV. Hence, nk for stainless steel can not be approximated by that 
of iron as is ¥requently assumed [31 ] .  Stainless steel has usually 
10 to 15% nickel. For a typical CTR blanket, approximating the neutron 

kerma factor for a stainless steel first wall by that of iron under
estimates the neutron heating by more than 10%. For the C/E flux 
in the range O to 15 MeV the neutron heating per Ni atom is about 
three times the neutron heating per Fe atom and approximating the 
stainless steel kerma factor by iron underestimates the neutron 
heating in the shield and magnet by more than 20%. 
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The neutron kerma factors for natural copper and iron are com
pared in Figure V-C-6 .  Below 1 0  MeV, copper has a higher kerma factor . 
n for copper is about 50% higher than n for iron and about 45% lower 
t�an for nickel. The copper gamma kermasfactor is also (slightly) 
higher than for iron and nickel . Therefore, for a typical CTR shield 
spectrum at the magnet edge the total heating rate per unit volume in 
copper is roughly 25% higher than in stainless steel (the number of 
nuclei per unit volume is approximately the same for the two materials ) .  
The neutron kerma factor is compared for iron, niobium, and vanadium 
in Figure V-C-7 for the energy range 1 to 15 MeV which is the range 
of importance for energy deposition in the first wall. Above 5 MeV, 
k is highest for iron followed by vanadium and lowe st for niobium. 
TRe mainreas on for that is the relative magnitude of the (n, a) and 
(n, p) cros s  sections for the three materials in this energy range .  
From Table V-C-5, n for iron is about 2 .7 times that of niobium 
and 2 . 1  times that if vanadium. n for vanadium is 1.26 times n 
for niobium. The difference in th� first wall neutron spectra f�r 
the three materials does not affect significantly the relative mag
nitude of n . However, the gannna heating in the first wall is con
siderably hlgher than the neutron heating (a factor of about 10 for 
niobium). The relative magnitude of the gamma production source and 
the gamma kerma factors are not in the same order as for the neutron 
heating. Gannna production and heating is highest in niobium and 
lowest in vanadium. 

8 . Conclusions 

A large effort has been devoted in our program to collect and 
organize the nuclear data parameters required for CTR neutronics and 
photonics calculations . The data library is currently organized 
into four major parts: 1- neutron multigroup cros s  sections in GAM-II 
one-hundred and UW-46 group structures, 2-gannna multigroup cross 

sections in the UW-43 group structure, 3-photon production 
for the (100, 43) and (46, 43) neutron-gamma group structures, and 4-
neutron and gamma kerma factors and partial cros s  seations. 

In addition to the data libraries, we have operated several 
computer programs including ANISN, MORSE , LAPHANO, and MUG. Our 
efforts have als o produced a program, MACK, which computes energy 
deposition parameters (kerma factors ) and partial cros s  sections. 
A program, LINK [46] ,  has also been developed for calculations of 
the gannna production s ource. A · one-dimensional variational program, 
VARI-ED (14-b) has been developed to carry out sensitivity studies at 
low computational cost . Our studies [1-3] have shown that there is 

a lack of information about s ome important nuclear data parameters . 
In particular, a large effort should be devoted to measuring and 
calculating charged particle and gamma production cros s  sections. 
The data in the energy range 5 to 15 MeV seems to suffer from the 
largest uncertainties . 
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V-D Flux Calculations 

1. Introduction 

In neutronics and photonics analysis of fusion reactor blankets 
and shields the basic problem is calculation of "response" rates. 
A response rate generally takes the form 

R = 
I 
-+ 
p 

-+ -+ -+ 
r

R
(P) ij)(P) dP (23) 

-+ -+ 
�here r

R(P) is the response function, 1/J(P) is the angular flux, and 
P represents a point in the phase space. The previous sectio� �as devoted 
to calculating the response functions of interest, namely, neutron and 
gamma kerma factors and group cross sections by reactions. An 
adequate calculational model for determination of 1/J in the blanket 
and shield is investigated in this Section. 

The angular flux, 1/J, is obtained from a solution of the Boltzman 
transport equation : 

11/J = S 

where L is the Boltzman operator and 
The calculations reported here used 
ANISN, [ 42 ] to solve equation (24) .  

S is the external Source. 

(24) 

[ 4 1 ]  
a 1-D discrete ordinates program, 

In this stage of fusion reactor design ,  it is expected that 
steady-state fusion reactors will be either cylindrical or toroidal 
in geometry with some possible variations forseen in practical . designs 
of full-scale reactors. The cylinder is conceived to have a large 
height-to-diameter ratio with large plasma diameters anticipated. The 
toroidal geometry is expected to have an aspect (maj or-to-minor diameter) 
ratio of about 3 for Tokamak-type devices and roughly 200 or more for 
theta-pinch reactors with the major diameter so large that the curva
ture can be neglected at least to first order, in neutronics calcula
tions. Full-scale reactors will employ feed pipes, divertors and 
several other necessary access regions. Therefore, very accurate 
neutronics and photonics analysis of full-scale reactor designs have 
to be carried out eventually in three-dimensional geometry. From the 
neutronics point of view, the access regions built into fusion blankets 
and shields will have the effects of 1 - having regions of low nuclide 
density from which neutrons and photons can stream out of the system 
affecting the neutron economy, energy deposition and multiplication, 
and requiring shields somewhere near the outer ends of the ducts ; and 
2 - increasing parasitic absorption of neutrons by neutron collisions 
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in the access region walls. However, survey studies have been 
carried out using one dimensional models for the transport calcu
lations. Some of the multi-dimensional aspects of the neutron 
transport have been investigated using Monte Carlo calculations as 
discussed in a previous section. 

In fusion reactors with magnetic confinement schemes, the blankets 
and shields have unique characteristics that are not frequently met 
in other areas of nuclear work. The fusion shell (blanket and shield) 
has a strong volumetric neutron source in vacuum on one side and a 
superconducting magnet cryogenically cooled to about 4°K on the other 
side. To reduce the heat load into the refrigeration system to a 
resonable limit, the

6
neutron and gamma fluxes must be attenuated by 

a factor of about 10 . In addition, the neutrons are born as roughly 
a delta function in energy and only at one end of the blanket and there
fore the error in predicting the neutron flux in the first few mean 
free paths in the upper energy group propagates rapidly to lower 
energy groups and deeper regions of the blanket and shield. Therefore, 
CTR blanket and shields represent deep penetration problems which 
have the characteristic that low-order approximations will usually 
poorly predict results. In the following, an attempt is made to find 
the orders of approximation adequate for predicting acceptably 
accurate neutronics and photonics results without excessive costs. 
The effects studied here are the source form and geometry, anisotropy 
of scattering, angular quadrature, and spatial mesh spacing for both 
neutrons and photons for the discrete-ordinates method. 

Before proceeding to a discussion of results, a few words about 
the nuclear data used in the calculations is in order. Most of the 
investigation carried out for assessing adequate approximations for 
flux determination was completed before ENDF/BIII data was available 
to us. Therefore, most of the results presented in this section were 
carried out using ENDF/BII data. The neutron heating rates were also 
calculated using the kerma factors given in reference 28 because the 
MACK program discussed in the previous sections was not developed at 
that time. While there is a change in the absolute magnitude of the 
parameters calculated here when ENDF/BIII data is used, e. g. Nb(n, 2n) , 
cross sections, the relative magnitude of the results predicted by the various 
approximations do not change. Therefore, repeating these calculations 
would not change the conclusions derived here nor add anything new 
to our understanding of the problems investigated. Thus, we present 
the results calculated from ENDF/B2 as noted in each table. Results 
in tables given in this section without a note about the source of data 
are derived from ENDF/B3. All other calculations presented in this 
work were carried out using ENDF/B3 data with the partial group 

[4 ]  
cross sections and neutron kerma factors generated with the MACK program. 

The calculations given here are based primarily on a standard 
fusion reactor blanket model adopted for benchmark and cross sections 
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at the International Working s1��fons on Fusion Reactor Technology 
held at Oak Ridge in June 1971 . This standard blanket is shown 
schematically in Figure V-D-1. 

2. Neutron Source Distribution 

The nearly monoenergetic neutron source is essentially isotropic 
because the ions are nearly isotropically distributed; and so little 
of the available momentum of the products is needed to balance the 
initial momentum, that the neutrons would be virtually isotropic 
regardless of the ion distribution. The source intensity is pro
portional to the square of the ion density and to the cross section 
which in the temperature range of interest for practical applications 
is essentially linear in the temperature. The equations governing 
the spatial distribution of these quantities are the energy and 
particle conservations and Maxwell' s equations. This system of 
coupled equations can only be solved numericf!!J or by rather drastic 
simplifying assumptions. It has been shown that plausible 
source spatial distributions take the form 

(25) 

where a is two for slabs and cylinders artd 5/2 for toroidf!4¥eometry 
and S is one for neo-classical and two for Bohm diffusion . . The 
radius r at which the ion density and neutron source become zero is 
fixed byPa system of magnet windings which divert any ions beyond this 
radius out of the central reactor region. From the point of view of 
the neutron source r is a parameter. 

p 
Table V-D-1 shows the influence of the neutron source distribution 

on helium and hydrogen production and atom di,placement in the 
structural material, tritium production in Li , neutron heating, and 
leakage. The calculations were carried out for the energy range 8 
to 14 . 1  MeV. This energy range was chosen to reduce the cost ; however, 
it is the dominant energy range from a neutronics effects point of 
view. Table V-D-1 shows that the change in the reaction rates due to 
changing the source d�stribution is small and is generally within 1 
to 2% for (parabolic) , parabolic, and uniform distributions. Hence, 
the results are relatively insensitive to the exact distribution and 
it suffices to use something resembling a parabola. 

3. Neutron Source Geometry Effects and Cylinder-Slab Comparison 

Table V-D-3 shows the most important neutronics and photonics 
results for the standard blanket of Figure V-D-1. The table shows that 
the slab representation overestimates all the neutronics results in 
the first wall by about 17%, and underestimates the results in the 
outer regions. The neutron leakage from the slab for neutrons above 
8 MeV is 50% lower than the leakage from cylindrical blanket. Approxi-
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Table V-D-1 Neutron Source Distribution Results for Cylindrical 
Geometry (S 12 and P 3  approximations ) 

(Results normalized to unit neutron source) 

Source Form 

Niobium 
(n , a) l:<104 

Niobium 
(n ,p) X10 3 

Niobium 
Displacement 
(DPA/n. sec) x5x10 2 0 

Li 7 tritium 
production 

Neutron 
Heating 
rate in 
wattsX10 1 4 

Right boundary 
Leakagexl04 

QJ 

N 

3 
5 
Ta 

3 
5 
TB 

3 
5 

4 
6 
7 
8 
Tb 

3 
4 
5 
6 
7 

ab T 

TC 

Volumetric Volumetric 
(parabolic) 2 parabolic 

4. 42 I 4. 46 
3 . 01 3 . 04 

15 . 01 15 . 07 

1 . 46 1 . 47 
1 . 01 1 . 01 
5 . 07 5 . 09 

3 . 14 3 .  77  
2 . 62 2 . 64 

0 . 062 0 . 062 
0 . 214 0 . 214 
0 . 085 0 . 084 
0 . 034 0 . 034 
0 . 395 0 . 395 

0 . 81 0 . 81 
15 . 78 15 . 90 
0 . 55 0 . 56 

52 . 40 52 . 47 
19 . 82 19 . 60 

7 . 79 7 . 67 
95 . 95 95 . 82 

37 . 8  35 . 97 

a - sum over all zones (for neutrons above 8 MeV) 

Volumetric 
uniform 

4. 56 
3 . 09 

15 . 20 

1 . 50 
1 . 03 
5 , 13 

3 . 86 
2 . 69 

0 . 064 
0 . 210 
0 . 082 
0 . 0327  
0 . 394 

0 . 83 
16 . 2 7 

0 . 57 
52 . 60 
19 . 19 

7 . 41 
95 . 58 

34. 4 

b - sum over breeding zones ( for neutrons above 8 MeV) 

c - sum for outgoing neutrons above 8 MeV 

This table based on ENDF/B II data 

Line 
isotropi C 

3 . 57 
2 .  77  

14. 40 

1 . 18 
0 . 93 
4. 77 

3 . 03 
2 . 40 

0 . 054  
0 . 220 
0 . 093  
0 . 039 
0 . 404 

0 . 65 
13 .  77 
0 . 51 

53 . 05 
22 . 01 

8 . 97 
9 7 . 94 

43 . 3  
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Table V-D-2 Effect of Plasma and Wall Radii on Response Rates 

(uniform source , S 1 2 , P 3 )  

(Results Normalized to a Unit Neutron Source) 

Wall Radius rw (meters) 

Plasma Radius rp (meters) 

Niobium (n ,a) x 104 

Neutron Heating 
Rate in watts x 10 1 4 

Leakage x 104 

Zone 

3 

5 
Ta 

3 

4 

5 
Tb 

Tc 

2 

line 
source 

3 . 57 

2 . 7 7  

14 . 1 

0 . 65 

13 . 7 7  

0 . 51 

97 . 94 

43 . 3 

2 

0 . 1 

4. 33 

2 . 95 

14. 8 

0 . 79 

15 . 45 

0 . 54 

96 . 10 

38 . 3 

a . sum over all zones (for neutrons above 8 MeV) 

b . sum over breeding zones (for neutrons above 8 MeV) 

c .  sum for neutrons above 8 MeV (assuming no reflect i6n) 

This table based on ENDF/B II data 

2 

1 . 5 

4. 56 

3 . 09 

15 . 2 

0 . 83 

16 . 27 

0 . 57 

95 . 94 

34. 4 

8 

7 . 5 

4. 9 

3 . 2 

15 . 6 

0 . 8 

17 . 2 

0 . 5 

2 

4 

94 . 9 

9 

8 

9 

0 

28 . 2 
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Table V-D-3 Slab - Cylinder Comparison (Reference Design of Figure V-D-1) 

(S e ,P 3 ) 

(Results normalized to a unit neutron source) 

Geometry Cylinder Slab Slab 
Source Volumetric Volumetric Shell 

Uniform Uniform Isotropic 

Niobium 3 4 . 61 7 .  77 5 . 27 
(n ,Cl.) X 104 5 3 . 14 3 . 68 3 . 32 

Ta 15 . 28 18 . 4  16 . 02 

Niobium 3 1 . 52 2 . 56 1 .  74 
(n ,p)  X 10 3 5 1 . 05 1 . 23 1 . 11 

Ta 5 . 16 6 . 17 5 . 41 

Niobium 3 3 . 90 6 . 53 4 . 45 
Displacement 5 2 . 73 3 . 20 2 . 89 
(DPA/n. sec) X 5 X 102 0 

Li 7 tritium 4 0 . 065 . 089 . 071 
produc t ion 6 0 . 214 • 193 . 214 

7 0 . 081 . 057  . 074 
a
b 

0 . 0325 . 020 . 028 
T 0 . 393 . 361 . 387 

Neutron 3 0 . 84 1 . 41 0 . 96 
Heating 4 16 . 54 22 . 84 18 . 07 
Rate in 5 0 . 52 0 . 68 0 . 61 
watts x 10 1 4 6 52 . 39 47 . 03 52 . 30 

7 19 . 04 13 . 18 17 . 30 
8 7 . 34 4 . 51 6 . 27 
Tb 99 . 28 87 . 62 94 . 07 

Leakage Tc 33 . 75 17 . 6  26 . 1  
X 10 4 

a - sum over all zones (for neutrons above 8 MeV) 

b - sum over breeding zones (for neutrons above 8 MeV) 

c - sum for outgoing neutrons above 8 MeV 

-----------------------------------------------------------------------
ENDF/B II data used in obtaining these results 
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mating the neutron source in slab geometry by an isotropic shell 
improves the results but the difference from cylindrical geometry is 
still very large. Therefore, slab geometry is unacceptable. 

The reason slab geometry gives poor results can be seen intuitively 
from the fact that the results are independent of the spatial distri
bution and the angular distribution incident on the first wall becomes 
infinite as the angle of incidence approaches a parallel to the wall. 
In a cylinder with the source not extending to the wall, there are 
no incident neutrons at right angles to the normal except in the verti
cal direction and the spatial distirbution further increases the ten
dency to normal incidence. 

The effect of the plasma and wall radii is shown in Table V-D-2. 
As expected from the above results, the smaller the ratio, the 
smaller the reaction rates in the first few zones and the larger the 
leakage. 

4. Effects of Scattering Anisotropy 

Since the neutrons have high energies, anisotropy of the scattering 
has important effects on neutron transport. As is well known ,  the dif
ferential scattering cross section is usually approximated by a trun
cated Legendre polynomial expansion in the scattering angle, 

cr (µ ) 
0 

L 
l CJ p (µ ) -o l l 0 

1 -
(26) 

where µ is the cosine of the scattering angle and L is chosen suffi
ciently0large to adequately describe the anisotropy of the angular 
distribution. An adequate value of L for CTR blankets is discussed 
next. 

Table V-D-4 shows the important neutronics results as a function 

of L for the standard blanket of Figure V-D-1. This series of cal
culations was carried out for the P through the Pe  approximations 
for slab and cylindrical geometries� The results show that convergence 
is achieved by P s .  However, Table V-D-4 shows that results obtained 
using P 3 are adequate to better than 1% accuracy. The results also 
show that increasing the order of anisotropy retained in the scattering 
increases the streaming tendency and lowers the heating and reactions 
in the inner blanket regions. 

5 .  Order of S Angular Quadrature n 

The next problem posed is the order required
[ �S ]

the angular quadra-
ture for the S method . It has been established that the inherent 
approximationsnin the S method are adjustable such that these n 
approximations do not materially affect the des ired solution. Practical 
limitations, however, prohib it using the finest energy, spatial, and 
angular mesh. Since the number, M, of angles in one-dimensional 
cylindrical geometry is equal to n(n + 4 ) /4 where n is the order of the 
quadrature used and the computation (CPU) time increases linearly with 
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Table V-D-4 Neutron Scattering Anisotropy (order of Pn) 

(cylindrical geometry , S 1 & )  

(Results normalized to a unit neutron source) 

Scattering Cl) 
P o  P 1 P 2 P 3 P 1t order 

Niobium 3 6 . 015 4 . 568 4 . 558 4 . 548 4 . 549 
(n ,a) x 101t 4 1 .  709 1 . 340 1 . 325 1 . 329 1 . 328 

5 3 . 836 3 . 137 3 . 068 3 . 085 3 . 080 
6 4 . 402 4 . 288 4 . 185 4 . 199 4 . 199 
7 1 . 000 1 . 459 1 . 481 1 . 469 1 . 472 
8 0 . 235 0 . 507 0 . 554 0 . 546 0 . 546 
T* 17. 198 lS. 304 15 . 178 15 . 183 15 . 181 

Li 7 4 8 . 321 6 . 403 6 . 335 6 . 352 6 . 349 
tritium 6 22 948 21. 967 21 . 441 21 . 517 21. 514 
production 7 5 . 65 8 . 207 8 . 271 8 . 215 8 . 227 

X 102 8 1 . 399 3 . 087 3 . 323 3 . 284 3 . 285 
10 0 . 007 0 . 039 0 . 051 0. 051 0 . 051 
T* 38. 324 39 . 703 39 . 422 39 . 419 39 . 426 

Neutron 3 1 . 099 · o. 834 0 . 832 0 . 830 0 . 830 
Heating 4 �0. 962 16. 302 16 . 122 16 . 168 16 . 159 
in watts 5 0. 704 0 . 575 0 . 562 0 . 565 0 . 564 

X 101t 6 �5 . 723 53 . 831 52 . 540 52. 723 52 . 717 
7 L3. 162 19 . 157 19 . 376 19 . 230 19 . 261 
8 3 . 177 6 . 929 7 . 514 7 . 418 7 . 420 
9 0 . 628 2 . 010 2 . 500 2 . 491 2 . 484 

11.0 0 . 015 0 . 081 0 . 109 0 . 096 0 . 110 
T* 95 . 47 99. 717 99 . 554 99 . 520 99 . 546 

GRP 

System 1 1 .  336 5 . 302 9 . 084 9 . 806 9 . 791 
Leakafe 2 0 . 720 5 . 557 9 . 174 9 . 462 9 . 426 

X 10 3 0 . 498 4 . 225 6 . 097 6 . 109 6 . 094 
4 0 . 488 3 . 421 4 . 307 4 . 270 4 . 267 
5 0 . 397 2 . 183 2 . 522 2 . 512 2 . 510 
6 0 . 428 1 . 973 2 . 224 2 . 222 2 . 221 

TC 3 . 866 22 . 661 33 . 408 34 . 381 34 . 308 

* sum over all zones for neutrons above 8 MeV 

c sum over outgoing neutrons of energies above 8 MeV 

P s 

4 . 540 
1 . 328 
3 . 082 
4 . 199 
1 . 472 
0 . 547  

15 . 175 

6 . 350 
21. 517 
8 . 228 
3 . 286 
0. 051 

39 . 433 

0 . 828 
16 . 163 
0 . 565 

52 . 724 
19 . 264 

7 . 424 
2 . 485 
0 . 110 

99. 563 

9 . 788 
9 . 429 
6 . 097  
4 . 268 
2 . 511 
2 . 221 

34 . 315 

------------------------------------------------------------------------
This table is based on ENDF/B II  data . 
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the number of angles, the cost of 
for high order S • Therefore, it 
smallest order 0¥ quadrature that 

computation increases roughly as 
is highly desirable to find the 
provides the desired accuracy. 

2 
n 

Table V-D-5 shows the effect of the order of angular quadrature 
on the important neutronics results for the standard blanket of 
Figure V-D-1. The results are given for both slab and cylindrical 
geometry. A uniformly distributed volumetric source and the P 3 approx
imation were employed in both cases. The spatial mesh was chosen with 
a step size fine enough to essentially eliminate the effect of the 
spatial mesh on the accuracy of the results. The cylinder results in 
Table V-D-5 show that as the order of approximation is increased, the 
flux anisotropy is treated more adequately and it becomes more forward 
peaked resulting in decreased reactions in 
the first zones. In t�e following discussion it is assumed that the 
S i s  results represent the "exact results" and the accuracy of the lower 
order S is quoted relative to · the S i s  results. The results of S 4 
overpreHict the neutronics results in the first zone by about 7 to 10%, 
overestimates the neutron heating in the last zone by more than 20%, 
and underestimates the neutron heating, Tritium and charged particle 
productions in zones 6, 7, and 8. S e provided better than 5% accuracy 
almost everywhere in the blanket. A 5% accuracy was also found to be 
obtainable with Ss provided that an adequate spatial mesh is used. 

As is well known, the accuracy of the discrete ordinate solution 
does not necessarily improve by increasing the order of angular quadra
ture alone or decreasing spatial mesh size alone. Studies were carried 
out · in the present work as to adequate mesh spacing for a given angular 
quadrature and conformed to a rule that an adequate mesh for any region 

resulted if the steps were 1/EtN where N is the order of S used and 
E is the largest total cross section in any group for thenmixture in 

tfiat region. Fo·llowing this rule guarantees improvement of the accuracy 
of the solution as N is increased. It was also found that the calcula
tions in groups corresponding to energies lower than a few KeV could 
be performed in lower approximations without degradation of the quality 
of the neutronics results. This is very convenient since E increases 
rapidly for most materials in this lower energy range and a�plying the 
above rule at such low energies would require a very fine spatial mesh. 

6. Gamma Calculational Model 

A calculational model for photonics is investigated next. The 
effects of scattering anisotropy were studied in slab geometry for 
economy using S i s • Convergence is not greatly affected by geometry. 
The results of interest in photonics are energy deposition and leakage. 
The system employed for the calculations is that of Figure V-D-1. The 
boundary condition or albedo is reflecting in this series and a set 
of results in selected blanket regions for anisotropy through P with 
n from zero to seven is shown in Table V-D-6. These results ar� converged 
by P 3 • However in the problem studied here P 1  doesn' t  give bad results 



V-D-11 

Table V-D-5 Order  o l  _ _  ���Jxima l  l on 

(Results normn lized to a unit  neutron source )  

Geometry . I � Cylinder 
Order of Sn � S1t  S e  S 1 2  S l 6  S 1t  

Niobium 3 4 . 819 4 . 609 4 . 567 4 . 548 6 . 148 
(n ,a) x10 '+ 4 1 . 439 1. 360 1 . 338 1 . 329 1 .  772  

5 3 . 320 3 . 141 3 . 096 3 . 085 3. 931 
6 4 . 126 4 . 172 4 . 189 4 . 199 4 . 139 
7 1 .  351 1 . 454 1 . 466 1 . 469 0 . 970 
8 o . 521 0 . 540 0 . 545 0 . 546 0 . 317 

T* 15 . 585 15 . 282 15 . 209 15 . 183 1 7 . 280 

Niobium 3 1 .  590 1 . 519 1 . 505 1 . 499 2 . 029 
(n ,p) X10 3 4 0 . 478 0 . 452 0 . 444 0 . 441 0 . 589 

5 1 . 109 1 . 049 1 . 034 1 . 030 1 . 315 
6 1 . 412 1 . 426 1 . 432 1 . 435 1 . 421 
7 0 . 480 0 . 516 0 . 520 0 . 521 0 . 350 
8 0. 190 0 . 198 0 . 199 0 . 120 0 . 118 

T* 5 . 263 5 . 163 5 . 139 5 . 130 5 . 823 

Niobium 3 4 . 081 3 . 899 3 . 862 3. 845 5 . 204 
Displace- 5 2 . 881 2 . 726 2 . 687 2 . 676 3 . 413 
ment (dPa/n . sec) x5x102 0  

Li 7 4 6 . 865 6 . 492 6 . 392 6 . 352 8 . 452 
tritium 6 21 .  206 21. 389 21 . 468 21 . 517  21 . 435 
produc- 7 7 . 588 8 . 135 8 . 201 8 . 215 5 . 653 
tion X 102 8 3 . 124 3 . 248 " 3 . 27 7  3 . 284 1 . 983 

T* 38 . 837 39 . 314 39 . 389 39 . 419 3 7 . 551 

Neutron 3 0 . 879 0 . 841 0 . 833 0 . 830 1 . 122 
Heating 4 17 . 492 16 . 535 16 . 2 73 16 . 168 21 . 536 
in watts 5 . 0 . 608 0 . 576 0 . 567 0 . 565 o . 720 

Xl0 1 '+ 6 51.  879 52 . 391 52 . 598 52 . 723 52 . 219 
7 1 7 . 726 19 . 036 19 . 197 19 . 230 12 . 963 
8 7 . 069 7 . 336 7 . 403 7 . 418 4 . 397 
9 2 . 508 2 . 453 2 . 483 2 . 491 1 . 351 
10 0 . 115 0. 108 0 . 109 0 . 096 0 . 059 
T* 98 .  277  99 . 275 99 . 464 99 . 520 94 . 40 

Leakage Tc 36. 919 33 . 752 34 . 258 34 . 381 18 . 012 
xI04 

* sum over all zones (for neutrons above 8 MeV) 
c sum over outgoing neurtons above 8 MeV 

Slab 
S e S l 6  

7 .  771  8 . 178 
1 . 881 1 . 848 
3 . 682 3 . 547 
3.  719 3 . 698 
0 . 992 0 . 991 
0 . 326 0 . 326 

18 . 375 18 . 591 

2 . 556 2 . 687  
0 . 625 0 . 614 
1 . 233 1 . 188 
1 . 280 1 . 272 
0 . 356 0 . 356 
0 . 121 0. 121 
6 . 172 6 . 239 

6 . 528 6 . 855 
3 . 205 3 . 090 

8 . 955 8 . 802 
19 . 352 19. 235 

5. 719 5 . 708 
2 . 026 2 . 022  

36. 079 35 . 795 

1 . 415 1 . 489 
2 2 . 840 22 . 444 
0 . 675 0 . 650 

47 . 029 46 . 755 
13 . 187 13 . 165 

4 . 507 4 . 500 
1 . 348 1 . 347 
0 . 057  0 . 057 

96 . 80 95 . 30 

17 . 604 17 . 575 

------------------------------------------------------------------------
This table is based on ENDF/B II data 
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6 
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8 

9 

10 

LC 

Table V-D-6 Gamma Scattering Anisotropy Convergence 

(21 energy groups , slab S 1 s , 1 photon/sec) 

P o  P 1 P2 P 3 P1t Ps P 1 

8 . 0597 7 . 9087 7 . 9432 7 . 9297 7 . 9342 7 . 9324 7 . 9316 

2. 7702 2 .  7180 2 . 7297 2 . 7257 2 .  7271 2 .  7268 2 . 7267 

7 . 0977  6. 9699 6 . 9960 6 . 9876 6 . 9902 6 . 9895 6 . 9894 

12 . 0342 11. 874 11. 8916 11. 8923 11 . 8906 11 . 8917 11 . 8925 

6 . 0468 6 . 0767 6 . 0542 6 . 0656 6 . 0615 6 . 0626 6 . 0627 

3 . 0105 3 . 1059 3 . 0828 3 . 0894 3 . 0885 3 . 0886 3 . 0885 

2 . 5544 2 . 9073 2 . 8667 2 . 8695 2 . 8697 2 . 8695 2 . 8695 

0 . 2470 0 . 2868 0 . 2903 0 . 2884 0 . 2888 0 . 2886 O. 288E 

1 . 1515 1 . 5254 1 . 5742 1 . 5648 1 . 5670 1 . 5665 1 . 5664 

P 7
a 

-
7 .  9240 

2 . 7 238 

6 . 9814 

11 . 8686 

6 . 0245 

3 . 0184 

2 . 37 70 

0 . 1398 

1 . 2543 

the right , a . All cases except this carried out with a reflecting boundary condition on 
while here a void condition is used 

b .  Heating rates in niobium (zones 3 - 8 and 10) and graphite (zone 9 )  are in watts x 10 1 5  

c. Right boundary positive current x 10 3 

I I 

I 
I 
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and one strongly suspects that a transport corrected P o  would be 
satisfactory. _ However, the combination of an isotropic and distri
buted source cause very low order approximations to work well in this 
instance. E�erience with other gamma flux problems indicated that 
a P 3  treatment would be prudent even though the above results would 
allow less. The last colunm in Table V-D-6 gives the P 7 results but 
with a void boundary condition. The only results that are affected 
in a major way are near the right boundary as would be expected. Table 
V-D-7 shows the same general results for a void at the right boundary 
in two lower order SN calculations for both slab and cylindrical 
geometries. The S s  slab results are within 1% of the S i s  results and 
compare very favorably with the last column of the preceeding table 
indicating that Ss is adequate as is P 3 anistropy. However, the 
cylindrical and slab result differ enough even here to require the 
cylindrical model ; further, the S4-P o  results are inadequate with 
respect to the leakage and other results near the right boundary. 

7. Variational Procedures 

Almost all of the response or performance criteria of the 
nuclear aspects of a reactor take the form of an integral of the 
neutron flux times a response function which is generally a property 
of the materials constituents of the system. A quantity of this 
type is called a linear functional and in survey and sensitivity 
studies they must be repeated many times. Often the repetitions 
are for systems which differ in only a small way from one another 
in geometry, composition or nuclear properties. 

The calculation of the flux is basically an expensive under
taking. Thus, a procedure which allows a flux calculated for one 
problem to be used to determine the response of a somewhat different 
problem with little error will save substantial computing costs and 
may even result in studies previously considered prohibitively 
expensive. The use of a bilinear functional representing the response 
which is stationary with respect to small changes in 'the flux, achieves 
this goal. As a small change in the system, such as geometry, com-
position, or cross sections results in a small flux change, the 
functional is also correct to first order when treated as a per
turbation theory. Thus, the same fluxes may be used in sensitivity 
studies. 

The response function is denoted s*(�) where � is the set of 
variables describing the phase space of the problem and the response 
is the scalar product of s* with the flux ¢ (!_) .  Thus, 

G(¢) = (�*¢) = J dx s*(�) ¢(�) (27 )  



V-D-14 

Table V-�7 Slab - Cylinder Comparison For Gaunna Transport Calculation 

Order of S & ,P 3 
Approximation 

Zone/Geometry Cylinder Slab 

3a 7 . 25828 7 . 80623 

4 (Nb) 2 . 53098 2 . 69892 

4 (Li) 0 . 73625 0 . 78866 

5 6 . 58181 6 . 95842 

10 2 . 73871 2 . 36319 

LIS 1 . 57105 1 . 25367 

a .  Heating rates in watts x 10 1 5  

b . Right boundary leakage x 10 3 

s .. ,P o 

Cylinder Slab 

7 . 36158 7 . 83919 

2 . 57156 2 . 71759 

0 . 760072 0 . 80484 

6 . 69689 7 . 03164 

2 . 46407 2 . 12604 

1 . 03650 0 . 81425 
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VI. Radiation Damage 

Most discussions of nuclear fission systems include the topic 
of radiation damage under the rather general heading of materials or 
neglect it all together. However, in the case of fusion reactors, 
one of the most, if not the most important problem to be faced after 
scientific feasibility has been demonstrated is that of radiation damage. 
The major limitation in the power level of UWMAK-I at the present 
time is the degradation of the mechanical and physical properties 
of the blanket first wall. If such a limitation were removed, the 
reactor would be cheaper to build and maintain, and the cost of 
electricity from CTR ' s would be considerably less. In view of such 
an important impact on fusion power, we have decided to devote a 
whole chapter to the topic of radiation damage. 

A short introduction to the general features of radiation damage 
in metallic components is included here to familiarize the reader with 
the terms which will be used later in the chapter. The discussion 
will then turn to the specific problems that are expected to be 
found in the UWMAK-I blanket followed by a brief consideration of the 
problems in the UWMAK-I shield. Radiation effects in the toroidal 
magnets will then be explored and the chapter will end with a sununary 
of the limitations that we believe are imposed on UWMAK-I operation 
by irradiation. 

A. Potential Radiation Effects in D-T Fusion Reactors 

It is not an exageration to state that the structural materials 
of a D-T fusion reactor, and in particular those in the . first wall, will 
be subjected to the most intense radiation environment ever produced by 
man. Each 14 MeV neutron will cause tens of thousands of displaced 
atoms as it slows down to thermal energy. Most of the displaced atoms 
(> 99. 99%) will rearrange themselves on the other lattice sites so 
it would appear that no long lasting damage would remain. , Hewever, 
if just a few hunderdths of 1% of the atoms do not regain a suitable 
lattice position, the metal can be severely damaged. This damage 
can be measured in such mechanical properties as 

• reduction of ability to absorb small strains without fracturing, 
• a reduction in the rupture life at a given stress and temperature, 
• a reduction in fatigue life, 
• excessive creep 
• a shift in the temperature above which the metal will fail in a 

ductile fashion and below which it will fail in a brittle manner. 

This displacement damage can also effect the dimensional stability 
of the reactor materials. The phenomena of void induced swelling has 
been known since 1966 and has already been the cause of considerable 
concern for fast breeder reactors. Such swelling effects are also 
anticipated in fusion reactors. 
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Aside from simply displacing the lattice atoms in a solid , 
neutronic reactions also can have a deleterious effect on CTR 
materials . The generation of helium or hydrogen can cause severe 
embrittlement in metals and ,  if the amount of gas is large enough , 
one can even observe volume changes as a result of internal gas bubble 
expansion. The transmutation products,  if dif ferent from the . host 
material , can also have a deleterious effect on the mechanical behavior 
of a metal . 

Finally , the charged particles associated with a D-T plasma 
(D , T  and He) can inflict severe damage to the first wall . Atoms 
can be sputtered off of the surface and in some cases , whole 
layers may be removed by the blistering effect (see Section VI-C -5),  

B ,  Damage Units 

1 ,  General Considerations 

Before investigating each of these . radiation effects in more detail , 
we must define the general unit of damage we will be using throughout 
this paper ; dpa for displacements per atom .  

Early workers in the nuclear field were content with calibrating 
the damage produced in their samples by quoting the total fluence of 
neutrons (of all energies) that impinged on the sample .  It was 
quickly recognized that the higher energy neutrons produce more damage 
than lower energy neutrons and that one could reasonably neglect those 
neutrons below some threshold energy which at various times was 
taken as 0 . 1 ,  0 . 18 , 1 or 2 . 9 MeV. This philosophy prevailed until 
the advent of fast neutron reactors and workers then began to pay more 
attention to the finer details of the neutron spectrum. It still 
was rather awkward to quote the entire flux spectrum of a particular 
position in a reactor but it was better than some of the earlier methods . 

The situation was f urther aggravated by recent attempts to 
simulate extremely high neutron fluence damage ( 10-20 years exposure) 
in a few hours or days by irradiating samples with high fluxes of 
charged particles (heavy ions , light ions , or electrons) . It was no 
longer meaningful to compare neutron fluences with 5 MeV Ni+ or 1 MeV 
el ectron fluences.  Therefore , the scientific community decided to use, 
as the basic unit of damage, the fraction of atoms which are displaced 
from their lattice positions during the lifetime of the sample . 

The details of how one calculates the dpa value are given 
elsewhere(l-3) but the general idea can be conviently summarized 
in equation VI-B-1 on the following page . 
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/ number of atoms displaced 
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particles of energy ·, 
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Equation VI-B-1 can be used regardless of the type of incident 
particle as long as we know 

1. the cross section for interaction between the particles 
2. the manner in which the displaced atoms cause further 

displacements 

It will be the policy of this report to quote all of the irradiation 
damage in terms of the dpa unit so that we can estimate the damage 
state in 14 MeV irradiated metals from information already gathered 
in fission spectrum environments, by heavy ion, or by electron 
irradiation.  

A note of caution should be given here as there are some drawbacks 
to the use of this unit of damage . First of all, it does not tell 
the investigator how the atoms of the solid were displaced, one by one 
as in the case of electron irradiation, or in cascades as in the case 
of neutron or heavy ion bombardment . Some metallurgical phenomena are 
quite sensitive to the size of the disrupted zone. Secondly, nothing 
can be inferred from the dpa unit about the corresponding gas generation 
rates. Processes such as void nucleation can be quite sensitive to the 
amount of neutronically produced gas in the metal. Third, unless one 
is very specific about the rate at which damage is produced, the exact 
variation of radiation damage with temperature cannot be easily assessed . 

Even with the above qualifications, we will use the dpa unit in 
our discussions for one simple reason - There are no 14 MeV neutron 
irradiation data from which to draw conclusions about the stability of 
CTR materials ! When and if such data becomes available, we will certainly 
reassess our conclusions stated throughout this chapter . 
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2. Displacement Cross Sections for Potential CTR Materials 

The general scheme used for these calculations is described 
below for four materials, 316 stainless steel, Mo, Nb and v. (4, 5) 
Neutron interactions treated explicitly were elastic scattering, 
inelastic scattering (n, n ' ) , (n, 2n) reactions and (n,y) reactions. 
The (n, y) reaction was included because it is the sole source of 
displaced atoms at neutron energies below several hundred eV. Other 
reactions such as (n,a) and (n, p) were neglected at this time in 
calculating displacement cross sections. Their contribution at 14 MeV 
is estimated to be less than 5% for Nb, Mo, and V and less than 15% 
for the stainless steel; at lower energies, their contribution drops 
off rapidly. 

The four mechanisms listed above produce primary knock-on atoms 
(PKA ' s) which in turn lose their energy by electronic excitation or 
nuclear energy transfers to surrounding atoms. This latter form 
of energy transfer causes further displacements. The total displacement 
cross section at energy E is just 

F (E) = F 1 (E) + F . 1
(E) + F

( 2 )
(E) + F

( )
(E) 

e ine n, n n,y 
VI-B-2 

where F
el 

(E) is the displacement cross section due to elastic scattering, 
isotropic at low energies (< 0 .1 MeV) and anisotropic at 
higher energies. 

F . 
l 

(E) 
ine 

F
(n, 2n)

(E) 

F
( )

(E) 
n,Y 

is the displacement cross section due to inelastic 
scattering - anisotropy was taken into account in 
the case of iron. 

is the displacement cross section due to (n, 2n) reactions. 

is the displacement cross section due to the energetic 
recoils which result from (n,y) reactions (mainly from 
low energy neutrons) . 

The general expression for F (E) is 
T 

F (E) = o (E) f max p (E, T) V (T) dT 
E

d 

where cr (E) is the appropriate interaction cross section. 
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p (E, T) is the probability that a neutron of energy E transfers T 
to the PKA. 
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V (T) is the number of displacements produced by a PKA with energy T. 
and E

d 
is the energy required to displace an atom. 

The problem then is to determine p(E, T) an4 hence, the number and 
energy spectrum of the PKA' s, and to choose a model to calculate the 
average number of atoms displaced by each PKA of energy T. The 
evaluation of v (T) is essentially independent of the type of scattering 
that produced the PKA and we will consider this problem first. 

The results for this study are based on the Lindhard (6) theory 
of slowing doem of energetic atoms in solids. Lindhard has derived from 
Thomas-Fermi theory, a function of L (E) which is the kinetic energy 
(in dimensionless form) that is transferred to the atoms of a cascade 
initiated by a PKA having initial dimensionless energy E. That is, 
the fraction of PKA energy available to cause displacements is L (E) /E ; 
the remainder is lost in electron excitation. It has recently been 
suggested that this fraction be reduced by 20% to account for deviation 
from hard sphere interactions. (6) In the present work, the number of 
displacements per PKA was taken to be 

where S = 0. 8 

V(T) = 
SL (E) T 

E 2E
d 
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For a material of atomic number Z and atomic weight A*, Lindhard et aL(7) 

give 

-1 
L (E) = E [l + � g (E) ] where E = 1\,T, 

A
L

= (0. 01151) (Z)
-7/3 

eV
-1

, and � = 0. 1337 (z)
2/3

A-l/2
• 

The convenient numerical approximation to g (E) given by Robinson (8) 

was used here, viz. , 

g (E) = E + 0. 40244 E
3/4 + 3. 4008 s

11 6
. 

It should be noted that V (T) is inversely proportional to E
d

. It should 
then follow that the displacement cross section calculated Irom 
Equation IV-B-3 is inversely proportional to Ed except that Ed appears 
as the lower limit of the integral. Actually this limit can be taken 
as zero except for a narrow range of neutron energies so low that PKA 
energies are near Ed • Therefore, spectral-averaged displacement 
cross sections vary inversely with Ed with the exception of possible 
specialized neutron spectra concentrated in the few hundred to few 
thousand eV range. 

* Weighted averages were used for stainless steel--the assumed composition 
was 18% Cr and 10% Ni by weight. The results are insensitive to small 
changes of composition. 
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There is considerable uncertainty as to what one should use for 
the displacement energy because the threshold energy required to 
displace an atom in the easiest direction may be a small fraction 
of that required to displace an atom in the most difficult direction. 
Because of this uncertainity, we have choosen to report the product 
of the displacement cross section and E

d 
in units of barn-eV. (See 

Table VI-B-2) 

The absolute displacement cross sections used for this work can 
be obtained by dividing the values in Table VI-B-2 by Ed · It has been 
recently decided (6,9) that the standard value of Ed for steel should 
be 40 eV. This is somewhat higher than the threshold displacement 
energy of 24 ev (lO) and qualitative!� it represents a value averaged 
over all the directions of displacement in the crystal structure. 
Equation VI-B-4 then becomes for stainless steel 

V (T) ; iO L (E)T 
(keV) € 
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The threshold displacement values of 36 eV for Nb (ll) and 37 eV for 
Mo (lO) have been raised to values commensurate with 40 eV for iron and 
were used to calculate displacement functions for these two metals by 

Nb 

Mo 

V(T) = 6.6 L (E) T (keV) € 

V (T) = 6.5 L(E
) T(keV) € 
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In the absence of experimental data for V. we have assumed the same 
displacement function as used for stainless steel. (equation VI-B-5 ) 

The principal source of scattering cross section data was the 
Evaluated Nuclear Data File, Version III (ENDF/B 111) (12) , for 
V(MAT 1017) , Nb(MAT 1164) , Mo (MAT 1111) , Cr (MAT 1121) , and Ni(MAT 1123) . 
In the regions of resonance elastic scattering, BNL-325 was also used 
for Mo, Cr, and Ni , and a mean value was used between 800 and 8000 eV 
for Nb. ENDF/B data (MAT 1124) , obtained in pointwise form from the 
Oak Ridge Radiation Shielding Information Center, were used for iron. 
These data were subsequently modified slightly--primarily by raising 
a prominent trough at -24 keV--for inclusion in ENDF/B III under a 
new number MAT 1180. The difference between the two evaluations are 
believed to be insignificant for present purposes. 

The n, y cross sections are proportional to 1/IE over most of the 
energy range of interest. With the exception of iron, BNL-325 data 
were used in the resonance regions. Because of incomplete knowledge 
of the gamma emission process, the estimates of the n, y contributions 
to the displacement cross sections are more uncertain than for the other 
processes. For neutron energies above several keV, the n, y contribution 
is negligible in comparison with other contributions. On the other 
hand, for neutron energies below that required to displace an atom 
in an elastic encounter--ranging from -300 to -900 eV for metals 
considered here--the n, Y reaction is the principal source of displacement 
events. 
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The energy of the recoil atoms from (n, y) reactions was taken as 

[E (MeV ] 
2 

T 
1. 86 2 x 10

-3 
(A+l) 
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where the mean recoil energies were derived from a recent compilation 
of gamma ray spectra by Orphan et a1Jl3J It was further assumed 
that the recoil energy was independent of the incident neutron energy 
for neutron energies sufficiently low for the n,y contribution to be 
significant. 

Both isotropic and anisotropic scattering were considered for 
the case of elastic collisions . For neutron energies below perhaps 
0. 1 MeV, elastic scattering is sufficiently isotropic that p(E1T) 

is just (T ) -1 where T = yE = and y = 4 . 036 A/(1. 009 + A) z. 
At higher W�grgies, avai!�le data in the ENDF file on angular 
distributions permit the calculation of p(E, T) from the expression 
(2n/o(E) (do(E, µ) /d�) , where µ =  cos¢, ¢ =  angle of scattering in 
the center of mass (CM) system, and � is the unit of solid angle . 
The recoil energy T and µ are related through the expression 

YE T = z (1 - µ) . VI-B-9 

For energies not greatly exceeding the inelastic scattering (n, n' ) 

threshold, the n, n' contribution to the displacement cross section can 
be obtained as a sum of contributions from resolved energy levels Q. 
(taken positive here) . At higher neutron energies, inelastic scattefing 
is described by an evaporation model characterized by an effective 
temperature 8(E) .  In this model, the energy E of the scattered 
neutron in the CM system is distributed as (5) m 

where I(E, 8) 

E 
F(E, E

m) = 
I(E:8) 

exp(-E /8) IV-B-10 

A 
The value of Q

1 

is the lowest resolved energy level and n
1 

= 
1 oog+A The upper(+) and lower(-) limits of the recoil energy are now · 

where n
2 

T± 
= n n E + 

n
2 

E ± 2n
2

(E E
m)

1 1 2 

1 2 n1 m 

1 . 009 
l . 009+A 

V-B..J.l 
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Finally, the (n 2n) contribution was based on a sequential 
emission model.(14, 15) A second neutron can be emitted only if 
the residual excitation of the nucleus after emission of the first 
neutron exceeds the binding energy U of a neutron in the mass 
A nuclide. The recoil energy after the emission of the first neutron - n . 
was taken to be the average value T = n n E + _1. E ; the total recoil 

f · · f ·d 1 1 2 m t · th * energy a ter emission o a secon n
1 

neu ron is en 

T = [A�ll [:�] E 'm + [A�
l

] 1\-
2 [:;

f 
/ Z 

('f1E�) l/ Zµ VI-B-12 

The forms of F(E) used for the four cases of interest are summarized 
in Table IV-B-1 and the cross sections are graphically compared in 
Figure IV-B-1 and listed in Table IV-B-2 in units of barn-ev. It is 
interesting to note that the normalized displacement cross sections 
are quite similar and, in fact when the displacement energy is 
taken into account, all the displacement cross sections in the 10-14 
MeV region are within 20% of each other. The absolute displacement 
cross sections used for this study are listed in Table VI-B-3 using 
effective displacement energies of 40, 40, 60 and 62 eV for 
316 SS, V ,  Nb and Mo respectively. 

3. Typical Dpa Values for Fission Reactors 

The displacement cross sections derived in the previous section 
can be used to calculate the displacement rate in present test reactors. 
Since most of the high fluence, high temperature data of interest to 
reactor designers has come from the fast reactor, EBR-II, we will confine 
our remarks to that system. Table VI-B-4 summarizes the spectral 
averaged displacement cross sections for three positions in EBR-II with 
a metallic fue1(17) . The displacement cross section is given for the 
total neutron flux and for that flux of neutrons >0.1 MeV. Since most 
irradiation data is given in terms of the latter spectrum, the last 
column of Table VI-B-4 will be most useful. It is found that the 
displacement damage equivalent to 1023n/cm2 (E>0.1 MeV) ranges from 
42 to 52 dpa depending on where the samples were irradiated, i.e., core 
center or row 3 in EBR-II. For the purposes of this report we will 
assume that the displacement equivalent for EBR-II materials data is 
47 dpa per 1023n/cm2 (E>0.1 MeV) . We also realize that this number 
may vary by 10 to 20% when compared to other fast reactor spectra. 

(16) *Odette has recently used a Monte Carlo procedure to determine the 
PKA spectrum from (n, 2n) reactions. His results lead to (n, n' ) + (n, 2n) 
contributions to the displacement cross sections that are 3 to 15% higher 
than those used here. 
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m m m 

0 - 1 · 

1 

( a , b ) 
(n , 2n ) re action 

l , [

J

E-� 

a n
;

2 n
(E) I (;) exp [ �Em/ 6 ( E ) ] 

0 ru;!; 
I [E-, Em) 

0 

exp [-E ' / 6 ( E ) ] m u 
( n , y )  re act ion 

( n , y ) (E ) a 
[E (MeV) ] 

2 
y 

3 .  7 2 4 x l 0- 3 (A+l ) Ed 

a ) I ( E )  = I ( E , 6 )  o f  Eq . 5 wi th Ernax = E-u m 

b )  I (E , E ) = I ( E , 6 )  o f  Eq . 5 with Ernax = 
m rn 

E-U-E m 

r = 2 Ed / T m a x  

I I 
[T (E , E , E  , µ ) ] dµdE dE m m m m 

H 
I 

td 
I 

cc 
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Table VI-B-2 
* 

Dis12lacement Funct ions for Potential CTR Materials 
barn - eV 

Lower Energy 316 ss Mo Nb V MeV 

13 . 50 8 9 , 000 108 , 000 103 , 000 91 , 400 
12 . 21 83 , 100 103 , 000 96, 809 86, 900 
11 . 05 79 ,700 96, 000 91 , 100 84, 000 
10 . 00 7 8 , 200 90 , 100 86, 100 82 , 300 

9 . 048 76, 500 84,000 82 , 300 80 , 500 
8 . 187 76, 100 79 , 000 78 , 300 7 9 , 000 
7 . 408 75, 900 77 , 300 74, 300 77 , 600 
6 .703 73 , 900 71 , 300 69 , 900 76, 100 
6. 065 70, 500 68 , 300 65, 200 74, 500 
5 . 488 68 , 100 64, 600 60 , 600 72 , 800 
4. 966 66, 400 59 , 500 56, 100 70 , 200 
4. 493 64, 900 56, 500 51 , 800 67 , 800 
4. 066 62 , 400 54,700 47 , 800 65, 200 
3 . 67 9  59 ,700 52 , 000 44, 200 60 , 300 
3 . 329 56, 400 48 , 100 41 , 000 59 , 000 
3 . 012 55 ,000 46, 800 38 , 200 55,700 
2 .  725 51 , 800 45,700 36, 600 54, 500 
2 . 466 51 ,000 43 , 900 36, 600 50 , 100 
2 . 231 46, 700 41 ,700 35, 900 44, 900 
2 . 019 42 , 000 39 , 500 34, 200 40 , 200 
1 .  827 39 , 900 37 , 400 32 , 700 41 , 500 
1 .  653 33 , 000 35, 300 31 , 400 39 ,700 
1 . 496 31 , 600 33 , 100 30 , 000 38 , 800 
1 .  353 30 , 300 30 , 700 28 , 900 37 , 200 
1 . 22 5  29 , 100 28 , 600 28 , 500 34, 800 
1 . 108 26,000 27 , 300 27 , 900 33 , 200 
1 . 003 20 ,700 26, 200 27 , 100 30 , 600 
0 . 9072 18 , 300 24, 200 26, 400 27 , 100 
0 . 8208 17 , 400 23 , 300 25, 600 26,700 
0 . 7427 20 , 400 22 ,700 25,000 19 ,300 
0 . 674 19 , 600 22 , 200 23-, 800 19 , 900 
0 . 6081 15, 300 21 , 300 22 , 500 19 , 900 
0 . 5502 12 , 500 20 , 100 21 , 100 17 ,000 
0 . 4979 13 , 900 18 , 800 19 ,700 13 ,700 
0 . 4505 14,700 17 ,700 ·14, OffO 14,700 
0 . 4076 16 , 600 16 , 800 11 , 900 16 , 200 
0 . 3688 16 , 900 16 , 300 11 , 100 14 , 600 
0 . 3337 9 ,740 15 , 300 10 ,.:.400 14 , 800 
0 . 3020 8 , 960 14 , 300 9 , 640 15 , 900 
0 . 2752 7 , 980 13 , 300 8 , 970 15 ,700 o .  2472 7 , 900 12 , 400 8 , 300 12 , 200 
0 . 2237 7 ,720 11 , 600 7 , 700 13 ,400 
0 . 2024 7 , 200 10 , 900 7 , 100 7 , 960 
0 . 1832 9 , 580 10 , 200 6 , 570 12 , 300 
0 . 1657 6 , 980 9 , 450 6 ,090 12 , 900 

* including 13 = 0 . 8 
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Table VI-B-2 continued 

Lower Energy 316 ss Mo Nb V MeV 

0.1500 6, 460 8 , 690 5 , 650 12 , 800 
0 .1357 8 , 8 90 7 , 940 5 ,230 7 , 900 
0 .1228 6, 430 7 , 220 4, 860 9 , 610 
0.1111 3 , 590 6, 520 4 , 510 12 ,700 
0.08652 5 , 120 5 , 540 3 , 970 4 ,290 
0 .06738 5 , 880 4, 360 3 , 190 7 , 040 
0 .05247 2 , 980 3 , 420 2 , 540 8 , 980 
0 .04087 2 , 840 2 ,700 2 , 030 3 ,022 
0 .03183 2 , 680 2 , 140 1 , 640 2 , 650 
0 .0247 9  7 , 600 942 1 , 310 3 ,620 
0 .01930 714 1 ,700 1 , 030 8 , 900 
0 .01503 1 , 200 1 , 350 836 11 , 300 
o .  01171 1 , 160 1 , 070 667 10 , 200 

eV 

9119  756 838 546 2 ,710 
7102 1 , 260 65 3 473 9 , 440 
5531 810 513  383 5 , 860 
4307 617 403 306 838 
3355 452 318 245 676 
2613 288 249 198 239 
2035 203 231 160 141 
1585 117 191 131 102 
1234 127 160 109 60 .8 
961 .1 230 136 91 .1 34 .9 
748 .5 78 .4 120 77 . 6 19 .1 
582 .9 63 .2 134 73 .3  10 .3 
457 .3 48 .1 107 7 9 .4 10 .2 
353 .6 5 .03 118 7 9 .4 12 .3 
275 . 4  5 .07 91 .0 7 9 .4 14.9 
214.5  5 .70 51 .2 7 9 .4 6.58 
167 .0 6.35 66.0 7 9 .4 10 .9  
130 . 1  7 .17 144 7 9 .4 25 .4 
101 .3  8 .10 126 7 9 .4 21 . 3  
78 .8 9  9 .10 94.0 7 9 .4 10 .1 
61 .44 10 .2 190 7 9 .4 11 .1 
47 .65 11 .54 584 7 9 .4 12 .9 
37 .27 13 .1 945 7 9 .4 14.4 
29 .02 14.8 184 7 9 .4 16 .8 
22 .60 16.8 26.2 7 9 .4 1 9 .4 
17 .60 19 .1 12 .4 46.5 21.  5 
13 . 71 21 . 6 19 .1 2 .50 24.2 
10 .68 24.6 39 .3 2 .83 27 .4 

8 .315 27 .6 20 .8 3 .22 31 .2 
6.476 31 .2 12 .3 3 .64 35 .2 
5 .043 35 .3  11 . 8 4.13 39 .9 
3 . 928 40 .0 12 .5 4.67 45 .2 
3 .059 45 . 4  13.9  5 .29 50 .8 
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Table VI-B-2 continued 

Lower Energy 3lf! ss Mo Nb ..Y.. 
MeV 

2 . 38 2  51 . 3 14 .7  5 . 99  58 . 0  
1 . 855 58 . 2  16 . 6  6. 81 65.7  
1 . 445 66. 8  18 . 8  7 . 69 74 . 5  
1 . 125 76. 3 21 . 3  8 .73 84 . 4  
0 . 8764 84 . 4  24 . 2  9 . 91 95. 6 
0 . 6826 95 .0  27 . 4  11. 2  108 
0 . 5316 108 31 . 0  12 . 7  123 
0 . 4140 122 35. 2 14 . 4  158 
0 . 220 212 61 . 0  24 . 9  273 



---- -�----- ----- - --
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Table VI-B-3 

Displacement Cross Sectiops for Potential CTR Materials 

Lower Energy 
MeV 

13 . 50 
12 . 21 
11 . 05 
10 . 00 

9 . 048 
8 . 187 
7 . 408 
6. 703 
6. 065 
5. 488 
4 . 966 
4 . 4 93 
4 . 066 
3 . 67 9  
3 . 329 
3 . 012 
2 . 725 
2 . 466 
2 . 231 
2 . 019  
1 . 827 
1 . 653 
1 . 496 
1 . 353 
1 . 225 
1 . 225 
1 . 003 
o .  9072 
0 . 8208 
0 . 7427 
0 . 674 
0 . 6081 
0 . 5502 
o . 497 9 
0 . 4505 
0 . 4076 
0 . 3688 
0 . 3337 
0 . 3020 
0 . 2752 
o . 2472 
0 . 2237 

316 ss 

(Ed )eff  
=40eV 

2 , 2 20 
2 , 080 
1 , 990 
1 , 950 
1 , 910 
1 , 900 
1 , 900 
1 , 850 
1 , 760 
1 ,700 
1 , 660 
1 , 620 
1 , 560 
1 , 490 
1 , 410 
1 , 380 
1 , 300 
1 , 270 
1 , 170 
1 , 050 

997 
824 
7 90 
758 
727 
649 
516 
459 
435 
511 
489  
382 
313 
349 
366 
415 
423 
244 
2 24 
1 99 
1 97 
1 93 

barns 

Mo 
(Ed)eff  

=62eV 

1 ,740 
1 , 660 
1 , 550 
1 , 450 
1 , 350 
1 , 270 
1 , 250 
1 , 150 
1 , 100 
1 , 040 

960 
912 
883 
839 
776 
755 
738 
707 
673 
637 
603 
570 
534 
495 
461 
441 
422 
3 91 
376 
366 
358 
344 
324 
302 
285 
271 
263 
247 
230 
215 
200 
187 

Nb V 
(Ed) eff

=60eV (Ed) ef f
=40eV 

1 ,710 2 , 280 
1 , 610 2 , 170 
1 , 520 2 , 100 
1 , 440 2 , 060 
1 , 370 2 , 010 
1 , 310 1 , 980 
1 , 240 1 , 940 
1 , 170 1 , 910 
1 , 090 1 , 860 
1 , 010 1 , 820 

935 1 , 760 
863 1 ,700 
7 97 1 , 630 
737 1 , 510 
683 1 , 470 
637 1 , 3 90 
610 1 , 360 
610 1 , 250 
598 1 , 120 
570 1 , 010 
545 1 , 040 
523 994 
500 970 
481 930 
475 871 
465 830 
452 765 
440 678 
427 667 
416 483 
396 496 
375 497 
351 424 
328 343 
233 367 
198 405 
185 364 
173 370 
160 396 
150 392 
138 306 
128 335 



Lower Energy 
MeV 

0 . 2024 
0 . 1832 
0 . 1657 
0 . 1500 
0 . 1357 
0 . 1228 
0 . 1111 
0 . 08652 
0 . 06738 
o . 0524 7 
0 . 04087 
0 . 03183 
0 . 02 47 9 
0 . 01 930 
0 . 01503 
0 . 01171 

eV 

911 9 
7102 
5531 
4307 
3355 
2613 
2035 
1585 
1234 

961 . 1 
748 . 5 
582 . 9 
457 . 3 
353 . 6 
275 . 4 
214 . 5 
167 . 0 
130 . 1 
101 . 3 

78 . 89 
61 . 44 
47 . 65 
37 . 27 
29 . 02 
22 . 60 
17 . 60 

316 ss 
(Ed)eff  =40eV 

180 
240 
174 
161 
222 
161 

8 9 . 8 
128 
147 

74 . 5 
71 . 0 
67 .1 

1 90 
17 . 9 
29 . 9 
2 9 . 0 

18 . 9 
31 . 6 
20 . 2 
15. 4 
11 . 3 

7 . 21 
5 . 08 
2 . 92 
3 . 18 
5 . 76 
1 . 96 
1 . 58 
1 . 20 
0 . 126 
0 .127 
0 . 143 
0 . 159 
0 . 179 
0 . 203 
0 . 228 
0 . 256 
0 . 289 
0 . 328 
0 . 371 
0 . 421 
0 . 477 
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Table VI-B-3 

Mo 
(Ed)ef f  =62eV 

176 
165 
152 
140 
128 
116 
105 

89 . 3 
70 . 3 
55 . 2 
43 . 6 
34 . 5 
15 . 2 
27 . 4 
21 . 8 
17 . 3 

13 . 5 
10 . 5 

8 . 28 
6 . 50 
5 . 12 
4 . 01 
3 . 73 
3 . 07 
2 . 57 
2 . 20 
1 . 94 
2 . 15 
1 . 73 
1 . 91 
1 . 47 
0 . 825 
1 . 06 
2 . 32 
2 . 03 
1 . 51 
3 . 06 
9 . 41 

15 . 2 
2 . 96 
0 . 423 
0 . 200 

-- �-- ---------- -- - --- ----- --·-- ------------

(Con ' t) 

Nb V 
(Ed) eff

=60eV (Ed) efl•40eV 

118 199  
109 308 
102 322 

94 321 
87 . 2 198 
81 . 0 241 
75 .2 317 
66 . 2 107 
53 . 2 176 
42 . 3 224 
33 . 8 75 . 6 
27 .3 66 .2 
21 . 8 90 . 4 
17 . 2 222 
13 . 9 282 
11 . 1 255 

9 . 10 67 . 8 
7 . 88 236 
6 . 38 147 
5 . 10 21 . 0 
4 . 08 16 . 9 
3 . 30 5 . 97 
2 . 67 3 . 53 
2 . 18 2 . 54 
1 . 82 1 . 52 
1 . 52 0 . 872 
1 . 29 0 . 477 
1 . 22 0 . 257 
1 . 32 0 . 254 
1 . 32 0 . 308 
1 . 32 0 . 372 
1 . 32 0 . 164 
1 . 32 0 . 272 
1 . 32 0 . 635 
1 . 32 0 . 533 
1 . 32 0 . 253 
1 . 32 0 . 278 
1 . 32 0 . 324 
1 . 32 0 . 360 
1 . 32 0 . 420 
1 . 32 0 . 484 
0 .780 0 . 537 



Lower Energy 
MeV 

13 . 71 
10 .68 

8 .315 
6.476 
5.043 
3 .  928 
3 .059 
2 .382 
1 .855 
1 . 445 
1 .125 
0.8764 
0 . 6826 
0 . 5316 
o. 4140 
0 .0220 

316 ss 

(Ed)eff ·40eV 

0 . 541 
0 . 616 
0 . 689 
o .  779 
0 . 884 
0 . 999 
1 . 13 
1 . 28 
1 . 46 
1 .67 
1 . 91 
2 . 11 
2 . 37 
2 .70 
3 .06 
5 .31  
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Table VI-B-3 (Con 1 t) 

Mo 
(Ed)eff

=62eV 

0 . 308 
0 . 63 4  
0 .336 
0.  200 
0 .190 
0.202 
0 .224 
0 . 237 
0 . 268 
0 . 304 
0 . 344 
0 . 3 90 
0 . 442 
0 . 501 
0 . 568 
0 . 984 

Nb 
(Ed) eff

=60eV 

0 . 0417 
0 . 0472 
0 .0537 
0 . 0607 
0 .0688 
o .  0778 
0 . 0882 
0 . 0998 
0 . 114 
0 . 128 
0 . 146 
0 .165 
0 . 187 
0 .212 
0 . 240 
0 . 415 

V 
(Ed) eff

=40eV 

0 .604 
0 .685 
o .  776 
0 . 880 
o. 996 
1 .13 
1 .27 
1 .45 
1 .64 
1 . 86 
2 .11 
2 .39  
2 .  71 
3 .07 
3 .94 
6.83 
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Figure VI-B-1 - Displ acement Functions For Po tential 
CTR }·.:a.1:erials 
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Table VI-B-4 

Spectral Averaged Displacement Cross 

Section for Neutrons in 18/10 Stainless Steel ( 17 )  

Mean Neutron 
Energy 

a 

(MeV) (a) 

0 . 85 

0 . 42 

0 . 20 

E<j) (E) dE 

Fraction of 
Flux > 0 . 1 MeV 

0 . 87 

0 . 64 

0 . 43 

Displacement Cross Section-barns 

Total Neutrons Neutrons of 
(E>O)  E>0 . 1  MeV 

450 520 

270 420 

160 370 

(a) defined as E = 0 

a 
<j) (E) dE 

0 
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VI. C. Potential Radiation Effects in D-T Fueled Fusion Reactors 

1. Void Induced Swelling 

a. Development of General Swelling Equation 

Irradiation of metals by energetic neutrons produces equal number 
of vacancies and interstitials. If these defects are mobile at the 
irradiation temperature, there are three possibilities for their 
eventual disposition; 

a) The vacancy and interstitial can recombine, thus annihilating 
each other. 

b) The defects could be attracted to traps such as dislocations, 
precipitates, grain boundaries, etc. 

or c) They could coagulate into clusters of like defects, i. e. , 
vacancy or interstitial loops, or vacancy clusters called 
voids. 

The first possibility removes the defects completely from the 
solid and the second possibility in itself rarely results in any 
volume change. However, if either of the defects are more strongly 
attracted to a given trap, then an excess of the opposite type of 
defect will be left in the lattice. When the concentration of these 
excess defects reaches a critical value, the defects will precipitate 
into "second phase" particles. Interstitial clusters do not cause 
significant swelling of the metal but vacancy clusters can induce 
rather large volume changes. Swelling values of 40-50% have already 
been observed in alloys like 316 SS when irradiated to damage levels 
equivalent to -7 years in a reactor like UWMAK-I(l8). Before we examine 
some of the data, it is worth while to examine the general damage
temperature dependence of swelling. 

Several models for void growth have been proposed in the past 
four years (19-27). The situation with respect to void nucleation 
is unclear at this time and we will not include that in the present 
discussion. The reader is referred to several recent conference 
proceedings and literature articles for this information(28-37). 
We have chosen to use the void grow{h (and hence swelling) model 
proposed by Bullough and co-workers 20, 2 2, 23, 2 5-27) for this work. 
There are some minor differences between the various models currently 
proposed in the literature but we feel that, at this time, the rate 
theory model by Bullough et. al. , is sufficient to describe the general 
features of void swelling in 316 SS. 

The concentration of interstitials and vacancies in an irradiated 
solid can be determined by the following equations ;  

2 K - D c k - ac . C = 0 
i i i l V 

VI-C-1 



K'  - D C  k 2 
V V V 

VI-C-2 

ac . c  
l. V 

0 

-1 
where K is the displacement rate in dpa sec K '  = K + K 

K is the rate of thermal vacancy emission from all 
e sinks in the material, 

VI-C-2 

Ci, Cv are the concentrations of interstitials and vacancies 
respectively, 

Di, Dv are the diffusivities of interstitials and vacancies 
respectively, 

a is a recombination coefficient, 
and ki-1, kv

-1 are the mean free paths of an interstitial and 
vacancy in the presence of various sinks. 

The first term in the above equations represents the production 
rate of defects while the second term represents the loss to all sinks 
(voids, dislocations, grain boundaries, etc.). The final term repre
sents the loss of defects to mutual recombination. 

The parameters k . and k can be deduced by carefully calculating 
the effective sink stfengthsvin the continuum and have the explicit 
form 

k . 
2 

= z .  p
d 

+ 4nr C + Y . 4nr C 
l. l. s s l. p p 

VI-C-3 

k 
2 

z p
d + 4nr C + y 4nr C 

V V s s V p p 
VI-C-4 

where Cs is the concentration of neutral sinks (e.g. voids) 
rs is the radius of neutral sinks, 

where 

Z . , Z are the preferences of dislocations for interstitials 
1. anJ vacancies. (It is assumed that dislocations have a 

1% preference for interstitials, i.e., Zi = 1.01, Zv = 1.00) 
p

d 
is the total dislocation density p� + p� 

radiation produced loop density 

n 
p

d
= dislocation density present prior to irradiation. 

C is the concentration of coherent precipitates, 
p 

Y . , Y are the preferences of coherent precipitates for 
1. inferstitials and vacancies respectively. 

Y .  = k . 2/k 
2

, Y 1 
l. l. V V 
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Equations VI-C-1 and VI-C-2 can be solved to give 

C .  
J. 

c .  
J. 

where 

n = 

D k 2 
V V 

2a 

D k 2 

i i 
2a 

4aK 

D D k .  2k 
2 

i V J. V 

k n 
__g_ 
4K 

- (1+µ) + { (1+µ)
2 + n }

1/2 

I - (1-µ) + { (1+µ) 2 + n }11 2 

I 
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The rate of swelling is just the net flux of vacancies into the 
voids; i . e .  

d(f).vJv)__ 2 
4TI r C 

dt s s 

dr 
s 

dt 

= 4 ITC r {D C - D .  C .  - D C e
} 

S S V V J. J. V V 

VI-C-7 

VI-C-8 

Substituting C . , C from equations VI-C-5 , 6 into equations VI-C-7 
and 8 one can findvthe dose dependence of swelling if p

d 
and r do 

not depend on time. The general swelling expression is then, s 

6V - = 
V 

0 

K(t-t) 
0 

s 
0 

F(n) VI-C-9 

where Kt is an arbitrary incubation dose required to nucleate the 
voids an8 ranges from 1 to 10 dpa for austentic stainless steels and 
other terms are defined below 

s 
0 

(Z :-Z ) p
d 

4Tir C 
J. V S S 



and 

-
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F(n) = l [- (1+µ ) + (1+µ
2

) + n
1 1 2 - �n] n 

D (Z pd + 4Tir C ) {Z . P
d

+4n(r C +r C ) } L e V V s s 1 s s p p  [4Tir C C  
e

+z (C C ) ] 
2K(Z . -Z ) pd {z p

d
+ 4(r C +r C ) }  p p  v vpd v - vL 

1 V V S S p p 

and CV L kT 

Y
F 

is stacking fault energy 

F b
2 

is the change in elastic energy of the loop 
el per vacancy emitted. 

It should be noted that the material properties are ma.inly concentrated 
in the term S while F(n) represents the main temperature dependence 
[although theFe is also a weak rate (K) dependence in F . ]  At a given temperature 
equation VI-C-9 predicts a linear dependence of swelling on dose (Kt ) .  

b. Observations on the General Swelling Formula 

It i J worthwhile to examine equation VI-C-9 developed by Bullough 
et. ai.(20, 2 2, 23, 25-2 7) in some detail as it has a bearing on the choice 
of swelling resistant materials and reveals some of the major fluence 
and temperature dependence of swelling in metals. 

i. Dependence on Material Properties 

First of all, it should be noted from the numerator of S that 
both neutral sinks (4Tir C )  and biased sinks [ (Z . -Z ) p ] are �equired 
for swelling to occur. sTRe denominator of S0 re�eaYs �he importance 
of sinks to provide recombination sites for the point defects. It is 
obvious that in order to alleviate swelling we would like p

d 
or 4Tir C 

to be much larger than 4nr C .  In most solids p
d

> 4Tir C and p p  

therefore S becomes s s s s 

s -+ 
0 

(Z .  - Z ) 4nr C 
1 V S S 

(p
d

+ 4nr C )  
p p 

Hence large numbers of coherent precipitates or dislocations will tend 
to reduce S ,  and in turn the swelling. An alloy which has been 
developed t8 incorporate the first mechanism is PE-16, a nimonic alloy 
containing Ni

3
(Ti,Al) precipitates which are -100 ' in diameter. 

Another mechanism for reducing S0 is to increase pd by prior cold 
working of the metal. This technique is the basis for choosing 20% 
cold worked 316 SS over the well annealed (solution treated )  316 SS 
in UWMAK-1 . 
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ii) Dependence on Temperature 

One can easily deduce from the de�\nition of F(n) that at low 
temperatures n >> 1 because n � (D . D )  and hence 

1 V 

F(n) ;;;; -
2
-

(n)
l/2 

At intermediate temperature, n - 1, 

F(n) ::::: 1 

and at higher temperatures 

F(n) + 0 

The general form of the temperature dependence of swelling is given in 
Figure VI-C-1. At low temperatures swelling is low because the low 
mobility of vacancies increases the recombination rate. Materials which 
have high vacancy migration energies should have small swelling at low 
temperatures. 

As the temperature is increased and n + 1, recombination becomes 
more difficult because the vacancies are so mobile and they can easily 
find a neutral sink (e. g. a void) before they encounter an interstitial. 
This corresponds to the peak swelling regime and in practice occurs at 
roughly 40% of the melting point. However, we can see from the 
definition of n that this peak temperature is quite sensitive to the 
displacement rate K and increasing K will necessarily shift the peak 
swelling to higher temperature (see example in Figure VI-C-1) . This 
has the important consequence of shifting the "effective" temperature 
of simulation experiments to lower temperatures. A similar situation 
exists in pulsed CTR' s such as the LASL theta pinch or a laser fusion 
reactor where the instantaneous displacement rates may be 10-4 dpa 
sec-1 to 10-l dpa sec-1 respectively. Current fission reactor displacement 
rates are -10-6dpa sec-1(4) so that one must be careful to adjust the 
irradiation temperatures of various damage rate experiments so as to 
have the proper defect kinetics. 

The final drop in swelling at high temperatures occurs when the 
thermal emission of vacancies from dislocations and voids eventually 
dominates the production of vacancies by displacement events. 

c. Experimental Data on Swelling .in 316 SS 

The current information on swelling in 316 SS generally falls into 
three categories; 

Data fron fast neutron test reactors 
High energy charged particle simulation studies 

• High voltage electron microscopy simulation studies 
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We will use, wherever possible, the data generated by fast neutron 
irradiation fully realizing that the high helium generation rates typical 
of fusion reactor spectra may significantly alter the swelling behavior. 
It will also be necessary to use data from simulation studies to 
extrapolate the present neutron data to the much higher damage levels 
expected in fusion reactors because of the longer component life. 

i) Neutron Irradiation Data 

A large fraction of the high fluence swelling information on 
both solution treated (ST) and 20% cold worked 316 SS has been generated 
at the Hanford Engineering Development Laboratory (HEDL) in Richland, 
Washington and at the A.E.R.E. Laboratory at Harwell in the United 
Kingdom. For the sake of consistency, we will use data from the above 
laboratories(38) in this work and will not attempt a complete survey 
of all data on 316 SS at this time. 

The maximum exposure, temperature and swelling data for both ST 
and cold worked 316 SS is listed in Table VI-C-1 and plotted in Figure 
VI-C-2. It is noted that very little data exists for temperatures 
below 400° C because that temperature is very close to the inlet coolant 
value for both the U.S. and U.K. fast test reactors. 

It is interesting to note that the ST 316 SS swells more than the 
cold worked material in accordance with equation VI-C-9. There also 
appears to be some discrepancy between swelling data on 
cold worked U.S. steel and cold worked U.K. steel. The discrepancy 
is illustrated in Figure VI-C-3. Essentially no swelling has been 
observed in the U.S. cold worked samples out to -4 x 1022 n/cm2 

(E>O.l MeV) which is roughly equivalent to 19 dpa. On the other hand, 
U.K. data shows from swelling at the same damage level 
depending on the irradiation temperature. Another important point 
from Figures VI-C-2 and 3 is that there is not enough data to 
comfortably extrapolate the behavior of the steel at dpa values of 
several hundred dpa. 

In order to predict the degree of swelling in 316 SS at high 
fluences, reactor designers have established empirical equations 
based on the best neutron irradiation data and they have used heavy 
ion simulation studies to guide the high fluence predictions. The 
general feeling now is that the cold work is certainly increasing 
the incubation period for void nucleation. However, even after 
this incubation period has passed, the fluence dependency of void 
swelling in cold worked 316 SS will certainly not exceed that for 
solution treated material. An example of how this philosophy has 
been utilized is shown in Figure VI-C-4 , where data for both ST 
and cold worked samples are plotted as a function of dpa for 4 
temperature ranges(38) . After empi rically fitting curves to the 
solution treated data, it has been assumed that the increased incuba-
tion period ends with the highest fluence data point reported for CW 316 SS. 
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We were unable to obtain the proper release of the data 
in Table VI-C-1 in time for publication of this report. 
When such data is released by the USAEC we will send the infor
mation to the reader . 
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We were unable to obtain the proper release of the data 
in Figure VI-C-2 in time for publication of this report . 
When such data is released by the USAEC we will send the infor
mation to the reader • 
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We were unable to obtain the proper release of the data 
in Figure VI-C-3 in time for publication of this report . 
When such data is released by the USAEC we will send the infor
mation to the reader • 
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We were unable to obtain the proper release of the data 
in Figure VI-C-4 in time for publication of this report. 
When such data is released by the USA.EC we will send the infor
mation to the reader • 
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It is then assumed that the cold worked material will swell at the 
same rate as the solution treated alloy. This obviously represents 
the worst case and the swelling in the cold worked material could be 
substantially lower then predicted. 

ii) Void Swelling in 316 SS During Simulation Studies 

Recent work at General Electric with 5 MeV nickel ions has 
shown fair agreement with neutron irradiation studies at low fluences 
<20 dpa(l8) , It has also been found that the swelling continues with 
increasing fluences and in fact approaches 100% at -200 dpa. These 
latter results were obtained with ST 316 SS (10 appm injected helium) 
bombarded at 6 25° C in order to simulate neutron irradiation at 500°C. 
Figure VI-C-5 shows how the G. E. data agrees with some of the recent 
G. E. neutron irradiation of ST 316 ss(18) . 

Studies have also been conducted at Atomic International with 1 
MeV protons(39) . Figure VI-c-5(41) shows that there is reasonable 
agreement between the slope of the swelling curve for both protons 
and neutrons, but the proton studies appear to significantly over
estimate the swelling at any given dpa value. 

We have also included some recent High Voltage Electron Microscopy 
work by Laidler on 316 ss(40) . Again it can be seen that the slope of 
the swell ing curves are similar but that the absolute values at a given 
dpa are considerably different. 

The important point of Figure VI-C-5 is that ion simulation studies 
conducted in this country indicate that there is no saturation level 
in swelling in ST 316 S� at least up to -50-100%. The only evidence 
against this conclusion comes from the charged particle irradiation 
work at Harwell(42) , Nelson et. al. show that swelling in 316 SS begins 
to saturate at -so dpa at 10-20% (Figure VI-C-6) . Since this data 
was obtained by bombarding with carbon ions, which have recently been 
shown to significantly suppress swelling in austenitic stee1(43) , the 
saturation of swelling is somewhat questionable. 

For the purposes of UWMAK-I design, we will not rely on saturation 
of swelling but rather assume that it will continue up to 100% or 
greater consistent with recent observations at General Electric(l8) , 
This assumption means that if the U. K. data(42) is correct, then we will 
over-estimate the swelling (above the 20% value) in the UWMAK-I blanket. 

d. Design Equations for Swelling in 316 SS 

We will use the following equations to describe the swelling in 
ST and 20% cold worked 316 ss(44) . One alteration has been made to 
the HEDL equation; the neutron fluence terms were expressed as dpa 
levels based on 47 dpa per 1023 n/cm2 (E>O. l MeV) 
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We were unable to obtain the proper release of the data 
in Equation VI-C-10 in time for publication of this report . 
When such data is released by the USAEC we will send the infor
mation to the reader • 

The temperature dependence of swelling at a damage level of 
118 dpa (-6 years in UWMAK-1 )  is shown in Figures VI-C-7 and 8 .  
Several features of these figures are worth noting . First of all, it 
is seen that for any temperature, the solution treated stainless 
steel swells much more than does the cold worked steel. Secondly, 
the maximum of the swelling curves occurs at -575° C for the cold 
worked steel with little swelling expected below 350 °C and above 750° C .  
The maximum for ST curves calculated for the cold worked material 
show that less than a factor of two exists between the most pessimistic 
and optimistic swelling values at any given temperature . 



% /1V 
Vo 

Figure VI-C-7 

PREDI CTED SWELLI NG  FOR SOLUTION TREATE D 
316 STAINLESS STEEL AT 2.5 x 1 cf3n /cm2 ( E > 0. 1 Me V )  
Reference 44 

120 

1 1 8 dpa 
100 

80 

60 
I \ 

40 

20 

o ��=--��--1.�����-L�����J_����__J 
350 450 550 

TEMPERATUR E °C 

650 750 



• 

VI-C-17 

We were unable to obtain the proper release of the data 
in Figure VI-C-8 in time for publication of this report . 
When such data is  released by the USAEC we will send the infor
mation to the reader . 
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VI-C-2. Bubble Induced Swelling 

a. General Considerations 

The generation rate of gas atoms by the (n,a) and (n, p) reactions 
in fusion reactor materials will be much higher than in fission reactor 
materials. These gas atoms may act as nuclei for voids (see Section VI-C-1) 
or they may alter the mechanical properties of the metal. If the gas 
concentration and the irradiation temperature are high enough, and the 
solubility low enough, the gas atoms could precipitate into bubbles 
which will in turn, cause dimensional instabilities. We will examine 
two cases here, the possibility of gas induced swelling in the 316 SS 
of the UWMAK blanket and the potential gas swelling in the B4C of the 
shield. 

Let us assume for the time being that the mobility of the helium 
atoms is high enough such that once a gas atom is produced, it can 
migrate to a nucleation site and form a bubble. In the presence of 
the large f lux of vacancies produced by irradiation, the bubble will 
grow with an equilibrium gas pressure P of 

where 

p 
2y 
r 

y is the surface energy 
r is the radius of the bubble. 

VI-C-11 

0 

If we assume that the bubble radius is small (< 1000 A) then we 
must use a Van der Waals equation to describe the volume, V, occupied 
by a bubble which contains m '  atoms. Neglecting the attractive terms 
we find 

where 

P(V - m' b) = m' kT 

b is Van der Waals constant 
k is Boltzmann ' s  constant 
T is the temperature °K  

VI-C-12 

The volume change induced by a density of bubbles, P, which have radius 
r and contain m '  atoms is 

where -3 
N = pm' number of atoms cm 
P = bubbles cm-3 
m ' = atoms per bubble of radius, r 

m '  
3 8TI yr 

J(kTr + 2yb) 

VI-C-13 
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Hence, given the amount of gas produced per cm 3 

T in a solid with surface energy y, we can calculate 
provided we specify either the bubble density or the 
VI-C-13 will be used in subsequent analyses . 

b .  Gas Induced Swelling in Boron Carbide 

at some temperature 
the volume change 
bubble size . Equation 

The effectiveness of boron carbide to absorb neutrons in the shield 
region stems from the large BlO

(n,a) Li7 reaction cross section . Both 
of the reaction products occupy more volume than the original boron atom . 

0 
Boron ha� an atomic radius of 0 . 8  A while the atomi� radius of helium 
is 1. 31 A and the atomic radius of lithium is 1 . 5 5  A.  Hence, every 
boron-10 "fission" creates two atoms which occupy more then ten times 
the volume occupied by the original boron atom . This situation is 
analogous to the swelling caused by solid fission products in uranium . 
At low temperatures where the reaction products do not migrate in the 
matrix, swelling would be expected to be a linear function of fluence. 

The 
function 
fluence . 
one flux 

data for boron carbide swelling is normally measured as a 
of boron-10 depletions per cm3 rather than as a function of 

To a first approximation this allows measurements made in 
spectrum to be applied directly to any other flux spectrum . 

Gray and Lynam (45) have measured the swelling of natural boron 
carbide in thermal reactors at temperatures below 300

°C .  Their 
data which is approximated by a solid line in Figure VI-C- 9 indicates 
that swelling is indeed a linear function of boron-10 fissions below 
100 x 10 20 depletions cm-3 . In this range, Gray and Lynam suggest 
that swelling occurs at a rate of -0 . 05% per 102 0  reactions cm-3 . The 

increase in swelling rate above 100xlo2 0  depletions cm-3 appears to be due 
to intergranular cracking . It also appears that the magnitude of swelling is 
very sensitive to the porosity of the B4c prior to irradiation . The material 
used in Figure VI-C-9 varied from 90 to -100% theoretical density and the solid 
curve in this figure is believed to apply to the less dense material . 

As the irradiation temperature is increased above 300
°C, the 

insoluble helium atoms begin to migrate . There are two major effects 
of this migration-gas is released fron the boron carbide and gas 
bubbles form within the material . Gas release will reduce the amount 
of swelling observed, but the formation of gas bubbles will increase 
the amount of swelling . 

The temperature dependence of gas release is shown in Figure VI-C-10 . 
Depending on whether the spectrum is typical of a thermal or fast 
flux, one can see that less than 10% of the helium is released below 
the 400-500

°C range . 

The formation of gas bubbles could cause large amounts of swelling . 
The equations describing this effect are given in Section VI-C-2a .  
Homan l46) has utilitized a modified Greenwood-Speight model to calculate 
the swelling induced by helium if the bubbles were allowed to move and 
coalesce. The results are shown in Figure VI-C-lla . Due to faster 
diffusion rates at higher temperatures, the bubble size increases sharply . 
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As shown in Figure VI-C-llb, these calculations have been modified to 
include gas release. For these calculations, it has been assumed that 
ten percent of the gas is never released. Below 800°C, only a small num
ber of e1,e gas atoms escape. Between 800 and 1000°C, there is some gas 
release and after that the amount of swelling increases steadily with 
temperature. 

The swelling of boron carbide can then be divided into three temperature 
regions. Below 500°C helium migration is minimal and the swelling is 
primarily due to the increased volume of the reaction products. In 
this low temperature region, an increase in the lattice parameter can also 
be measured. Gas bubbles begin to form between 500 and 1000°C. The 
lattice parameter is decreased as the helium begins to leave the matrix 
to form bubbles and to migrate out of the boron carbide. After large 
burn-ups, the internal stresses due to reaction product buildup may 
lead to internal cracking. Above 1000°C, diffusion will relieve the 
internal stresses that led to cracking. In this high temperature 
region, the swelling is entirely due to the large gas bubbles. 
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VI-C-3. Effect of Irradiation on the Mechanical Properties of Steel 

The effect of neutron irradiation on the mechanical propertiet47
_63) 

of 316 SS has been the object of much study in the past few years. 
This interest stems from the projected use of 316 SS for core components 
in future LMFBR' s. The general conclusions of the recent work are : 

The yield strength (0.2% offset) and ultimate strength are 
significantly increased with irradiation, the former more 
than the latter. 

The ductility of 316 SS is severely reduced by irradiation 
with the uniform ductility suffering the greatest degradation. 

Large reductions in stress rupture life have been observed at 
600�C with lesser effects at 550 and 650°C .  

No attempt will be made here to assess all of the data i n  the 
literature, rather, we will quote what appears to be the most pertinent 
information for UWMAK-I and then resort to empirical design equations 
to predict the expected behavior. We will use 20% CW 316 SS data 
where availible but will use ST 316 SS data if none exists for the cold 
worked . alloy. 

i) Tensile Properties 

The major effect of irradiation on the ultimate yield strength (UYS) 
and tensile yield strength at 0.2% offset (TYS) is due to the generation 
of microstructural defects. These defects (voids, dislocation loops, 
and precipitates) increase the force required to move a dislocation 
through the matrix. Information on the effect of irradiation on the UYS 
and TYS of ST 316 SS is shown in Figures VI-C-12  and

(G�-,81 Figures 
VI-C-14 and 15 display the results for 20% CW 316 SS. The 
general behavior for the solution treated material in the tempera
ture range 426-538° C is described by the equations in Table VI-C-3. 

As stated previously, the general trend for solution treated 
material is to increase the yield strength faster than the ultimate 
strength. (Compare Figure VI-C-1 2  to VI-C-13 . ) However, this effect 
is more prevalent at low temperatures and as the radiation temperature 
increases a large fraction of the damage is annealed out resulting 
in only small changes in the mechanical properties. 

The effect of temperature and irradiation on the tensile proper
ties of 20% CW 3 16 SS is shown in Figures VI-C-14 & 15. It is noticed 
that the di fference between the UYS and TYS is reduced by cold-working 
and that the irradiation has little effect on this properties compared 
to the effect on the solution treated alloy. This can be understood by 
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We were unable to obtain the proper release of the data in 
Table VI-C-3 in time for publication of this report. When 
such data is released by the USAEC, we will send the information 
to the reader. 
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remembering that radiation induced dislocations are the cause of 
strengthening in well annealed metals while the cold worked 316 SS 
already contains an extremely high density of barriers to dislocation 
motion . Since irradiation enhances diffusion, it may actually 
induce some recovery, which in turn, causes a reduction in the UYS 
and TYS. 

ii) Ductility 

The three primary measures of ductility commonly used in tensile 
tests are; 

Uniform elongation 

Total elongation at failure 

Reduction of area at failure 

These terms are defined in reference (71) . We will use the uniform 
elongations (E ) as a primary measure of ductility since this factor 
is easily appl�ed in eugjneering� analysis. 

Uniform elongation is defined as the plastic deformation which 
occurs prior to the onset of plastic instability and is coincident 
with the strain at maximum load for time independent plastic flow . 
Anoth�r wa� t�s�yfine uniform 
rel at 1.onsh1.p, 

elongation is from the stress-strain 

where -
cr is 

E is 

n is 

K is 

-
cr 

the 

the 

the 

n 
K (E) 

true stress 

true strain 

strain hardening 

a constant 

(VI-C-14) 

exponent 

From the above relationship, plastic instability (or the end of 
unifo�m strain in the concept of necking) occurs when E = n. Ir
radiation at temperatures below 550° C decreasesn because once the 
yield strength has been exceeded and deformation initiated, the de
formation t,2yestricted (or confined) to narrow bands or channels in 
the metal. The passage of the first few dislocations weakens 
the barriers within the bands and occurs with little strain hardening. 
The reduction inn also means that E is reduced. 

Experimental information on the effe�g4
�

70
trradiation of E 

is given in Figures VI-C-16 thru VI-C-18 . l J It is noted th�t for 
ST 316 SS irradiated at 430-480°C, E is quite dramatically reduced by 
irradiation and at -13 dpa falls belgw 1% . Projections of this 
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curve would predict that by 15 dpa, £ would be at 0.5% which is 
the design limit for UWMAK-I. u 

There is very little data available on irradiated 20% CW 316 SS 
at the present time (Figure VI-C-18) so that we will assume that the 
data for ST 316 SS applies to cold worked steel. However, it does appear 
that the cold worked alloy is less ductile after irradiation than the 
ST 316 SS.  

Before leaving this topic, it is worthwhile to review the 
mechanisms that control the ductility. We will follow the approach 
of Holmes et. al. (51, 53, 55, 62)and the reader is referred to their work 
for more detail. 

Figure IV-C-19 outlines the three general deformation processes 
which operate the 320-760 °C range for various strain rates. These 
include ; 

Strain independent athermal plastic flow 

Diffusion controlled deformation 

Irradiation creep 

At the very high strain rates, diffusion controlled deformation and 
irradiation creep are too slow to contribute to plastic flow. Ductility 
in the athermal region is nearly independent of second phase precipi
tation and is almost temperature and strain rate independent. Failure 
during athermal flow is characterized by ductile transgranular fracture. 
Fracture in the diffusion control range is usually intergranular and 
is often affected by second phase precipitation. Finally, when the 
strain rates are less than 10-6h-l, irradiation creep is predominate. 
This process is characterized by a low stress component and is weakly 
temperature dependent. 

As was stated previously, £ in domain I is controlled by plastic 
instability due to the generatioH of microdefects. In principle, £ (? 2) 
should decrease continously with irradiation but results on 304 SS u 

indicate that £ saturates in the neighborhood of 0.5% regardless of the 
defect concentr�tion (Figure VI-C- 20) . The increase in £ with increas
ing temperature in domain I is attributed to the decreasiHg defect 
concentration. 

The mechanism in domain II is not as simple as for domain I. It 
now appears that two mechanisms are important ; helium embrittlement 
and matrix hardening. Helium embrittlement results from the generation 
of helium gas within the matrix by (n, a) reactions and the collection 
of the helium gas bubbles at grain boundaries. These bubbles can grow 
under the action of applied stress by diffusional properties until the 
grain boundaries fail. Ultimately, the bubbles may lead to failure 
by assisting crack nucleation and second phase particles within the 
boundaries. 
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Figure VI-C-20 The Effect of Fluence on the 430 and 480 ° C Yield 
Strength and Uniform Elongation of EBR-II Type 304 
Stainless Steel Thimbles (72) 
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Matrix hardening can lead to premature failure in domain II by 
forcing most of the deformation to be absorbed by the grain boundaries. 
Such an effect results in excessive grain boundary shearing which 
leads to high stresses and subsequent failures initiated at grain 
boundary triple points. 

It is extremely important to note that when helium is present 
at boundaries and irradiation hardening is significant, the helium 
embrittlement and matrix hardening may combine to produce ductility 
losses more severe than the two processes acting alone !  Under such 
conditions, strain is concentrated at the grain boundaries which, 
because of helium embrittlement, are less able to withstand shear 
than before irradiation. These result in grain boundary failure 
at much smaller strains than simple matrix hardening alone. 

The temperature and fluence dependence of the
(§�� ductility 

degradation processes are shown in Figure VI-C-21. In general, 
pure helium embrittlement in 316 SS is limited to temperatures above 
600-700° C except for very low fluences . When the temperature is too 
low for significant diffusion (less than 550° C) but high enough for 
void formation, the ductility in this region is mainly guided by 
matrix hardening. In between 550 and 700°C 
matrix hardening and helium embrittlement can combine to cause a 
reduction in E previously described. 

u 

The temperature behavior of ductility for materials at a given 
damage level (e.g. 14.1 dpa) can be understood in the schematic in 
Figure VI-C-22. Below 480°C, low ductility is simply a consequence 
of premature plastic instability. As the radiation temperature is 
increased, the defect concentration in the matrix decreases, causing 
an increase in work hardenability which results in increased uniform 
elongation. Near approximately 540°C, diffusion processes become 
significantly effective such that helium embrittlement contributes 
to ductility loss. As the radiation temperature increases above 
540 ° C, matrix strength drops very rapidly but diffusion increases 
the efficiency of the helium embrittlement process resulting in a 
net decrease in ductility. Above 650° C, the effect of matrix strength 
rapidly decreases producing a temporary but samll increase in ductility. 
Above 700° C, helium embrittlement is the principle contributor of 
ductility loss. 

The above analysis applied to a fission reactor spectrum, and we 
must note that fusion reactor radiation will produce a��yt 20 times 
more helium per displacement than in fission reactors. This high 
helium concentration will have the effect of lowering the temperature 
for the helium dominated regions. 
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Figure VI-C-22 Effect of  temperature on the uniform 
elongat ion o f  irrad iated Type 316 SS (55) 
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VI-C-4 Transmutation Effects in 316 SS  

The transmutation reactions in metals can not only produce 
radioactive species (Section IX-B) , afterheat (Section IX-C) , 
swelling (Section VI-C-2 ) ,  and degradation of mechanical properties 
(Section VI-C-3) , but they can significantly alter the chemical com
positions of a metal . The classic example of this if73�e trans-
mutation of Nb into Zr in a fusion reactor spectrum. The purpose 
of this section is to investigate the potential transmutation effects 
that might be expected in 316 S S  when irradiated with fusion spectrum 

· neutronf 7 4) Previous work has also been done on V-20Ti and Nb - !Zr 
alloys. 

The composition of 316 S S  used for this work is given in Table 
VI-C-5. We have calculated the transmutation reactions for all 
elements in Table VI-C-5 except those indicated. The only serious 
omission is Mo , an element for which there is no complete isotopic 
data in ENDF-III  files. 

The neutronic reactions considered are listed in Table VI-C-6 
and those not considered are listed in Table VI-C-7. It is important 
to study these lists as future work will probably be aimed at re
ducing the number of isotopes not considered. The neutron fluxes 
as a function of position were obtained from calculations outlined 
in Chapter V. However , for purposes of this report we will confine 
our attention to the first wall only. 

The transmutation rates are reported in a rather unique unit 
called an amy for atomic parts per million per Megawatt year/m2 

or appm This normalized unit can be c�nverted to atomic 
(MW/m2 )-year

0 

parts per million by multiplying by the neutron wall loading in MW/m2 

and the number of years of irradiation. 

Table VI-C-8 lists the original composition and the net amys of 
an element lost or produced. The major changes are the loss of Fe 
and Ni and the production of Mn ,  V, and Ti. The exact magnitude and 
the consequence of such changes will be explored in Section VI-D-3. 

Finally , it is of interest to calculate the origin of the helium 
and hydrogen gas from the various alloying elements. The results of 
such a calculation are listed in Table VI-C-9. It is noted that aimost 
65% of the helium comes from iron , -15% from chromium and only 9 .4% 
from the Ni. We have not included the Ni5 9  (n , a) reaction in this 
work but preliminary calculations reveal that in the extremely hard 
spectrum of the first wall , such an omission is not serious. Finally 
it should be noted that -10% of the helium generated in 316 S S  comes 
from the interstitial elements (S i ,  C ,  N ,  O ,  and B) . 
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Table VI-C-5 

Typical Chemical Analyses of Commerc ial 316 Stainless Steel 
Parts Per Million by Weight 

Elemen t 

-

Al 

As 

B 

Co 

Cr 

Cu 

Fe 

Mn 
Mo 

Nb 

Ni 

p 

s 

Si 

Ta 

Ti 

V 

C 

H 
N 

0 

316 S ta inless  

50 0  

300* 

1 0  

500* 

18% 

1, 000 

Bal 

2% 

2% 

500* 

14% 

200 

100* 

.7% 

200* 

10 0  

2 , 000 

600 

? 
10 0  

< 20 0  

Steel 

*Not Considered for this Work 



Isotopic 
Abundance-% 

100 

" 
" 

18 . 7 

Total 
I I  

" 

Total 
I I  

I I  

Total 
I I  

I I  

100 

1 1  

I I  

100 

I I  

I I  

I I  

Total 
I I  

100 

I I  

Total 
I I  

9 9 .98 7 

I I  

99 . 7 6  

I I  

I I  
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Table VI-C- 6 

Transmutation Reactions Considered for 

Transmutation React ions in 316 S S  

Reaction lmEortant IsotoEe for 3 0  year 

2 7  Al (n , 2n) 
2 7  Al (n , p) 
2 7  Al (n , a) 

10 B (n , a) 

Cr (n , p) 

Cr (n , 2n) 

Cr (n , a) 

Cu (n , 2n) 

Cu (n , p)  

Cu (n , a) 

Fe (n , p) 

Fe (n , 2n) 

Fe (n, a) 
55 Mn (n , p) 
55 Mn (n , 2n) 
55 Mn (n , a) 
9 3  Nb (n , 2n) 
9 3  Nb (n , p) 

Nb (n , a) 

Nb (n , a) 

Ni (n , p) 

Ni (n , a) 
31 p (n , p) 
3 1  P (n , a) 

S i (n , p) 

S i (n , a) 
181 Ta (n ,p)  
181 Ta (n ,a ) 

5 1  V (n , a) 
51 V (n , p) 
51 V (n , a) 

Mg2 6  

Al2 7  

N/4 

L/ 

15% v, 85% Cr 

0 . 2% Ti , 9 9 . 8% V 

9 8% Ti , 2% V 

Ni 

9 0% Ni ,  10% Cu 

Ni 

25% Mn , 75% Fe 

9 8% Mn ,  2% Fe 

9 0% Cr , 10% V 

Mn 

Cr 

Cr 

3 3% Zr , 6 7 % Nb 

Zr9 3  

Zr90 

Zr9 0  

8 2% Fe , 18% Ni 

6 8% Mn ,  28% Fe 4% Co 

p 

S i  

S i  

9 7% Mg , 3% Si  

Ta181 

Hf178 

Cr5 2  

VSl 

Ti4 8  

Life 



Isotopic 
Abundance-% 

98 . 892 
" 

99 . 635 
" 
" 

9 9 . 759  
" 

Total 
" 
" 

VI-C-42 

Table VI-C-6 

(cont . ) 

Reaction 

12 C (n , a) 
12 C (n , n) 
14 N (n , p) 
14 N (n , p) 
14 N (n , a) 
16 0 (n , p) 
16 0 (n , a) 

Ti (n ,2n) 

Ti (n , p) 

Ti (n , a) 

Important Isotope for 30 Year LiFe 

Be9 

3 He4 

c l3 

c14 

B l l  

0 16 

c1 3  

8% S c ,  92% Ti 

Ti 

2 1 %  Ca , 74% S c ,  5% Ti 



Isotopic 
Abundance-% 

100 

100 

18 . 7 

81 . 3 

100 

4 . 31 

2 . 38 

Total 

5 . 84 

100 

Total 

100 

1 . 16 

100 

Total 

Total 

9 9 . 987 

0 . 013 

0 . 24 

9 8 . 89 2  

9 8.  89 2  

0 . 108 

0 . 365 

9 9 . 75 9  

0 . 037 

0 . 2 04 
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Table VI-C-7 

- ------� - ----- - ----------·---

Transmutations React ions Not Considered for 

UWMAK-I Transmutation Reactions in 316 SS 

Reaction 

27 Al (n , y) 
75 

As [ (n , y) , (n , p) , (n , a) ] 
10 B [ (n , p) , (n , T) ]  
1 1  B [ (n , p) , (n , a) , (n,y) ]  

59 Co [ (n , y) , (n , p) , (n , a) J 

Cr50 (n , y) 
54 Cr (n , y) 

Cu (n , y) 
54 Fe (n , y) 

Mn55
(n , y) 

Mo [ (n , y) , (n ,p) , (n , a) , (n , 2n) ]  

Nb 93 [ (n ,np) , (n , T) ]  

Ni64
(n , y) 

3 1  P (n , y) 

S i (n , 2n) 

S [ (n , Y) , (n , p) , (n , a) ]  
181 Ta (n , y) 
180 Ta [ (n , p) , (n , 2n) , (n , a) ]  

50 V [ (n , p) , (n , 2n) , (n , a) ] 
c l 2

(n , p) 
1 2 C (n , 2n) 
13 

C [ (n , p) ,  (n , a) ]  
15 N [ (n , y) , (n , p) , (n , a) J 

o16 (n , 2n) 
17 

0 [ (n , p) , (n , Y) ]  
18 0 [ (n ,y) , (n , p) , (n , a) J 

Important Isotope for 30 Year LiFe 

Si  

Se , Ge , 

Be , He 

B , He , 

Ni , Fe 

v51 

Mn55 

Zn 

Mn50 

Fe5 6 

Tc , Ru , 

Zr 

Cu65 

s 
Al , S i  

Si , Cl 

wl82 

Hf 

C ,  Be 

O , N , 

N l 5  

O, C 

C 

C 

F , o ,  N 

As 

Zr , Y 
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Table VI-C-s 

Sunnnary of Maj or Metallic Transmutation 

Rates in 316 Stainless S teel* 

Original 
Concentration Net Change-amys 

a ppm appm/MW-year/m2 Element 

Fe 

Cr 

Ni 

Mn 

Si 

Cu 

Al 

B 

Co 

Nb 

p 

Ti 

V 

C 

0 

N 

Be 

Mg 

Na 

Zr 

N = Negligib le 

626,000 

180 ,000 

140 ,000 

20 ,000 

15, 000 

1 , 000 

1 ,000 

52 

500 

300 

360 

115 

2 , 200 

2 , 800 

400 

400 

N 

N 

N 

N 

* UWMAK-1 Spectrum , Firs t Wall 

-1 , 224 

+ 24 

177 

+1 ,160 

12 

5.6 

0 . 6  

0 .1 

+ 0 .3 

0 .5 

0 .1 

+ 45.1 

+176. 7  

3 .4 

0 .4 

0 .5 

+ 1 .  6 

+ 12 .3 

+ 0.5  

+ 0.5 
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Table VI-C-9 

Summary of Gas Production in 316 S tainless S teel First Wall-UWMAK-1 
amys-

Original a1212m/MW-yearLm2 Atomic % of Total 
Concentration 

From a12pm He H He H 

Fe 626 , 000 154 230 64.7  45 . 2 

Cr 180 , 000 35 63 . 9 14.7 12 . 6  

Ni 140 , 000 2 2 . 5  184 9 . 4  36. 2 

Mn 20 , 000 2 . 6  8 1 . 1  1 . 6 

Si  15 , 000 12 . 6  17 . 6  5 . 3  3 . 5  

N 400 0 . 2 0 . 3  0 . 1 N. 

0 400 0 . 4  0 . 1  0 . 2  N 

C 2 , 800 9 . 3  N 3 . 9 N 

B 5 2 0 . 3  N 0 . 1  N 

Al 1 , 000 0 . 5  0 . 3  0 . 2  N 

V 2 , 200 0 . 2 0 . 3  0 . 1  N 

Cu 1 , 000 0 . 1  3 . 8  N 0 . 7  

p 360 0 . 2 0 . 2 0 .1 N 

238 . 2 508 . 5 -100 -100 

N Negligible 



- -- --------------- ---------- -- ---- -- -- - -- -- - ---- - -- -
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The source of hydrogen is 316 SS is somewhat different than 
for helium in that nickel generates a disproportionable amount . 
M_ore than one third of the hydrogen comes from Ni which only con
stitutes 1/7 of the atomic fraction . It is also noted that -5% 
of the hydrogen comes from the interstitial elements and practically 
all of that comes from silicon. 

Finally it should be noted that the calculations here cannot 
be directly compared to those in Chapter V because a different 
316 SS composition was used there (72% Fe, 17% Cr, 11% Ni) and 
no provision was made to include the gases from impurity atoms. 
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VI-C-5 Surface Effects 

The first wall of a thermonuclear reactor will be exposed to 
high fluxes of charged particles, neutrons, neutral atoms, and gaIIlllla 
rays throughout its life. Primary and secondary interaction processes 
will occur which can result in a degradation of mechanical properties 
and an effective erosion of the first wall. Primary reactions may be 
defined as those interactions between the incident ion and the target 
where a momentum transfer occurs, a change in the internal energy state 
of one or both particles occurs, or when a nuclear reaction takes 
place. As a result of these reactions, secondary processes such as 
lattice atom displacement, or ionization and x-ray emission may occur. 
Such processes can cause a variety of phenomena: physical and chemical 
sputtering, blistering, secondary electron emission, x-ray emission, 
backscattering of particles and photons, release of absorbed gases, 
radiation damage, photodecomposition of surface COifil?Ounds, particle 
entrapment and re-emission of trapped particles. (7�J 

Although several of the above processes have been investigated, 
very little experimental data is available for the extreme environment 
and the various types of metals that might be found in a fusion reactor. 
Sputtering and blistering appear to be the most significant of these 
processes in fluencing the first wall lifetime and as such, will be 
the only phenomena considered here. Sputtering and blistering have 
two deleterious effects on the CTR system. The first is an effective 
erosion or thinning of the first wall. The atoms removed by these 
processes can also return to the plasma and in some systems cause 
energylosses that could bring the plasma below the minimum temperature 
needed to sustain the fusion reaction. The effects of sputtering and 
blistering on fusion reactors, particularly the UWMAK-1, will be dis
cussed in Section VI-D-4 and only a brief review of the theory and 
experimental results pertaining to these phenomena will be given here. 

a) Sputtering 

i) General Considerations 

Bombarding a metallic target by high energy ions, neutrons, or 
neutral atoms will displace atoms in the target from their lattice 
sites. Not all of these displaced atoms remain in the target. They 
may be sputtered off the front surface of the target and ejected from 
the back surface. The phenomena whereby atoms are ejected from the 
lattice only by momentum transfers in the collision process is termed 
physical sputterin

,
. Several theoretical studies on sputtering have 

been devel(�Sd�6f- 9) and good reviews of the theory are presented 
elsewhere. J 

Physical sputtering may be understood by analyzing the individual 
collisions of the incident ion and its primary knock-on atoms (PKA ' s) 
in the lattice. The displaced atoms in the lattice all slow down by 
undergoing further collisions. As this occurs, they may diffuse and 
escape. Also, collisions beneath the surface may result in focusing 
events which transfer momentum along close-packed rows of atoms. If 
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these close-packed rows terminate on the surface , enough energy might 
be imparted to the atom at the surface so that it is ejected from the 
surface. 

The collisions in the lattice may be treated as falling into one 
of three groups, depending on the incident particle energy and the 
distance of closest approach( 76 , 7 8) The potential describing the in
teration between the projectile and target atom is assumed to be a 
screened Coulomb potential. 

V (r) r exp [- -] 
a 

VI-C-15 

where z
1 

and �
2 

are the atomic numbers of the projectile and target 
atom, respectively. 

e is the charge on an electron 
r is the distance between the two nuclei 
a is the electron cloud radius defined by 

a 
0 a = ��-s-���--,-�--,-

( Z 2/3 + Z 2/3)1/2 
1 2 

a is the Bohr radius. 0 

For incident ions having a high enough energy to penetrate the 
electron clouds around the nucleus , the interaction will be through 
the Coulomb repulsion of the nuclear charges. This interaction can 
be described as Rutherford scattering when the ions possess an energy 
greater than E

B 
where 

EB - 4Ei z1 z2 c zi/3 + z;/3
)

1/2 =� !d 
VI-C-16 

where ER 
is the Rydberg energy (13. 61 eV) , 

E
d 

is the displacement energy for the lattice atom ,  

Ml and M2 
are the atomic weights of the projectile and 

target atoms, respectively. 
Typical values of E for varous projectiles of interest in CTR 
applications are li�ted in Table Vl-C-10. 

For energies less than E ,  electron screening becomes important. 
The lower limit for the use of a weakly screened Coulomb interactions 
is given by 

Vl-C-17 
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Table VI-C-10 

Values of the limiting energies EA between the hard-sphere collision 
region and the weakly-screened Coulomb collision region and E 
between the latter and the Rutherford collision region. The �rojec
tiles and wall materials shown are some of those of interest for 
Fusion reactors. All energies are in keV. 

Projectile Vanadium a) Niobium a) Molybdenum a) Iron 
E

A 
E

B 
E

A E
B 

E
A 

E
B 

E
A 

H+ 1. 9 2. 8 4. 1 7. 0 4. 2 7. 2 2. 7 

D+ 2. 0 5. 7 4. 1 14. 0 4. 3 14. 5 2. 8 

He+ 4. 2 48. 3 8. 6 117. 2 8. 9 120. 8 6. 1 

a) Reference 75 

Weakly screened interactions may be assumed to occur for particle 
energies between E

A 
and E

B. 

The final type of collisions that will be considered are for 
energies much smaller than E

A 
where there is very little electron 

cloud penetration. In this region, the collisions are of the hard 
sphere type. There is also a lower threshold below which no tY�}
tering will occur. This value varies from 12 to about 30 eV. 
Attempts have been made to measure a threshold energy for sputtering 
experimentally, but sputtering yields are so low at these energies 
that a definite threshold is hard to pinpoint. (78) The value of the 
sputtering threshold will depend both on the incident ion and the 
target material. Extrapolation of higher energy sputtering data to 
z:ro sputterin,7�feld has given values as low as 4 eV for Ar on a 
silver target. 

E
B 

3. 0 

6. 1 

51. 5 

It should be mentioned that the energy boundaries just described 
are approximate. To obtain a better prediction of the energy transfers 
an interaction potential should be used that describes collisions for 
all distances of closest approach, spanning the gap from simple Coulomb 
to hard sphere type collisions. Unfortunately, no one potential des
cribing the entire range of interactions has been discovered. 
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In order to predict the rate at which sputtering will erode 
a surface, a factor called the sputtering ratio is 0ften computed. 
The sputtering ratio is simply the number of atoms sputtered off the 
wall per incit7%t7�asffcle striking the wall. Several theories have 
been proposed ' ' to predict this value and a good summary of 
these can be found in rt�6yences [78, 80 ] .  A brief outline of the 
model proposed by Pease is presented below. 

In calculating the sputtering yields, the displacement cross 
sections for each of the energy regions mentioned above must be 
known. These relations are listed below. 

4 2 2 2 2 (1 - E
d ) 

TI a Ml zl 22 ER 1 0 VI-C-18 E > E 0
d M2 

E
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d 

) 

VI-C-20 E < E 0 = TIR or 
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� [1<� + t) 
2 

0 -
E

d 

) 

0
d 

= 
M

2 
Emax VI-C-21 

where R is the distance of closest approach in hard sphere scattering. 
The minimum value of R can be found by noting that at the distance of 
closest approach, the relative energy of the projectile-tangent system 
must equal the potential energy. Using a Born-Mayer potential, 
V(r) = A exp (-r/b) ,  a value of R can be calculated and inserted in 
equation VI-C-20 to yield the expression VI-C-21. A and b are constants 
determined by compressibility experiments. E is the maximum possible 
energy transfer to the PKA given by max 

E 
max 

Pease ( 7 6) has considered the form of the sputtering ratios to 
be as follows, 

(, 
log (E/E ) 

1 + s 
log 2 

VI-C-22  

where E is the average PKA energy , n is the atom density , and 

E is the energy below which an atom cannot escape from the surface s 
and 2Ed < E << E max 
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Figure VI-C-23 shows the results of applying the above analysis 
to the bombardment of silver by several ions of various energies. 
The variation of S with energy is quite evident. For E < EA, the 
sputtering ratio increases sharply above some threshold energy and 
then levels off, The reason for the rapid rise in S is that the 
average energy transferred to the PKA increases in direct proportion 
to the initial particle energy in hard sphere scattering. From 
�quation VI-C-22, an increase in E raises S. A higher initial energy, 
E also results in an increase in the displacement cross section, 
G

d (see equation VI-C-21{
76)

Note that the threshold energy for sputtering 
predicted by Pease ¥g�el is an order of magnitude higher than 
Kaminsky ' s  values. ( In the region around E

A
, sputtering yields are 

maximum and decrease slightly over the range Erom E
A 

to EB . In the 
Rutherford scattering region (E > E ) ,  S decreases with increasing 
particle energy. Equation VI-C-22 �hows that S depends strongly on 
the displacement cross section Gd 

and the average energy transferred 
to a PKA. Equation VI-C-18 shows that Gd 

is proportional to 1/E 
above E

B
. Also, the average energy transferred to a PKA in Rutherford 

scattering is very small and increases only slightly with large in
creases in incident particle energy. For these reasons, the sputter
ing ratio will tend to drop above EB , 

Pease ( 7 6) explains that his model is most accurate at the higher 
energies, E > EB, where the only large uncertainty affecting S is the 
displacement energy. Application of this model below EB is uncertain 
since the cross sections are not well known, and the energy spectrum 
of the PKA' s changes more rapidly with ion energy. Experimental 
results have also shown that when E > EB the charge (neutral, single 
or doubly charged{ s�f the bombarding particle does not affect the 
sputtering yield. Table VI-C-11 shows some calculations of 
sputtering ratios for various ions and metals of interest in CTR ' s. 
Calculations were made using

(
]9J above model and another relation 

derived by Goldman and Simon. 

ii) Self Sputtering 

The values of the sputtering ratios in Table VI-C-11 are for the 
light ions that leak out of plasma and strike the first wall. Much more 
serious erosion will occur if the projectile atom is heavier. Atoms 
sputtered off the vacuum wall in a CTR may enter the plasma where they 
gain energy through collisions with the plasma ions. If these 

f5ij1
s 

return to the wall, self sputtering ca¥ result. Sunnners et.al. 
have measured sputtering ratios for Nb ions with energies of 10 to 
80 KeV on a niobium target at 50 to 100° C. The results are illus
trated in Figuri VI-C-24. Sputtering coefficients are greater than 
one atom per Nb ion over this energy range. This is due mainly to 
the high average energy transfer from a niobium ion colliding with a 

niobium atom. Most of the self-sputtering collisions that occur in 
a CTR will be in the hard sphere region (E < E ) , In the hard sphere 
region, the average energy transfer is one-halt of the maximum possible 
energy transfer (E ) .  From the relation for E it is easily seen 
that maximum and aW�fage PKA entJ§}es are highes!ai-llien M1 = M

2 i.e. 
self-sputiering. Summers et al have calculated that the flux of 
20 KeV Nb ions needed to produce a given level of erosion is only 
1/200 the flux of deuterium, tritium and helium ions necessary to 
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Figure VI-C-2 3 Calculated sput tering ra tio of  var ious 
ions on s i lver , as a func t ion of energy 
The ene rgy limits for weak screening 
and hard sphere c o l l i s ion are E and E 
respectively . The dashed por t i�n of  11-ie 
curves indicate regions o f  decreased relia
b ility . ( 7 6 )  
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TABLE VI-C-11 
Sputterini yiclde S (at,>rn1 /ion) for wall material• a.ii4 projectile, of lntert'1t in fus ion reactor s .  The 
valuee calculated according to the thcorice of Pea,e (Pl and of Goldman and Simon (G) are c ompared 

wit h the experimental value, (Exp) , 

H 

Wall Projecti le ene rgy E (keV) Projectile energy E (keV) 
1 0  2 0  50 1 00 2 00 500 1 0  20  50 1 00 2 00 500 

V p o .  0097 o .  006 1 0 . 003 1 0 . 00 1 8  0 . 0 0 1 0  0 . 0005 o. 0240 0 . 0 1 50 o .  0072 o. 004 1 0 . 002 3 0 . 00 1 1  
G 0 . 0030 0, 00 1 8  0 . 0008 0 . 0005 0 . 0003 0. 000 1 0 . 0069 0 . 0040 0 . 00 1 9  0 . 00 1 1 0 . 0006 o. 0027 

Nb P 0 . 008 1 0 . 0056 0 . 003 1  0 . 00 1 8  0 . 0 0 1 1 0 . 0005 0 . 022 0 . 0 14 0 . 0073 0 . 0043 0 . 0024 0 . 00 1  I 
0 . 0027 0 . 00 16 0 . 0008 o . ooos 0 . 0003 0 . 00 0 1  o .  006 5 0 . 0038 0 . 00 1 8  0 . 00 1 0  0 . 0006 0 . 0003 

Exp 

Mo p  0 . 0086 
G 0 . 0029 

Cu P 0 . 0 160 
G 0 . 0036 

Exp 0 . 022a 

aRef.  37 . 
bR ef. 1 8 .  

CRe{.  7 .  
dae£.  7 .  
eRe£.  8 .  
£Re£.  16 . 

p. 2 36 .  

o .  0059c O .  0040d 

0 . 0042 e 

0 . 0060 o. 003 3  0 . 0020 0 . 00 1 2 0 . 000 5 5  0 . 0240 0 . 0 1 50 0 . 0079 0 . 0046 0 . 0026 0 . 00 1 2  
0 . 00 1 8  0 . 0009 0 . 0005 0 . 0003 0 . 000 1 0. 0070 0. 0042 0 . 0020 0 . 00 1 1 0 . 0006 0. 0003 

0 . 0 1 00 0 . 0053 0 . 003 1 0 . 00 1 8  0 . 0008 o .  04 1 0 . 025  0 . 0 12 0 . 0070 0 . 0039 0 . 00 1 8  
0 . 002 1 0 . 00 1 0  0 . 0006 0 . 0003 0 . 0002 0. 0085 0 . 0049 0 . 0023 0 .  00 1 3  0 . 0007 0 . 0003 

o. oo nb o . 00 1 0  0 . 0028! o. 002of 0 . 00 1 1 ! 

He 
+ 

Wall Projectile ene rgy E (keV) 
1 0  2 0  1 00 500 1 000 3 500 

V p 0 . 2 300 0.  1 350 0 . 036 0 . 0092 0 . 0050 0 . 00 1 7 
G 0 . 0630 0 . 0360 0 . 0093 0 . 002 3  0 . 00 1 2  0 . 0004 

N b P  o .  2 2 50 0 . 1 370 0 . 0390 0 . 0 1 00 0 . 00 5 5  0 . 00 1 8  
G 0 . 06 10 0 . 0350 0 . 0093 0 . 002 3  0 . 00 1 3  0 . 0004 

Exp o , 0 5 1 e 

Mo p  0 . 2 4 1 0  o .  1 4 70 0. 0042 0. 0 1 1  o .  0060 0 . 0020 
C 0 . 0660 0 . 0380 0 . 0 1 0  0 . 0026 0 . 00 14  0 . 000 5 

Cu P 0 . 39 10 o .  2300 0 . 0620 0 . 0 160 0 . 0085 0 . 0028 
C 0 . 078 0 , 0440 o. 0 1 1 0 0 . 0028 0 . 00 1 5  0 . 0005 

+ Value meas ured £or 8 - keV H on Au.  
Value meas ured £or  monoc rys ta lline Cu(  1 1 1 ) tar get,  theories  
not  a pplica ble . + Value measured for 1 2 . 2 - keV D . 
Value meas ured for 1 8 ,, 8 - keV n+ . 0 The N b  ta rget tempe ratu re was 1 1 00 C .  
Value s measured for monoc r ys talline C u  ( 1 00)  ta r get, the or i e s  
not applicable . 

: 1 .  Kaminsky , ' ' Surface I'henomena Leading to Plasma Contamination and 
Vacuum Wall Erosion in Fusion Reactors and Devices , "  Proceedings of the 
International Working Sessions on Fusion Reactor Technologx, Oak Ridge , 
Tenn . ,  CONF-710624 ,  p .  86 ,  (June 28-July 2 , , 19 71 ) . 
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Figure VI-C-24 
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cause the same damage. 

iii) Neutron Sputtering 

The first wall of a CTR wil l  be subj ected to high neutron fluxes 
as well as ion and neutral atom bombardment. Added to the incident 
14 MeV neutron flux is an even higher flux of lower energy neutrons 
that come form ( n , 2n) reactions in the b lanket and from backscattering. 
The energies of the back streaming neutrons range from about 0 . 1  to 
6 MeV. As can be seen by the fol lowing example ,  neutron sputtering 
may be a problem in CTR systems. (75, 8 2 ) 

Consider the irradiation of a niobium target by separate beams 
of 14 MeV neutrons and 14 MeV deuterons. The cross section for elastic 
scattering of a 14 MeV neutron is on the order of 2 barns. A 14 MeV 
deuteron has a displacement cross section of 4800 barns. The average 
energy of the neutron produced PKA is approximately 146  KeV. The 
n+ produces a PKA with average energy of 0 . 364 KeV. Kaminsky calculated 
the average number of displacements produced by each of these ions 
to be: 2 800 displaced atoms per PKA caused by the neuteron. Thus, 
although the cross section is 3 orders of magnitude less for neutron 
reactions, the number of displacements per PKA is almost 3 orders of 
magnitude higher for neutrons. Kaminsky computed sputtering yields 
for these two particles and found· sl ightly higher values for the 
14 MeV neutrons. 

Garber et. al . ,  (33) have presented results of extensive irradiations 
for 25 elements by a fission reactor flux of 2xlol 2  n/cm2sec (E > 1 MeV) . 
They discovered that there is a periodic dependence of the sputtering 
yield on the atomic number of the target . Their results are given in 
Figure VI-C-25.  Both polycrystalline and monocrystalline targets were 
used. It was also found that sputtering from single crystals was 
consistently higher by a factor of 1 . 5  to 2 . 5 . From their work, it 
is possible to estimate the sputtering for any other target. 

iiii) Design Equations for 316 S S  

The erosion rate due t o  physical sputtering by many types of 
species may be calculated by 

d( t) VI-C-23 
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Figure VI-C-25 
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where s is 
]J 

the sputtering yield in atoms per particle for a 

particular bombarding particle ]J 

cp]l 
is the flux of the bombarding particle ]J .  

A is the atomic weight of the material 
w 

t is the irradiation time 

N is Av ogadro ' s  number 
0 

p is the density of the wall material 

All of the factors in equation VI-C-23 are known with some cer
tainty except S . We will be faced with estimating this value for 
316 SS without �he benefit of any experimental data. Therefore, the 
sputtering ratio for iron will be estimated and it will be assumed 
that such a number also holds for the alloy -316 SS . 

From Table VI-C-11, equation VI-C-22, and personal communication� 84) 

we will assume a value of S for 23 keV deuterium and tritium ions on Fe to 
be -0. 02 and 0 . 03 atoms/ion respectively. 

Such a value is consistent with the calculatiors of Pease (7 6) for 
V and Cu which are close to Fe in mass and atomic number . The 
potential error in these numbers can be quite large (i . e .  ±0 . 01) so 
that considerable latitude should be given the results of these 
calculations . 

The sputtering yield for helium ions will be estimated from 
data at lower energies and by comparison to similar elements at 
higher energies . For example, the value of S for 400 eV helium on 
Fe and Cu is 0 . 11 and 0. 21 respectively . C7 8) McCracken and Erents have 
calculated the value of S for 10 keV helium on Cu to be 0 . 28 (close 
to value of 0 . 39 predicted from equation VI-C-22) . If the ratio 
S

F 
/S

C 
is the same at 23 keV as it is at 0 . 4 keV, and if Sp 10 keV 

-
e u O 11 - e, 

SFe, 23 keV then SFe, 23 keV = 0 . 28 x 
0:21 

or 0 . 15 atoms/ions . We 

will extend this argument to the helium atoms which are in the process (85) of slowing doen from 3 . 5  MeV to the plasma equilibrium of 11 keV . Mills 
has calculated that the average energy at the first wall will be -100 keV 
from Table VI-C-11 and our previous Fe/Cu ratio we will estimate 
s
, 100 keV � 0 . 03 atoms/ion . 

The estimates of S for neutron sputtering can be broken up into 
two terms; one for 14 MeV neutrons and th{8�5her for back scattered 
neutrons . Recent experiments by Kaminsky with 14 MeV neutrons 
suggest that S=O . �  for cold worked Nb at room temperature . Such a 
large S is found because of an unusual spike phenomena which causes 
large chunks of metal to be ejected . No explanation for such a 
large value has been made nor is it understood why it is almo;St, two·. 
orders of magnitude from previous estimates . However, , ¥e._.will use this very 
pesimistic number which will if anything, tend tE> pver-·'estimate the wall 
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The sputtering value for lower energy neutrons (i.e.
(QQy to 

6 MeV) on Nb has �83y suggested to be 5 x 10-3 atoms/ion. If 
one uses Garber ' s  values of the relative neutron sputtering rates, 
then a value of 9 x 10-3 atoms/neutron is predicted for iron. It 
must be remembered that neutron sputtering takes place on both sides 
of a wall, and proper care must be taken to include the value of two. 

It must also be noted that the above estimates appear to be 
high iisJ}ew of other early studies on neutron sputtering. Garber 
et.al. suggest that S , for 14 MeV neutrons on Au is around 
3 x 10-3 atoms/neutron. However, Figure VI-C-25 predicts that S 
for Au is 4.5 times higher than Fe for neutron sputtering. This 
means that optimistically the value of S for 14 MeV neutrons on 
Fe would be 6.6 7  x 10-4 atoms/neutron which is more than an order 
of magnitude lower than that for fission neutrons and more than 
two orders of magnitude below Kaminsky ' s  recent value for 14 MeV 
neutrons. Nevertheless, we will continue our conservative approach and 
assume the worst possible wall erosion rates. 

Finally, we must consider self atom sputtering. In calculating 
the self-sputtering rate, the following assumptions will be made. 
First, sputtering is assumed to occur unifonnly over all first wall 
surfaces facing the plasma in the reactor. Also, all of the sputtered 
ions or atoms returning to the wall are distributed unifonnly over 
the vacuum wall area. All wall atoms that make it back to the first 
wall have an energy of 23 KeV. Finally, because we assume a 90% 
effecient divertor, only 10% of the wall atoms sputtered are assumed 
to return to interact with the wall. The flux of wall atoms (mainly 
iron) returning to the wall

�
¢Fe'is approximated by 

Where S
D

, ST
, SL, SH

, s14, and SB are the sputtering yields in 
atoms/particle �or �eutRrons, tr�tium ions, low energy alpha par
ticles, high energy alpha particles, 14 MeV ne�trons ay� back 

B 
scattered neutrons respectively, and ¢D ' ¢

T, ¢ ¢ ¢ and ¢ 
fl f d . . . 

1 a a 
li
n. h . J;l are uxes o euterons, tritium ions, ow energy and 1g energy 

VI-C-24 

alpha particles, 14 MeV neutrons and back scattered neutrons, respectively 
incident on the first wall. 

Substituting the values in equation VI-C-24, 

� � 0 1 [ O 02 � 0 03 � + 0 15 �
L + 0.03 �H + 0.0091 �L + 0.2 �H

.] �Fe � · · �D + · �T · �a �a �n �n 
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A self-sputtering coefficf7H� for iron iust now be chosen . Based 
on data presented by Kaminsky , 45 KeV Fe ions incident on iron 
have a sputtering yield of 3 atoms/ion . Although no data is presented 
for the change in the self-spyttering coefficient with energy for iron, 
data is available for copper . t 78) Based on this  data, a self-sputtering 
coefficient of 2 . 5  is chosen for iron at KeV .  

A summary of S and the wall erosion constants based on equation 
VI-C-23 is given inµTable VI-C-12 . The values in this table 
constitute the terms in the design equation for 316 SS . 

Table VI-C-12 

Summary of Potential Wall Erosion Rates Due to Sputtering 

Species 

D 

T 

He 

He 

(Fe , Cr, Ni , etc) 

Energy keV 

23 

23 

23 

-100 

23 

s atom/particle 

0 . 02 

0 . 03 

0 . 15 

0 . 03 

2 . 5  

mm/year 
per unit flux 

7 . 2 X 10-l7 

1 . 09 X 10-16 

5 . 45 X 10-16 

1 . 09 X 10-16 

. 9 . 1 X 10-15 

n (l4 . l MeV) 14 . 1 0 . 2 1 . 45 X 10-15* 
6 . 53 X 10-17* n (back scattered) 0 . 1 <E <14 . 1 0 . 009 

* includes both s ides of first wall 
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Irradiation of metal surfaces with energetic charged particles 
can not only cause atoms to be sputtered from the first wall, but 
it can cause severe surface roughening and blistering (84) . 
Qualitatively, the energetic ions (only hydrogen and helium isotopes 
will be considered here) displace atoms as they penetrate the solid . 
When they lose most of their energy, they slow down and become trapped 
because of their low diffusivity. Since the solubility of some of the 
gases in metals (e.g. helium) is extremely small, most of the gas 
precipitates into small bubbles. These small bubbles are formed near 
the end of the range for the gas atom and this region also corresponds 
with that for maximum vacancy production. The bubbles can capture these 
vacancies, grow and eventually coalesce with other bubbles to form 
lenticular bubbles below the surface of the metal. If enough atoms 
are injected at an elevated temperature, the pressure in these bubbles 
will be high enough to deform the metal surface causing it to protrude 
above the original surface. Eventually, this "blister" can rupture 
causing a large flake of the wall material to be spalled off. 

Blister formation has been found with helium ions in Nb (87-95) , 
Mo (93, 96-97) , W (98) , Pd  (99) , Cu (100) , V alloys (90, 93, 95), and 
stainless steel (99, 101, 102) . There have also been some instances 
where blisters have been formed by deuteron irradiation of Nb (95, 103) , 
Mo (47) , Le (97) , and stainless steel (97).  No attempt will be made 
here to review the literature and the reader is referred to articles 
listed above for a more extensive bibliography. 

At the present time the size, density, and shape, and critical 
fluence for the formation of blisters is known to be a function of at 
least nine parameters : 

1. Energy of ions (i.e. their range) (89, 91) 
2. Diffusivity of injected ions (90) 
3. Solubility of gas atoms in matrix (90) 
4. Yield strength of the metal (96) 
5. Temperature of the metal during bombardment (88-91, 93, 103) 
6. The dose rate of bombarding ions (95) 
7. Total dose (87, 89-91) 
8. The orientation of the crystal structure to the ion beam (88-92) 
9. The metallurgical state of the sample prior to irradiation, 

i.e., cold worked vs annealed (87 , 90) 

The occurence of this phenomenon is so recent that no comprehensive 
theory has been developed to adequately predict the extent of wall 
erosion due to blistering. In the absence of such a theory, we will 
only be abie to estimate the erosion rates based on simple concepts. 

There have been three recent studies which have dealt with blistering 
in austenitic stainless steel. 
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Bauer and Thomas ( 102) have studied the temperature dependence of 
helium re-emission from 316 SS after 300 keV bombardment .  The samples 
were implanted at a flux of 6 . 25 x 1013cm-2sec-1 . It was found that 
fractured helium blisters could be observed on the steel surface con
cident with the sudden and dramatic release of helium . The critical 
fluence for blister formation was -1 . 4  x 101 8 cm-2 at -1 70 ° C, 1 x 1018cm-2 

at 300 ° C, 7 x 1017cm-2 at 500 ° C and -4 x 1017 at 700 ° C .  

Irradiation beyond the critical fluence causes further blisters 
to form and burst and eventually several layers of surface are ex
foliated . Figure VI-C-26 shows an example of 316 SS irradiated to 
4 x 1018cm-2  at 500 ° C which has gone through 4 sequences of blister 
formation growth, rupture and exfoliation . A summary of Bauer and 
Thomas ' results CJ.02 ) is shown in Table VI-C-13 .  

Table VI-C-13 

Summary of 300 keV Helium Implantation in 316 SS ( 102) 

Implantation Temper- Surface 
ature Region o c  Deformation 

<-50 °C Mostly 
Blisters 

-50 °C to 500 ° C Flaking 

>600 ° C Blisters 

Critical Dose 
for Blister_2 RuEture 2 cm 

14 X 1017 

7-14 X 101 7  

4-7 X 1017 

Dominant Helium 
Release Mechanism 

Blister Cracking 

Exfoliation 

Blister Cracking 
Some bubble 
migration to 
surface . 

Verbeek and Eckstein (9 7) inj ected H
+

,' D
+ 

and He+ into 4301 

stainless steel at 15 and 150 keV. Blisters were formed in steel at both 
ion energies and it was found that the critical fluence for the occurence 
of blisters at 300 °K was 1 . 2-4 x iol!cm-2  for 15 keV helium bombardment . 
Blisters are even formed by 15 keV D ions at 2 7 and 347

° C .  The critical 

fluence for blister formation was -5 x 1018 cm-2 and the blisters 
appeared to be closely associated with grain boundaries and precipitates . 
It was concluded that hydrogen isotope blisters do not significantly 
contribute to wall erosion even though they may cause localized pitting . 

Das and Kaminsky ( 101) have investigated the blister formation in 
304 SS between room temperature and 550 ° C .  Five hundred keV helium iorts 
were used . It was concluded that the maximum temperature for blister 
exfoliation occurs at -500 ° C and that the effective value of S (here
after referred to as S ' )  at that temperature is 0 . 48 . This value dropped 
to 0 . 22 at room temperature . Both of these values are consistent with 
previous work which yield s ' �  0 . 1 for V at RT and 600 ° C, and 
S '  = 0 . 2 for Nb at RT (91,92, 95).  More recent work by Kaminsky ( 84) has 
yielded S '  values of 3 for 100 keV ions on 304 SS . It appears that the 
lower energies are more effective in removing the surface layers in steel . 
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A crude method to estimate the maximum wall erosion rate is to 
assume that when the critical fluence is reached, an entire layer of 
the metal equal in thickness to the range of the incoming particle will be 
exfoliated. (Note: This is a rather conservative approach as experience 
shows that not all the surface comes off at one time) . Figure VI-C-27 
shows the projected ranges, R, of helium, deuterium and tritium in 
stainless steel. Given this range-energy relationship the effective wall 
erosion rate can be calculated by 

S ' = R ---
(<pt) 

C 

N p -
X O = 

A w 

R 
(<pt) 

C 

where (<pt) is the critical fluence for exfoliation. 
C 

VI-C-25 

For 300 keV helium, R � 0. 9 8 microns, (<pt) -lo
18

cm-2 and the value 
of S '  � 8. Such a number is an order of magnitilde above Das and Kaminsky ' s  
500 keV value but less than a factor of 3 larger than the 100 keV data. 
This high value of S '  indicates the large degree of conservatism built 
into this simple model. Some of the helium may get to the surface with
out forming major blister.s while other helium certainly "leaks" out from 
the subsurface when a blister bursts. 

The calculations of wall erosion in UWMAK-I will include a value of 
S '  � 3 for 100 keV helium consistent with the Das and Kaminsky value for 
100 keV particles. We will assume that 23 keV helium blistering occurs 
with S '  � 1 due to the shorter ranges (Eq. VI-C-25) . However, the 
latter assumption may underestimate the wall erosion rates and future 
data should be closely examined. 

It is very difficult at this time to assess wall erosion due to 
D

+ 
and T bombardment. Verbeek and Eckstein (97) have shown that the 

threshold fluence is a factor of 10 higher for the hydrogen isotopes 
compared to helium and that the blister formation is very inhomogeneous. 
We will take a very conservative approach at this time for hydrogen blister
ing and assume that the effective wall erosion rate is -1/100 that of 
equivalent energy helium, yielding a value of S '  � 0. 01. · 

The design information for blistering in UWMAK-I is given in Table 
VI-C-14. It is noted that the wall erosion rates are much higher per 
unit of fluence for 23 kiv heli¥m than for the hydrogen isotopes. 
However, the increased D and T fluxes to the first wall will tend 
to equalize the wall erosion rates. The predominant wall erosion rate 
per unit of flux is the -100 keV helium ions and efforts must be made 
to limit the ions of that energy from striking the wall. 
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Table VI-C-14 

Surmnary of Potential Wall Erosion Rates Due to Blistering 

mm/year 
Ion Energy-keV S ' Atom/ion Per Unit of Flux 

D+ 
23 0.01 2.5 X 10-17 

T
+ 23 0 . 01 2.5 X 10-17 

He 23 1 2.6 X 10-15 

He 100 3 1.1 X 10-14 
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VI-D Specific Effects in UWMAK-I Blanket 

1) Swelling 

a) Void Swelling in 316SS  

The design equations for solution treated (ST) and 20% cold worked 
31 6SS  given in Section VI- C-1-b have been used to calculate the 
swelling profiles to be expected in the UWMAK-I heat removal cells. 
The general schematic used for the calculations is shown in Figure 
VI-D-1. We have calculated the swelling at 9 points along the first 
wall at temperatures ranging from 300-500° C and exposures equivalent 
to 2 ,  10 and 30 years. The dpa values used for this work are plotted 
in Figure VI-D-2. The swelling has also been calculated for the 
steel 10 , 20, and 30cm from the first wall at temperatures of 325° , 
375 ° , 425 ° , 475 ° , and 500° C. The results are listed in Table VI-D-1 
and displayed in Figure VI-D-3 , 4. 

The first point to note in Table VI-D-1 is that if the heat re
moval cells are changed every two years the maximum swelling values in 
the first wall might vary from 0.25 to 7.9% depending on whether 20% 
cold worked or solution treated 316SS  is used , respectively. It is 
felt that we could stand swelling values up to as much as 10% at 
the end of life without compromising the integrity of the first wall. 
Therefore either ST or 20% CW 316S S  could be used for the UWMAK-I 
first wall for 2 year operation. 

The second point to note is that swelling values at 10 , 20 , and 
30 cm from the first wall are all negligible for CW 316 S S  over the 
2 year wall lifetime. 

The third point of interest is the swelling gradients that will 
exist in the front wall and support struts for the heat removal cells. 
(e.g. Figure VI-D-4) The swelling is most pronounced at the highest 
temperature end of the cells and will fall quite rapidly as one proceeds 
towards the lithium inlet side of the section. Bending moments and 
stress gradients will obviously result from this arrangement but the 
magnitude of these stresses have not been calculated yet. Figures 
VI-D-5 , 6 show how much of a heat removal cell will be above 1 ,  5 ,  10 , 
20, 50 and 100% swelling for 10 and 30 year operation. The information 
in Figures VI-D-5 , 6 is summarized in Table VI-D-2 and it can be seen 
that swelling in ST 316SS  is totally unacceptable for 10 and 30 year 
exposure. It is predicted that 6% of the structure will experience 
>100% swelling and almost 1/3 of the cell will swell more than 10%. 
The use of 20% cold worked steel will significantly reduce the swelling .  
After 10 years exposure only 10% of the structure will swell 
more than 10%. However after 30 years , almost 1/3 of the CW 316S S  
heat removal cell will swell more than 10% and 1% of the structure 
will expand more than 50%. 
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Table VI-D-1 
Summary of AnticiEated Swelling Behaviour of 316  Stainless Steel in UWMAK-I 

%6V/V0 

Damage 2 years 10 Years 30 Years 
Distance from Temperature Level Solution 20% Cold Solution 20% Cold Solution 20% Cold 
First Wall-cm oC dEa/year Treated Worked(a) Treated Worked Treated Worked 

0 300 18.2 0.42 < 0.1 1.5 <0.1 3.0 <0.1 
0 325 18.2 0.51 <0.10 1. 7 <0.1 4.0 0.1 
0 350 18.2 0.59 <0.1 2.1 0.2 5.0 0.65 
0 375 18.2 0.75 <0.1 3.2 0.8 8.6 2.5 
0 400 18.2 1.2 0.14 7.6 2.4 2 6  7.5 
0 425 18.2 2.2 0.19 28 6.2 >100* 21 
0 450 18.2 4.8 o.24 >IOO* 10 >1 00* 34 
0 475 18.2 7.1 0.24 >1 00* 17.5 >100* 57 
0 500 18.2 7.9 0.25 >100* 25 >100* 80 

10 325 10.5 0.38 <0.1 1.1 <0.1 2. 6 <0.1 
10 375 10.5 0.61 <0.1 2.0 <0.1 5.3 1.4 
10 425 10.5 0.99 <0.1 12 2 .5 65 8.5 
10 475 10.5 2.3 <0.1 69 8 >100* 30 
1 0 500 1 0.5 2.4 <0.1 87 13 >100* 48 <: 
20 325 6.9 0.26 <0.1 0.8 2 <O.l 1. 8 <0.1 I 

20 375 6.9 0.4 <0.1 1.3 0.25 3.8 0.9 I 

20 425 6.9 0.55 <0.1 6.0 1.4 3 4  7 .J w 
20 475 6.9 0.51 <0.1 28 4.5 >100 * 2 0 
20 500 6.9 1.0 <0.1 35 6.7 >100 *  29 
30 325 4.6 0.19 <0.1 0.6 <0.1 1. 3 <O.l 
30 375 4.6 0.22 <0.1 0.9 O.L3 2.4 0.6 
30 425 4.6 0.31 < 0.1 3.3 0.58 16 4 . 2 
30 475 4.6 0 . 38 <0.1 16 1.6 >100 *  13 
30 500 4.6 0.36 <0.1 14 3.6 >100 *  18 
40 500 3.2 0.15 <0.1 6.2 0.38 80 11 
50 500 2.2 < 0.1 <0.1 2.5 <0.1 30 5.8 
60 500 0.87 <0.1 <0.1 0.36 <0.1 3.8 <0.1 

*Values not considered as reliable 
(a) Nominal equation VI-C-10 
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ST 316SS 
2 years 69 24 

10 years 14 4 
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2 years 100 

10 years 57 26 
30 years 44 16 

VI-D-10 

Table VI-D-2 

Spatial Distribution 
Swelling in UWMAK-I 

Heat Removal Cell in 

5-10% 10-50% 

7 
15 13 
16 8 

7 10 
12 28 

of 

Swelling Range 

50-100% >100% 

11 6 
7 2 9  

1 
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The question of how long one could operate UWMAK-I and still not 
exceed the arbitrary 10% swelling limit can now be answered. This 
time is only slightly longer than 2 years for ST 316SS and -5 years 
if 20% CW 316SS were used. These short times make the concept of a 
changeable first vital even without other limitations such as ductility, 
decreases, surface effects, or corrosion. Once a reasonable procedure 
has been worked out, the question of changing the heat cells every 2, 
5, or 10 years is only a question of economics. It is quite apparent 
that unless some saturation of the swelling takes place, there is no 
way of making the 316SS first wall last for a 30 year plant lifetime. 

The swelling for the stainless steel which is more than 30 cm from 
the first wall should also be investigated. It is seen that in the 
region between 30 and 40 cm from the first wall, (Figure VI-D-4b) the 
swelling in the Li outlet header will exceed 10% after 30 . years of 
operation even if CW 316SS is used. However, it is questionable 
whether the desired level of cold work can be retained over a 30 year 
(260, 000 hr) time period at 450-500° C and the swelling may be more 
characteristic of the solution treated material. If that were true, 
then swelling values in excess of 100% may take place in the header 
region over the 30 year anticipated life of a reactor. (See Figure 
VI-10-4a) Changing the headers every 5-10 years may be a difficult 
job. It is also noticed from Table VI-D-1 that 316SS farther than 
40 cm from the first wall (the reflector region) should be able to 
operate for the entire reactor lifetime without replacement. 

b) Gas Bubble Swelling in 31 6 SS 

3 Table VI-D-3 lists the gas atoms produced per cm per year of 
irradiation as a function of distance from the first wall. We will 
assume that the hydrogen is soluble in 316 SS such that there will be 
no bubbles produced by that element . Furthermore, it is noted that 
at the operating temperatures of UWMAK-I, Tmax = 500 ° C, the Browian 
diffusion of He is so slow that very few if any bubbles should form, 
even up to temperatures of -600 °C .  However, it is possible that in 
the presence of stress or temperature gradients, there may be limited 
bubble formation . We will calculate the swelling as if all the helium 
atoms were to collect into bubbles of various sizes (or densities) 
which should represent the worst possible case. 

The maximum swelling in the first wall due to complete helium 
atom agglomeration is shown in Figure VI-D-7 for irradiation times 
of 2, 10 and 30 years. The results are listed in tabular form in 
Table VI-D-3. It is noticed that if the helium atoms collect into small 

0 
bubbles (r = lOA) swelling would not exceed 3 . 3% even after 30 years 

0 
of irradiation. The number density implied by the lOA radius bubbles 
varies from 6. 5 x 1016cm-3 after 2 years to 9 . 8  x 1017cm-3 after 30 
years of irradiation. The average spacing between the bubbles in the 
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0 

latter case is only -100 A or -17 lattice spacings. Such a diffusion 
distance is not too unreasonable. On the other hand, the average bubble 

0 
· 

0 

spacing after 30 years if the bubbles are 1000 A in radius is -440 0  A. 
This spacing increases to 10, 600 A for after 2 years of irradiation. 
It is expected that this latter spacing is too large for helium 
collection and hence it is extremely unlikely that such large hubbies 
will be formed at T < 500

°C. 

It is concluded that helium gas bubble induced swelling of < 0. 3% 
might be expected after 2 years of irradiation and this might rise 
to -3-7% if the first wall was irradiated for 30 years. Such swelling 
values are of concern, but thought to be tolerable. The biggest un
certainty in this brief analysis is the synergistic effect of void 
and bubble induced swelling. 

Table VI-D-3 

Maximum Helium Gas Bubble Induced Swelling in the UWMAK-I First 
Wall After 2, 10 and 30 Years of Irradiation at 500

° C* 

Irradiation Time-yr 

2 

10 

30 

H 1
. G 

Percent Swelling for 
e ium as o o 

Atoms/cm3 lOA 100A 

5. 05 X 10
1 9 

0. 22 0. 45 

2. 53 X 1 0
20 

1. 1 2. 3 

7 . 6  X 10
20 

3. 3 6. 8 

Given Bubble 
0 

1000A 

2. 8  

14 

42 

*Assuming all gas atoms collect into bubbles, an extremely unlikely 
circumstance at <500

° C 
2 -2 3  3 -1 

**Assume y=lOOO ergs/cm , b = 4 x 10 cm atom 

VI-D-2 Mechanical Property Changes in 316 SS 

It is now possible to utilize the information in Section VI-C-3 

Radius** 

to calculate the increase in TYS and decrease in uniform elongation due 
to irradiation in UWMAK-I. We have calculated the time and spatial 
variations in the heat removal cell in much the same way as was done 
in Section VI-D-1. 

a. Changes in Yield Strength 

The results for the change in TYS are shown in Figure VI-D-8. First 
of all, since we have no reliable design equation for the effect of 
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irradiation on cold worked 316 SS we will only quote the effect of 
irradiation on the TYS of ST 316 SS . Secondly, because of the lack 
of data for ST 316 SS below 422° C, we have assumed that the yield 
strength is only a function of displacement damage below that 
temperature . Hence, we have the used design equation given in 
Table VI-C-3 at 426 °C to apply at all temperatures below 426 °C &  above 300°C .  
The equation for 482°C has been used to apply t o  all the temperatures 
between 426 and 500°C .  A crude attempt has been made to match the 
data at 426 °C .  

It is noted that the TYS of a solution treated 316 SS first wall 
is increased by a factor of 5-6 after two years of irradiation . The 
steel is also hardened throughout the 20 cm depth of the heat removal 
cell as is shown in Figure VI-D-8; the components 2 0 cm from the first 
wall are still almost 4 times stronger at the yield point than the 
unirradiated material . 

The unirradiated TYS of cold worked 316 SS is also given in 
Figure VI-D-8 Note that it is almost 4 times stronger than the 
ST 316 SS before irradiation and from Figure VI-C-5 we see that 
irradiation should have a relatively smaller effect on the TYS of 
cold worked steel . 

The extent of the hardening can be seen in Figure VI-D-9 where 
the TYS of ST 316 SS is plotted vs distance from the first wall after 
2, 10 and 30 years of irradiation for a isotherm of 482°C .  (See also 
Table VI-D-4) There are three important points of this figure . First, 
the hardening effect of irradiation will extend throughout the entire 
blanket after 2 years of irradiation . Second, the design equation for 
316 SS is probably not applicable above 110 ksi and it is quite possible 
that we might get a saturation in the yield strength somewhere 100-120 ksi . 
Saturation would only be important for a 30 year wall life . Finally, 
the irradiation induced hardening will probably extend back into the 
shield . However, since there is no data on 316 SS at high exposures 
and 200° C, it is difficult to estimate the absolute magnitude of TYS 
increase in threshold . 

It is concluded from this investigation that the entire heat 
removal cell region will be hardened during its two year lifetime 
and that the TYS of the metal components in the header and reflector 
region will be increased by a factor of 3-4 over a 30 year exposure . 
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Table VI-D-4 

Anticipated Change in Tensile Yield Strength For 
ST 3 1 6  ss at 4 9 20c 

Distance TYSa ) 

From First dpa per 
Wal l  - Cm Year 2 Years 10  Years 

0 1 8 . 2  8 7  1 1 5b )  

10  10 . 5  7 7  1 0 5  

2 0  6 . 9  7 0  9 8  

3 0  4 . 6  6 3  9 1  
4 0  3 . 2  5 6  8 5  

50  2 . 2  50 8 0  
6 0  0 . 8 7 3 3  6 2  
7 0  0 . 4 5 2 2  5 0  
8 0  0 . 3 0 1 7  4 3  
9 0  0 . 15 1 7  3 0  

100  0 . 0 2 8  17  1 7  
1 1 0  0 . 0 1 4  17  17  

a ) See equa tion in Table VI-C-3  

b )  Above limit o f  formul a 

3 0  Years 

1 3 4b ) 

1 2 5b )  

1 1 7b ) 

1 1 0  
1 0 4  

9 7  
8 1  
6 9  
62  
50  
21  
17  
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b .  Loss of Ductility in UWMAK-I Heat Removal Cells 

It is clear from Section VI-C-3 that embrittlement will be a 
severe problem for CTR ' s  constructed with stainless steel , or any 
other ma terial for that matter . We have calculated the expected 
ductility (%  uniform elongation) remaining in the UWMAK-I blanket 
material after several irradiation times . The results are listed 
in Table VI-D-5 and displayed in Figure VI-D-10 . It should be 
noted that we are again forced to using design data for ST 316 SS 
instead of that applicable to the cold worked alloy . We have also 
assumed that the design data for 426° C (Figure VI-C-10) applies to all 
irradiation temperatures from 300-426° C .  The damage incurred between 
426 and 500° C will be described by the 48 2° C data .  Since the design 
limitation occurs when the uniform elongation of any part of the heat 
removal cell drops below 0 . 5% ,  it is not too critical to describe the 
behavior at all of the temperatures . 

It can be seen from Table VI-D-5 , that after one year of UWMAK-I 
perhaps only the first wall has reached the 0 .  5% elongation limit .. 
However , within t he next year the first 20 cm will have reached that 
limit . In fact , within 3 years of irradiation 30 cm of the blanket 
will have uniform elongation values of <0 . 5% .  

A rather disturbing feature of Figure VI-D-10 is the fact that 
even the 316 SS in the header region will fall below the ductility limit 
after 10 years of irradiation . Within 30 years , the proj ected lifetime 
of the plant , we will find that the entire blanket structure will be 
below or close to the design limit . 

Table VI-D-5 
Anticipated Ductility Changes in UWMAK-I 

Structure Material (316  SS) 

Distance Temp- Damage 
From First ature Level Uniform Elongation Remaining % 
Wall - cm o c  dpa/year 1 yr . 2 yrs . 10 yrs . 30 yrs . 

0 300-426 18 . 2  <0 . 5  <0 . 5  <0 . 5  <0 . 5  
0 426-500 18 . 2 <0 . 5  <0 . 5  <0 . 5 <0 . 5  

10 300-426 10 . 5  4 <0 . 5  <0 . 5  <0 . 5  
10 426-500 10 . 5  5 <0 . 5  <0 . 5  <0 . 5  
20 300-426 6 . 9  7 -o . 5 <0 . 5  <o . s 
20 426-500 6 . 9 9 -o . s  <0 . 5  <0 . 5  
30 300-426 4 . 6  11 4 <0 . 5  <0 . 5  
30 426-500 4 . 6 15 8 <O . S  <0 . 5  
40 300-426 3 . 2 15 8 <0 . 5  <0 . 5  
so 300-426 2 . 2  20 12 <0 . 5  <0 . 5  
60 300-426 0 . 8 7  2 7  19 5 <0 . 5 
70  300-426 0 . 45 35 2 7  1 2  -o . s  
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The conclusion of this work is that after one to 
two years of irradiation, we will have to remove the heat removal 
cells (first 2 0 cm of the blanket) and replace them with new units. 
Strictly speaking, we should change the units every year, but we feel 
that we might be able to stretch the life time to 2 years because of the 
uncertainties of the data. 

It is quite apparent that if one is to retain any reasonable 
ability to absorb the stress and strains imposed on the blanket by 
start up, shut down, swelling and coolant pressures, one must begin 
to think now in terms of replaceable first walls ! Once this concept 
can be mastered, the frequency of change (1 or 2 years) becomes a 
matter of economics. 

There is one last point which should be emphasized and that is 
the problem of replacing the headers and reflectors in the blanket. 
The data in Figure VI-D-10 would indicate that the header region should 
be replaced every 10 years and the reflectors after 15-20 years. Such 
a possibility will greatly increase the amount of stainless steel which 
must be disposed of because there is -10 times more steel in the reflector 
region than in the heat cells and the headers contain about twice the 
amount of steel as do the heat cells (See Table IV-A-z ) .  

VI-D-3 Tr:msmutation Effects in 316 S S  for UWMAK-I First Wall 

The absolute magnitude of the chemical change in the 316 SS first 
wall as a function of time is given in Table VI-D-6 and the more 
important changes are summarized in Table VI-D-7. The reduction in 
Ni content even after 30 years exposure, (<1%) is not considered too 
significant as it is within the allowable alloy variations for 316 SS; 
10-14 weight percent. On the other hand a 320% increase in Mn content 
after a 30 year exposure is clearly outside the specifications for a 
300 series stainless steel. The resulting alloy might tend to be more 
like a 200 series steel with high Mn content. Maganese is an austenite 
stabilizer which should keep the 316 from reverting to a ferrite 
structure. However, if one did want to keep the first wall in the re
actor for 30 years, some work should be directed toward investigating 
these alloy compositions. Finally, the increase in Ti and V is clearly 
above specifications. The Ti would probably make the steel more like 
a 321 type alloy and it is not clear at this time what an increased 
V concentration weight would do . It is possible that the vanadium might 
act similar to the Nb in a 347 SS. 

Since the design philosophy is to replace the first wall every 
two years it can be seen that very little, if any, problems will be 
incurred from transmutation reactions. The last question to answer 
is what transmutations might occur in the header region which may have 
to last for the plant lifetime . No detailed calculations were completed 
at the time of this report, but since the neutron flux in that region 
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is lower by over an order of magnitude ,  it appears that there should 
be no significant alloy changes .  

Element 

Fe 
Cr 
Ni 
Mn 
Si 
Cu 
Al 
B 
Co 
Nb 
p 
Ti 
V 
C 
0 
N 
Be 
Mg 
Na 
Zr 

Table VI-D-6 

Summary of Transmutation Ef fects  in 316 S tainless  
S teel of UWMAK-I* First Wall 

Change - aEEm 
Original 

Concentration apEm 2 years 10 years 

626 , 000 - 3600 -15, 300 
180 , 000 + 60 + 300 
140 , 000 440 - 2 ,200 
20 , 000 + 2900 +14 , 500 
15, 000 30 150 

1 , 000 14 70 
1 , 000 1 .5 7 .5 

52 0 .3 1 .3 
500 + 0 .8 + 3 .8 
300 1. 3 6.3 
360 0 .3 1 .3 
115 + 110 + 560 

2 , 200 + 440 + 2 ,200 
2 , 800 8 .5 43 

400 1 5 
400 1. 3 6.3 
N + N + 20 
N + 30 + 150 
N + 1 .3 + 6.3 
N + 1.  3 + 6.3 

*1 .25 MW/m2 wall loading N = negligible 

Element 

Fe 
Ni 
Mn 
Ti 
V 

Table VI-D-7 

Summary of Mos t  Important Alloy Changes 

In UWMAK-I 316 S S  First Wall 

Original 
ComEosition wt% 

62 .6 
14 

2 
0 .01 
0 .2 

2 
Final ComEosition 

Years 10 Years 

62 .3 61 .1 
14 13 . 8 

2 .3 3 .5 
0 .02 0 .07 
0 . 26 0 .44 

% 
30 Years 

58 .0 
13 .3 

6.4 
0 .18 
0 .88 

30 years 

-45, 900 
+ 900 
- 6 , 600 
+43 , 500 

450 
210 

23 
3 .8 

+ 11 
19 

3 .8 
+ 1 , 700 
+ 6 , 600 

130 
15 
19 

+ 60 
+ 460 
+ 19 
+ 19 
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The conclusion of this study is that neutron induced transmutations 
(excluding gas production) do not present a problem in 316 SS if the first 
2 0 cm of the blanket is replaced every two years. If the wall must last 
30 years, the mechanical property effects of Mn, Ti and V in amounts 
greater than 316 SS specifications should be investigated. It would 
also be of interest to determine how these elements will effect the void 
nucleation and growth process. 

VI-D-4 Surface Effects - UWMAJ{-I First Wall 

The thinning rate of the 316 SS UWMAK-I first wall was calculated 
by using the removal constants generated in Section VI-C-5, Tables V-C-12, 
13. The particle fluxes and energies impinging on the UWMAK-I first 
wall are listed in Table VI-D-8 for operation at both thermally stable 
and unstable plasma conditions. A 90% efficient divertor is assumed. 
A summary of the individual as well as the total erosion rates is given 
in Table VI-D-9 and 10 and the results are displayed as a function of 
time in Figure V-D-11. Note that we have arbitrarily assumed that the 
high neutron sputtering coefficients apply for neutrons of energy 
>10 MeV. This was done to account for those neutrons which are only 
slightly degraded in energy by back scattering. 

There are several points worth noting. First of all, the use of 
a 90% divertor with the plasma at the thermally unstable point results 
in a wall erosion rate of -0.2 2  mm/year or 0.44 mm in 2 years of 6.6 mm 
in 30 years of operation. The maj or contributions to this effect stem 
from neutron and self ion sputtering with blistering contributing <10%. 

The shift from a thermally unstable to thermally stable plasma has 
relatively little effect on the total wall erosion rate because the 
neutron sputtering is the controlling factor (-75%) in erosion of the 
316 SS first wall. 

It is evident that even if we decide not to replace the wall every 
two years, a major limitation on wall loading would result from surface 
effects. We have seen from Section IV-D that the difference between 
the maximum and minimum wall thickness for 316 SS is 3.3 mm. Allowing 
0.6 nnn for corrosion in 30 years (see Section IV-C) leaves a wall 
thickness of 3 mm which can be used to accomodate sputtering and blistering 
effects. This wall thickness would place a 30 year wall loading limitation 
of-0.5 MW/m2 for operation at both the thermally stable and unstable point. 
If the wall is replace� every two years then we find a maximum wall loading 
limitation of - 9 MW/m . 

The use of a high sputtering coefficient for 14 MeV neutrons may 
overestimate the wall erosion rate. If we assume that the 14 MeV neutrons 
are only as effective as the backscattered neutrons in sputtering, then 
the wall loading limitations can be increased by a factor of two to three. Such 
an increase means uhat the first wall of the heat removal cells could 
operate for the full 30 year plant lifetime at current UWMAK-I operating 
conditions. Finally, it should be noted that ·the blistering produced by 
the low energy helium atoms may be more important than that produced by 
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the higher energy helium. This would be especially true when operating 
the plasma at the thermally unstable point because of the higher burn 
up and the longer confinement time at the thermally stable point. 

In summary , surface erosion problems do not seem to be severe for 
the first wall of UWMAK-I. This is especially true for a two year 
replacement time and in fact the UWMAK-I does not need a divertor to 
protect the wall from the plasma as long as the wall loading is less 
than - 9 "f:1W/m2 for 2 years. 

Tab le VI-D-8 

Summary of Particle Fluxes to the First Wall of UWMAK-I 

Particle Flux at Particle Flux at 
Thermally Unstable Thermally Stable 

Ion Mean Energy 0£erating Point Mean Energy 0Eerating Point 

D+ 23 keV 6.4 X 1013 
28 keV 6.8 X 10

12 

T+ 23 keV 6.4 X 10
13 

28 keV 6.8 X 10
12 

He+ 2 3 keV 4.7 X 10
12 

28 keV 4.7 X 1012 

He+ 100 keV 1. 7 X 10
11 

100 keV 6.9 X 10lO 

n >10 MeV 9.4 X 1013 
>10 MeV 9.4 X 10

13 

n 0.1 to 10 MeV 3.4 X 10
14 0.1 to 10 MeV 3.4 X 10

14 

Fe+ 23 keV 2.5 X 1012 
28 keV 7.8 X 1011 
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Table VI-D-9 

Summary of First Wall Erosion Rates in UWMAK.-I for 
Plasma Operation at the Thermally Unstable Point 

Mean E:�ux _1 
Erosion Rates 

Ion EnergY._-keV s cm sec rmn/y__ear 
SEuttering 

D+ 2 3  0. 02 6. 4 X 10
1 3 0. 0047 

T+ 23 0. 03 6. 4 X 101 3  
0. 0070 

He 2 3 0. 15 4.7  X 10
12 

0. 0026 

He � 100 0. 0 3 1. 7 X 10
1 1  

0. 00002 

n >10, 000 0. 2 9. 4 X 10
1 3 

0. 14b) 

n 0. 1-10, 000 0. 009 3. 4  X 10
14 

0.0 2 2
b) 

Metal 2 3  2 . 5  2. 6  X 101 2  
0. 02 3  

Total Sputtering -0.20 

Blistering 

He 2 3  1 4. 7 X 10
1 2 

0. 017 

He -100 3 1. 7 X 10
1 1  

0. 0019 

D+ 23 0. 01 6. 4 X 1 0
1 3 

0. 0023 

T+ 2 3  0. 01 6. 4 X 10
13 

0.002 3  
Total Blistering -0. 024 

Total Wall Erosion Rate -0. 2 2  mm/year 

a) will not total 100% due to round off 

b ) include both sides of wall 

% Total a) 

2 

3 

1 

64 

10 

10 

8 

1 

1 

1 
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He 
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He 

Dt 
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Table VI-D-10 

Summary of First Wall Erosion Rates in UWMAK-I for Plasma 
Operation at the Thermally Stable Point 

Mean 
Energy-keV 

42 

42 

42 

>10, 100 

0. 1-10, 000 

42 

42 

42 

42 

_2lux_1 
s cm sec 

Sputtering 

Erosion Rate 
mm/year 

-o . 015 

-0. 025 

-0. 12 

0. 03 

0. 2 

0. 009 

3 . 8 

6. 8 X 1012 

6. 8 X 10
12 

4. 7 X 1012 

6. 9 

9 . 4 

3. 4  

X lQ
lQ 

X 10
13 �

) 

X 10
14 (b ) 

0. 0004 

0. 0006 

o . 0021 

Negligible 

0. 14 

0. 022 

2. 3 X 101 2  Q. 021 

Total Sputtering-0. 19 

Blistering 

1. 4 

3 

0. 014 

0. 014 

4. 7 X 10
12 

6. 9 X lQ
lQ 

6. 8 X 10
12 

0. 024 

0. 0008 

0. 00034 

6. 8 X 1012 
0. 0034 

Total Blistering-0.029 

Total Wall Erosion Rate -0. 22 mm/year 

(a) Will not total 100% due to round off. 
(b ) Including both sides of wall. 

% Total (a) 

<l 

<l  

1 

67 

10 

10 

11 

1 

<1 
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VI-E-1 Specific Swelling Effects in B
4

C for UWMAK-1 Shield 

The variations in boron-10 burn-up throughout the shield is shown 
in Table VI-E-1 ° It is noted that the burn-
up of boron-10 atoms ranges from 5 x 101 7 cm-3 to 9.5 x 1020 cm-3 for a 
30 year exposure. Since the initial number of boron-10 atoms cm-3 

(assuming natural boron) is -200 x 1020 cm-3, this amounts to burn-ups 
ranging from 2.5 x 10-3% to 4.8%. Of course, the percentage burnups 
could be lowered by using enriched boron but there appears to be no 
need for such a measure. 

The amount of swelling induced by such burn-ups can be measured 
in two ways. First of all, since the shield is operated at temper
atures of less than 300°C we could use the data of Gray and LynamC45) 
shown in Figure VI-C-9. Such a comparison would yield maximum 
swelling values of -0.5% after 30 years exposure. The more conservative 
approach, but perhaps not too realistic, would be to assume that all 
of the helium gas will collect into bubbles. Using HomansC46) data, 
again for T < 300°C, we would predict swelling values of -2%. 

Regardless of how the B4c swelling is calculated, it appears that 
it will be easy to accomodate values of 0.5-2%. However, care should 
be exercised if, by shield redesign, the B4C were to be moved toward the 
plasma. Swelling values of - 10-20% should not be exceeded because of the 
ext ra thickness of the blanket required , 

Table VI-E-1 

Boron-10 Burn-Up in UWMAK-I Shield Material 

Distance From 
( ) 

Plasma Axis-cm 
a 

645.4 

653.4 

6 74.4 

682.4 

693, 4 

699.4 

Cm-3 
X 1-0

20 
Boron-10 Depletions 

2 Years 10 Years 30 Years 

0.63 3.2 9, 5 

0.039 0.19 0.58 

0.0098 0. 049 0.15 

0.0017 0.008 7 0.026 

0.00067 0.0006 7 0.01 

0.00033 0.0017 0.005 

a) See Figure IV-A-4 
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VI-F. Radiation Damage to Magnet Components 

The magnet components affected by radiation can be divided into two 
categories : 

1. 
and 2. 

conductor materials which are metallic 
insulator and spacer materials which are organic polymers. 

The mechanism through which these two material types are damaged are quite 
different and must be treated separately. 

1. The Magnet Conductor 

The conductor is composed of superconducting NbTi filaments embedded 
in a copper matrix. The degradation of properties resulting from neutron 
irradiation will be dealt with independently and modifications to the 
conductor design, necessitated by this degradation, will be explored. 

a. Superconducting Materials 

The quality of a superconductor is judged by three properties 
simultaneously : its critical temperature, Tc, its critical current density, 
Jc, and its critical field, He· Both Tc and He are mainly properties of 

the materials electronic distribution and are generally insensitive to 
lattice effects. However, in some materials, Nb3Sn for example, ordering 
plays an important role in T and therefore disordering effect due to 
displacements, and more impo?tant, replacements need to be considered. 

The critical current density, Jc is strongly dependent on the defect 
structure. In order for a superconductor to carry current, the flux lines must 
be pinned by defects to stop their motion under the Lorentz force. However, not 
all defects are equally effective as pinning sites and therefore the better the 
defects are at pinning, the higher attainable J .  

C 

As a prelude to an indepth discussion of irradiation effects to super
conductors, it is helpful to investigate where research has already been 
completed in terms of irradiation temperature in °K and damage level in 
displacements per atom. (Figure IV-F-1) (104, 120) since the damage mechanisms 
operating at 300°K are quite different from those at 4. 2 °K, over 50% of the 
data points are not applicable to the fusion reactor case even though 
useful information may be obtained from them. Although several points 
at 4. 2°K exist, those investigations include only one study of neutrons 
�n NbTi an� none of neutrons on Nb

3
Sn. It would seem that more data 

is needed in the low temperature region in order to acquire the ability 
to predict the performance of a superconducting magnet system in a 
fusion reactor. 

i , )  NbTi Alloys 

Attention has already been given to the fact that the current carrying 
capacity of a superconductor is due not only to the defect density but to 
the degree of difference between the defect and the matrix. Physical hetero
geneities can be introduced into materials by mechanical deformation, second 



.:::t:. 
0 

w 
0::: 
:::) r: <l: c::: 
w 
CL 
� ""'-
w 
I-

z 
0 

� 
0 c:t cc o::: 

IOOO
r-

����������������������� 

3 0  

100 f-

10 1-

J 
,o- 5 

4 a  6 0  
50 

0 
1 2 0 • 
4 0 4 o  

I I  
to 2 0  dpa.....,.. 

LEGEND 

10 0 9 o  + 2 + +  

+ NbTi 
} 

NEUTRON 

0 Nb3Sn IRRADL�T!ON 

0 NbTi } CHANGED 
Pti.RTICLES 

0 Nb3Sn IRRAD ,AT!ON 
I 

,o-4 10 - 3  1 0 - 2 10- I 

INVESTIGATED DAMAGE LEVELS (dpa) 

Figure Vl-F-1 Mapping of  investigations to date of the 
effects of energetic particles on NbTi and Nb3sn 
Reverences are listed at the end of  Chapter 

<: 
H 
I 

>rj 
I 

N 



VI-F- 3 

phase precipitation, impurities, or lattice imperfections. For the 
ductile alloy NbTi, second phase precipitates and mechanical deformation 
are the important mechanisms. Flux pinning precipitates can only be 
obtained in the high Ti content alloys and are formed by heat treatment . 
The role that precipitates play in increasing Jc can be seen in Figure VI-F-2 
where Jc versus H curves are shown for various annealing procedures. (121) 

Annealing at 450
°C introduces a-Ti particles thereby increasing J . (10 7) 

On the other hand, annealing at 200
° C and 650

° C in the single pha§e regions, 
reduces the defect density and thus decreases Jc. 

The fabrication process of lower Ti content alloys depends on a 
combination of deformation and heat treatment to achieve high critical 
current densities. It has been found (l22) that maximum flux pinning is 
obtained for Nb <'ricrt alloys when the dislocations form a cellular structure 
referred to as tangles which are more much effective as pinning sites than 
are single dislocations. Once the cell structure is formed at a dislocation 
density of 10 9 

( 15-20% cold work) , then additional deformation makes 
little change on the magnetization or the critical current . An analysis 
of the radiation damage studies to NbTi can be made taking into account 
these characteristics. 

Several irradiation studies have been made on NbTi ( ll2-114) but the most 
significant study of low temperature irradiation effects has been made 
recently by Soell, Wipf and Vog1. ( 105)Figure vr -F-3 shows the effect of neutron 
irradiation on niobium rich alloys, but the value of their results is best 
seen in the explanations of the observed changes. In general, they found 
decreases in Jc with neutron dosage. The critical temP,eratures of these 
samples were not measured but the work of Coffey et a1 C ll4)indicates that 
slight changes of less than -0.3 °K can be expected. It is concluded, 
therefore, that the measured reduction in Jc can not be linked to a reduction 
in Tc. The source of this deterioration has been attributed to the 
reduction of the pinning strength of the dislocation tangles . Initially 
dislocation-free matrix is surrounded by dislocation cell walls which form 
pseudo-potential wells to flux-pinning . After irradiation, point defects 
have been introduced in the matrix decreasing the degree of difference 
between the walls and the matrix, and, in an explanatory way, decreased 
the depth of the potential well . This model, of course, assumes that the 
point defects do not increase the wali pinning effectiveness . Reasons 
for this assumption are the belief that the high defect density of the walls 
would suppress the effect of the point effects, and furthermore, that it 
is possible for the dislocations to act as sinks for the irradiation 
induced point defects. 

At the present time� none of the highly Ti rich alloys have been 
irradiated . It is the belief of the authorsthat these alloys will exhibit 
a much higher radiation resistance than those alloys dependent on cold-working 
for flux pinning . On the other hand, the damage to these alloys will 
probably only be recoverably by a high temperature anneal of 450

° C similar 
to the initial heat treatment. 
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ii. ) Intermetallic Beta-Tungsten Compounds (Nb3Sn and others) 

Coffey et at
114)have completed the only cryogenic irradiation of 

Nb3Sn . The J
c 

versus H curves derived from their experiments again 
indicates the difference between initially high Jc material and initially 
low J

c 
samples of Nb3Sn . The critical current density increases in the 

low Jc case due to a small percentage of large displacement spikes whereas 
a decrease in Tc of 1 . 2°K (-8%) was measured for initially high Jc 
Nb3Sn samples and the strong T dependence on H accounts for the net 
decrease of Jc at high fields .

c c 

This same effect has been seen in irradiations performed by Cullen, 
Novak, (106, 109, 116, ll?) and BettC106 ) . Basically, the effect can be separated 
into two counter-effects: 

increase �c by introducing defects, 1 .  
and 2 . decrease Tc by introducing disorder thereby lowering J .  

C 

The damage level at which the decrease of Jc overtakes the increase depends 
on the initial current carrying capacity of the superconductor . In order 
to put Figure VI-F-4 into perspective, note that the ordinate represents 6 
Jc irr/J O and Jc

0 i� not the same for each sample ranging from 1 . 36 x 10 

to 1 . 2 xc
l07 amps/cm , lowest to highest respectively . The data of Bett 

Figure VI-F-5 illustrates clearly the magnitude of the decrease in Tc . (1.07) 

When a fusion magnet engineer talks of annealing procedures, he is 
considering a relatively low temperature, rarely exceeding room temperature . 
In previous studies it has been established that point defects anneal at 
temperatures between 40

°K and 300
° K(l29) . In that range of temperature 

recovery of 85 to 100% of th�.,- current carrying capacity can occur depending 
on the material and the extent of radiation damage . �05)(Figure VI-F-6) 
This is particularly true for the metallic alloys .  However, when decreases 
of Tc are significant as in Nb3Sn, then much higher temperatures must be 
reached to regain the ordered structure . For Nb)Sn, even �eratures of 
450

°C for periods of days yield little recuperation of Tc .lLU TJ 

b. Stabilizing Material 

The primary property for which the stabilizing material is chosen 
is its low resistivity . The major candidates for this component are 
OFHC copper and ultra-pure aluminum . This design has opted for the use 
of copper on the basis of existing technology and mechanical strength 
properties .  As has been noted previously, neutron irradiation at liquid 
helium temperatures creates point defects. These defects, as well as 
transmutation impurities, can dramatically increase the resistivity of 
both Cu and Al . An important parameter to be determined is the rate of 
increase of the resistance with respect to the damage level . This rate 
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of resistance increase has been studied by several author�(l23-131) 
most recent work by Horak and Blewitt C124)indicates that this rate 
decreases with dpa value and saturates due to the interaction between 
the defects through their own stress fields. The rate of resistivity 
change is given in equation VI-F-1 

dp 2 
_r = A [l - Bp ] 

dt r 

where p = radiation induced resistivity component and r 

A, B = constants. 

(VI-F-1) 

�e saturation resistivity Proo and the associated saturation defect concentration Cdoo fo:8
Cu are 33 x 10-s �cm and 1. 2 x 10-3 defects/atom. These values are . 80 . x 10 �cm and 1. 2 x 10-3 defects/atom respectively for Al. The radiati �n induced 

_
_ res�stivity can be obtained by integrating and making the appropriate substituti ons for A and B in terms of the damage 1 1 · d P d C 

. eve in pa, 
roo an doo• 

p
r 

= P,,,, �pa
d
!\oo 1 VI-F-2 

Equation Vl-F-2 is plotted in Figure VI-F-7 versus dpa. The intrinsic 
resistivity of OFHC copper and 99. 9999% pure aluminum are shown as 
reference points . Note the more rapid increase in resistivity of the 
aluminum at low dpa values as opposed to the copper . 

It is easy to see that a factor of 30 increase in the copper 
stabilizer resistivity would be intolerable in a magnet system. Fortunately 
most of the conductivity can be restored by room temperature annealing. 
This effect of defects produced at 4.2 °K has been extensively studied and 
80% recovery of the Cu and 100% recovery of the Al by room temperature 
is annealing well established. The complete recovery of copper occurs 
only at temperatures greater than 500°K. 

c. Modifications to Conductor Design 

The present design has adopted the conservative total stability 
criterion first suggested by Stekly (l32). This criterion states that the 
cooling capacity of the conductor to the helium must be greater than the 
amount of heat generated by the total current flowing in the stabilizer. 
This criterion presupposes that the current is forced to leave the super
conductor for one reason or another. Stated mathematically ,  

wh 
< qw · .R, VI-F-3 
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where I conductor current in amps 

PT 
= total resistivity in r2cm 

2 heat flux in watts/cm 

w = cooling surface width in cm 

h conductor thickness in cm 

.Q, = total conductor length 

The total resistivity is comprised of the intrinsic p0, the magnetoresistivity 
Pm and the radiation induced resistivity Pr which is a function of time. 
The magnet is designed such that the current is the same at all times, then; 

2 
qw h 
p + p o m 

= q (w+6.)
2

h 
p + p + p o m r 

VI-F-4 

where the radiation-induced resistivity has been accommodated by the additional 
conductor width 6. .  

Solving for i yields 

pr 
+ --'----

p + p o m 
- 1 

Both Pr and Pm are functions of distance into the 
for the conductor width as a function of position 
obtained using the following relations for Pr and 

pr P
roo 

dpa(o) exp 

dpa(o) exp 

'--

X 
p = .455 B (1 - -) 

m max t 

-r 

(- f )  
-(fr- C 

I doo . - ·  

VI-F-5 

magnet and an expression 
in the magnet can be 
Pm · 

VI-F-6 

VI-F-7 

This formulation permits the radiation damage to be accounted for within 
the conductor design. This additional width is plotted as a function of 
the depth into the magnet is Figure VI-F-8 . Notice that this modification 
drops from 20% to less than 3% within the first 30 cm based on the dpa 
after 1 year of operation and a maximum field of 8 . 7 T .  The length of the 
time between room temperature anneals has to be determined by 
the economic balance of the additional cost of copper versus the 60 days 
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reactor down time necessary for the annealing procedure. From Figure 
VI-F- 9 it can be seen that annealing at 10 year intervals or once in 
the reactor lifetime requires a factor o f  2 increase in conductor 
width for the first turn and a 20% copper cost increase overall. 

d .) Heat Depos ition from Irradiation 

An itr.portant parameter in the desi gn of a cryogenic system is the 
heat load p laced on the refrigerator. The heat flux into the magnet has 
many sources, one o f  which is the heat deposited by the energetic 
neutrons and gamma. Table Vl-F-1 divides the neutronic contribution 
according to component per cm3 of magnet material and gives the total 
gamma heating for the first turn of  the magnet. 

Material 

Fe 

Cr 

Ni 

Cu 

TOTAL 

Table VI-F-1 : Nuclear Heating 

Neutron 
co8tribu

3
ion 

10 -' eV/cm /sec 

2.57 

.63 

.78 

8 . 41 

12.39 

Gamma 
contribution 
109eV/cm 3/sec 

69.0 

The maximum nuclear heating is then 1 .  3 x l0-8W/ cm3 which is 
insigni ficant compared to the possible j oule heating already designed 
for in the magnet and can be ignored in the conductor design criterion. 
The total heat generation per cm o f  magnet length along the axis is 
5.44 x 10-4w/cm. Taking an efficiency o f  .002 and magnet length o f  
1 25 cm, the nuclear heating load is 34W/magnet or 408 Watts for the 
total system. 

2 . Polymeric Materials 

a.) General Considerations 

The reaction of  polymeric materials to ioniz ing radiation must 
also be analyzed in the context o f  their use in a CTR superconducting 
magnet . The complexity of the problem is enormous. Each polymer, 
with its unique bonding and structure, has to be treated separately. 
Even though several basic damage mechan isms can be postulated, the pre
dominance o f  any mechanism can not be predicted with any certainty . 
The usual approach is then to s imply irradiate a variety of  polymers 
and measure their properties as a function o f  dosage . Needless  to 
say, this leads to a multitude of irradiations at a variety of con
ditions and it is a herculean task to analyze the results. 
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Fortunately the present design utilizes only 3 different polymers : 
1) Super insulation , a composite of  polyethylene terephthalate 

(trade names o f  Mylar , Dacron , or Terylene ) and aluminum , used to 
reduce thermal radiation losses , 

2 )  an interlayer electrical insulation consisting o f  a glass 
fiber reinforced , mineral filled , aromatically cured epoxy (also serves 
as the bond between the stainless steel reinforcing and the conductor 
its elf ) , and 

3 )  an insulating spacer between the discs made o f  micarta. 

Radiation damage to organic materials is due to the ioni zation 
and excitation of  electrons which disrupts the covalent bonding o f  
these solids. These large electronic perturbations result in permanent 
chemical changes. The maj or chemical changes resulting in a change in 
physical properties are : 

a) The formation of  new bonds between neighboring chains called 
crosslinking , 

b) the fracture of a polymer chain , 
c) the reaction of oxygen with free radicals referred to as 

oxidative degradation , and 
d )  the evolution o f  gas from irradiated polymers changing the 

composition of  the material. 

It can be said that there defi nitely is a terr,perature dependance for 
these chemical changes. In general , the mechanisms listed above have 
a strong dependance on mobility o f  the free radicals. At low tempera
tures the mobility is decreased and so should the damage. Figure Vl-F-10 
shows this infl uence in terms of G-values for polyethylene.1 3 3  There has 
been very little experimental data at liquid He temperature but indications 
are that low temperature damage is signi ficantly less than that resulting 
from room temperature irradiation . 140 , 143 , 144 However , it appears that 
temperature annealing o f  the low temperature samples causes a deterioration 
comparab le to the damage resulting from room temperature irradiation. 

Several review articles have been published §hat give a compre
hensive survey o f  irradiation effects to polymen!.3 -l4l Figure VI-F-11 
which shows the deterioration o f  mylar as a functi on of  dosage , typifies 
the behavior o f  most polymers to irradiation. The most sensitive 
property to radiation is usually elongation however this is not always 
the case. Two dose levels characteri ze the sensitivity o f  polymers to 
radiation : a damage threshold and a 25% damage level. These two coses 
are given in table VI-F-2 for several polymers which may be uti lized in 
a fusion reactor magnet. 

b )  Limitations in UWMAK- I 

Neutroni c  calculations on the present system have yielded the 
energy deposited in Mylar which reaches a total dosage o f  .56 Mrads 
after twenty years. The dose for Micarta is approximately 0.8 Mrads 
over the same twenty year period. From Table VI-F-2 it is obvious that 
the most sus·ceptible material to radiation damage , micarta , will- suf fer 
less than a 10% decrease in mechanical properties. Mylar and epoxy 
will not be noticeably affected since the dosage is far below the 
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Figure VI-F-10 The influence of temperature on 
the radiation damage mechanisms in 
organic polymers. 
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Table VI-F-2 : Resistance of Selected Polymers to Radiation at 
Room Temperature in Air 

Threshold Dos e 25% Damage 
Po lymer 106 rads 106 rads 

Teflon . 017 . 037 

Mi cart a • 34 8 . 2  

Formvar 16 82 

Polyethylene 19 93 

Mylar 30 120 

Epoxy 200 3200 

Epoxy with glass  8000 50 , 000 
fib er reinforcing 

Dose 



3. Conclusion 

VI-F- 20 

Radiation damage to the magnet components is limited by the 
resistivity increase o f  the copper. This increase can be accommodated 
by increasing the conducto r width simultaneously increasing the cooling 
area and the decreasing the resistance o f  the conductor. It seems 
economically reasible to allow 10 years between room temperature 
anneals at a rate o f, 19

-4 dpa/year. The critical current o f  NbTi 
at the accumulated 10- dpa would exhibit approximately a 2% decrease 
requiring only slight adjustment in design. 

Neut ronics calculations indicate that th� mylar is exposed to 
2. 8 x 104 rads/year. According to the data presently available, all 
polymeric materials used in the magnet will operate reliably at this 
dose rate. 
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VI-G Summary of Limitations on UWMAK-I Power Levels Due to Radiation 
Damage 

It is clear from the discussion in this chapter that the major barrier 
to increasing the wall loading in UWMAK-I is the loss of ductility due 
to displacement damage. A convenient way to state this limitation is 
in terms of MW-years/m2. Table VI-G-1 summarizes the values that have 
been calculated in this chapter. 

2 
The loss of ductility limits the integral wall loading to -2 MW-yr/m . 

That is, we ex
2

ec t the walls would have to be replaced after 1-2 years 
at a 1. 25 MW/m wall loading. If we had wanted the wall to last for the 
full 30 year lifetime, we would have to operate at -0. 06 MW/m2. 
Clearly, from the discussion in Chapter 2, such an operating point is 
uneconomical. 

It now appears that the integral wall loading limitation on the
2 

first wall is due to void swelling in 20% CW 316 SS is -6. 2 MW-yr/m 
Such a limitation implies that the first wall could survive a 0. 2 MWim2 

neutron loading for 30 years. This low value again appears to be 
uneconomical. 

It is possible to get some appreciation for the benefits of using 
the cold worked steel over the solution treated alloy by comparing the 
integral wall loading limitations for both metallurgical treatments. 
If one wants to limit the void swelling to less than 10%, t�en the 
ST 316 SS should be subjected to no more than 3. 3 MW-year/m . This 
means that if embrittlement did not limit the wall lifetime to 1-2 

years, swelling in ST 316 SS would limit it to 2-3 years. The use 
of cold-worked 316 SS raises the possible lifetime due to the swelling 
effect alone to  -5 years. 

The third major limitation is due to erosion of the first wall. 
We have arbitrarily chosen 1 mm (40% of the original thickness) as a 
maximum allowable erosion. On this basis, it was discovered that, if 
the most pessimistic sputtering and blistering rates were assumed, 
then the integral wall loading limitation was -6 MW-year/m2. (The exact 
value depends on the time because of the loss of material due to corrosion). 
It appears that if no other limitations were placed on the first wall 
then a 30 year operation at 0. 2 MW/m2 would be marginally economical. 
However, if the high 14 MeV neutron sputtering rates of Kaminsky(84) are 
not substantiated in future experiments, then the integral wall loading 
limitation may be as much as 12 MW-year/m2. 

One might also place a limit on the transmutation effects in 
316 SS in UWMAK-I. It is not easy t o  establish a very exact criteria 
but one might state that once the Mn content reaches 10%, the properties 
of the alloy may be no longer acceptable. This criteria would result 
in an integral limit of -68 MW-year/m2. 
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There appears to be no particular problem with B4C swelling in the 
UWMAK.-I shield configuration. In fact, it is expected that one could 
place a 1000 MW-year/m2 wall loading limitation on UWMAK-I if the only 
concern was to limit the B4C swelling to 20%. 

It is interesting to note that the maj or limitation in the toroidal 
magnet is due to the increase in resistivity of the copper stabilizer. 
The integral wall loading limit resulting from this phenomena is 
- 25 MW-year/m2. However, this can be extended by a factor of - 2 

simply by warming the magnets up to room temperature. Another way to 
extend this limit is to include slightly more Cu in the magnet to 
increase the total current carrying area and lower the total resistance. 

The integral limit from the standpoint of the superconductor, NbTi, 
depends on how much of a drop in Tc of Jc that we are willing to accept. 
If we arbitrarily assume that a �rop in Tc of 2

°K is the limit, then an 
integral value of -160 MW-year/m . The limit on Jc (a 10% drop) is a 
bit more stringent at -130 MW-year/m2. Both of these limits would place 
a -5 MW/m2 wall loading value for a 30 year lifetime. 

Finally, one should investigate the potential problems associated 
with a degradation of the mylar superinsulation. A reasonable limit 
might be the exposure at which its elongation at failure is reduced 
to 10% of its original value. From Figure VI-F-11, this occurs at 
-1000 x 106 Rads and at the radiation level of 0. 028 x 106 Rad/year . 
an integral wall loading limit of >10,000 MW-year/m2 is suggested. 
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Table VI-G-1 

Summary of Wall Loading Limitations Due to Radiation 
Damage in UWMAK-I Blanket and Shield Geometry 

Phenomena 

Embrittlement 

Swelling - ST 316 S S  
- cw 316 ss 

Wall Erosion 
High S for 14 MeV n 
Low S for 14 MeV n 

Transmutation 

Cu Stabilizer 

Nb Ti 

Design Limit 

>0. 5% Uniform Elongation 

{fl: <10% }  

(<l . O  mm) * 

(Mn <10%) 

(<20% Swelling) 

(elongation >10% unirradiated) 

(<10% resistance increase) 

(!::.Tc < -2 ° K) 
(!::.Jc/Jc < -10%) 

*Corrected for corrosion loss 

Integral Neutron Wall 2 
Loading Limit-MW-yrs. Im 

2 

3. 3 
6 .  

6 
12 

68 

1000 

10,000 

25 

160 
130 
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VII .  Magnets 

A. Toroidaf Field Magnet 

In this section we describe the design of the main toroidal magnets . 
Our design philosophy is based on the recognition that complete cryogenic 
stability is the only viable design at this time . 

The alternative of using unstable magnets needs considerable develop
mental effort in both cost and experience before any reliability can be 
predicted .  A goal to use unstable high current density magnets seems 
unwarranted since for tokamaks there �s easily enough space available to pro
duce the required fields at 1000 A/cm , a typical cryogenically stabilized 
value . Unstable magnets only achieve reduction in the amount of copper or 
aluminum, which is in itself a minor consideration, at the risk of being 
highly unreliable , 

The main design is a "D" shaped toroid producing 3 . 83T at R=l3m, the 
plas.ma cente r .  The general reasoning behind the specification and choices 
listed is given with the detailed reasoning presented in the remaining 
sections . 

1 ,  Specifications and Description of the Magnet Design 

a .  Specifications 

(1) On-axis field at a radius of 13m = 3 . 83 tesla 
(2) Field at inside turn at a radius of 20 . 55m = 2 . 42 

tesla. (point A in Figure VII-A-!) 
(3) Field at inside turn at a radius of 5 . 75m = 8 . 66 

tesla. (point B in Figure VII-A-1) 
(4) Maximum field in the self-supported portion of the 

magnet = 6 . 3  tesla (point C in Figure VII-A-1) 
(5) Design stress in 316 stainless steel at 4 . 2K = 4 . 14 

x 10 8N/m2 (60 ,000 psi) 
(6) Design strain in copper stablizer < 0 .002 . 

b .  Descriptions of components 

(1) Number of magnets = 12 

(2 ) Number of discs per magnet = 34 
(3) Number of conductor turns per disc = 60 (30 each side )  
(4) Conductor current= 10 ,212 amperes 
(5) Disc cross section is 5 x 93 cm with 30 helical grooves 

forged,  rolled or machined into each surface . 
(see Figure VII-A-2 ) 

(6)  The conductor is NbTi superconductor in a copper 
stabilizer .  The conductor cross-section is 
2 .99 cm wide x 2 .00 cm thick on the inside turn and 
tapers linearly in both width and thickness to 2 . 53 
cm wide x 1 . 60 cm thick on the 7th turn . For the 
remaining 23 turns , the width is tapered linearly 
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Materials 
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to 1 . 10 cm on the outside turn while the depth remains 
constant at 1 . 60 cm , see Figure VII-A-2 . 
There is 0.10 cm of reinforced epoxy insulation be
tween the conductor and the stainless steel disc. 
There are 0.635 cm thick micarta spacers between 
each disc which cover 50% of the area, see Figure 
VII-A-2. 
Approximately 16 70 aluminum alloy bolts one inch in 
diameter are used per magnet to fasten the 34 discs 
into a solid unit capable of resisting the necessary 
out of plane bending moments and torques without 
slipping at the interfaces between micarta and 
stainless steel, see Figure VII-A-3. 2 Reinforced epoxy struts o f  approximately 8 , 500 cm 
cross section on each side of each magnet are re
quired to provide lateral support between the magnet 
and dewar in the event of failure of the power 
supply in a magnet. Warm structural reinforcement 
of similar cross section is needed between adj acent 
dewars for the same purpose. 

required for 12 magnets 
NbTi superconductor alloy 230, 000 lb. 

Copper stabilizer 10 , 75 X 10 6 

Stainless steel in discs 9.89 X 106 

Stainless steel in dewars 2.05 X 106 

Alloy steel in circumferential bracing 6 1 X 10 lb. 

Reinforced epoxy conductor insulation in 
discs 580, 000 lb. 

Micarta spacers between discs 324, 000 lb. 

lb. 

lb. 

lb. 

(8) Reinforced epoxy circumferential bracing 
in dewars 26, 800 lb. 

(9) Aluminum alloy bolts to assemble discs 120, 000 lb. 

(10) Liquid helium inside dewars 100, 000 liters 

(11) Liquid helium in storage 200, 000 liters 

( 12) Cryogenic superinsulation 516, 000 2 

(13) Refrigeration - Five 3 KW 
liquifiers 

, 4 . 2K refrigerator 

(14) Power Supplies 
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2 .  Construction Techniques 

a. Conductor 

The conductor will consist of an OFHC copper backing 
strip soldered to a thin surface strip which �ontains NbTi 
filaments . The conductor will taper from 2 . 99 cm wide x 2 cm 
deep at the high field inner turn to 1 . 1  cm wide by 1 . 6  cm deep 
at the low field outer turn . The surface strip will be 0 . 5  cm 
thick with width and NbTi content varied smoothly and in dis
crete steps from high to low field .  Such soldered assembly is 
similar to the NAL bubble chamber conductor . 1 The Cu - NbTi 
conductor will be made in the standard well known fashion by 
filling drilled holes in a copper ingot with NbTi rods, ex
truding the combination to a smaller diameter which bonds the 
NbTi to the copper, wire drawing from about 20 cm to 1 . 2  cm 
(typically), twisting 1 turn per 30 cm, flattening to 2 .0 x 
0 . 5  cm (typically) and heat treating at the appropriate tem
perature for NbTi . Additional explicit fabrication details 
are given in the Mac Inturffl7 report of Atomics International 

production techniques . 

The transport current for the above conductor is 10,212 A 
for one sided cooling in liquid helium. The magnetic field 
ranges from 8 . 7 to O tesla .  There will be more than 120 NbTi 
filaments 

b , Discs 

Each of the 34 discs in each magnet is a "D" shaped 
washer 5 cm thick, 93 cm wide and weighs 11,018 kg . (24, 240 lb) . 
While this weight is within the capability of forging presses 
in operation at this time, the outer diameter of 23 . 36 m 
( 76 . 6  ft . )  is not. To be forged today would require that it 
be done in 3 or 4 pieces and welded . With the large number of 
discs to be manufactured it would seem reasonable to forge the 
grooves into the surface and only machine the connections and 
grooves at the weld joints . 

A winding jig is needed to support a disc and a continuous 
conductor 3810 m (12, 500 ft. )  long which weighs 12, 880 kg 
(28,300 lb. )  after being formed as described in section 2a and 
then spiral wrapped with a partially cured reinforced epoxy . 
One half of the conductor is passed through the hole in the 
disc which is located at the inner turn at point A (see Figs . 
VII-A-1 and Vll-A-6) and coiled with a large radius beneath the 
winding jig while the other half is wound into the groove in 
the top surface , During winding, a liquid epoxy is added to 
completely fill the grooves . After the epoxy is cured by 
heat on the one surface, the assembly is inverted and the 
winding and curing repeated on the second side. 
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To expose the conductor metal surface for liquid helium 
cooling the reinforced epoxy wrapping placed around the con
ductor before winding must be machined off the outer surface 
as a final clean-up operation . 

c .  Assembly of discs 

The completed discs are very weak in out of plane beading 
so the transfer from the winding j ig to the assembly j ig 
must be done with care . In assembling the completed disc� they 
are lowered over 1670 aluminum bolts which have been inserted 
through the outer disc . The bolt pattern is such that the 
center to center spacing is approximately 12 inches typically. 
Adj ustments in the pattern are made to minimize the strain 
changes in the micarta spacers from the prestress values to the 
full field values. The higher coeffici ent of expansion of the 
aluminum as compared to the stainless steel guarantees that 
the stack remains tight during cooldown.  The amount of compression 
in the stack due to prestressing the aluminum bolts determines 
the shear resistance of the stack and this in turn determines 
the ability of the assembled magnet to resist the loads encoun
tered while being assembled into the dewar and raised into 
a vertical position. This shear resistance is also important 
in resisting out of plane bending moments caused by the 
failure of one or more magnets of the twelve in the entire assembly . 

d. Structural assembly 

Figure VII-A-3 shows a typical cross section of a magnet 
inside the dewar. The inner dewar wall is assembled with micarta 
spacers to a tight fit around the magnet. A 20 cm vacuum space 
containing multiple layer aluminized mylar (superinsulation) 
provides the therm.al insulation . The outer dewar wall is spaced 
out from the inner wall by a series of reinforced epoxy struts 
which provide lateral support to the magnet . This is needed 
primarily in case of failure of the current in an adj acent magnet 
which would distort the field and produce large lateral, out of 
plane forces . 

The assembled magnet in its dewar is hung by lugs to the 
cold central core of the toroid structure. (See Section VII-A-5 
and Figure IV-A-1 ) , 

3. General Restraints and Design Factors 

a . Introduction 

Ideally one would like to design a superconducting magnet 
by starting with the field requirements to determine an appropriate 
superconductor, proceed to the design of a fully stabilized 
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conductor to carry the superconductor filaments and 
finally design a structure to support the conductor . When 
the structure is examined, however, one realizes that the 
economics of the entire reactor depends primarily upon the 
cost of the structure of the toroidal field magnets . For 
this reason, the stress analysis will be discussed first 
with the interactions of structure, stabilizer and super
conductor properties being considered where appropriate . 

b . Stress analysis and design procedure for magnet windings and 
reinforcement 

Many magnet shapes are possible but only two were seriously 
considered : a circular cross section with external reinforcement 
rings to resist bending and a "D" shaped magnet which provides 
a constant tension winding region without external rings . 
Lubell2 has designed a toroidal system based on the circular 
cross section and has presented relations for extrapolation 
in size and field within the operating field region of NbTi 
as the superconductor . File3 has suggested the use of con-
stant tension design and has outlined some of the design 
considerations . The virial theorem4 states that the minimum 
mass of structural material required to contain a magnetic 
field varies directly with the product of density of the 
structural material times the energy contained in the magnetic 
field and inversely with the design stress in the structure . 
To attain a minimum mass of structure, one would have to stress 
every portion of the containment vessel to the maximum permissible 
values in biaxial stress. The: constant tension design makes best 
use of a uniaxial stressed member and for this reason and to 
accomodace the many diverse requirements of the plasma, the 
divertor, and the blanket and shield, an early decision was 
made to use a constant tension, "D" shaped, toroidal field 
magnet . A conductor in a magnetic field, supported only by 
tension, carries a tensile force T = BIR where B is the per
pendicular field, I the current in the magnet windings, and 
R the local radius of curvature . File C3) has described a "D" 
shape which has its maximum radius of curvature at the maximum 
distance from the toroidal axis and becomes tangent to the verti-
cal support at point A .  Figure VII-A-4 shows the outline of 
this shape as curve a .  If the winding thickness is small, the 
tensile stress through the winding is constant and both tensile 
stress and total tensile load can be maintained constant by 
matching;the local radius of curvature to the local magnetic 
field . If the winding thickness is greater than the minimum 
necessary to assure constant tensile stress, then only the 
constant tensile load can be attained . A second consequence 
of a thicker winding is the need to consider the distribution 

-
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of magnetic loading within the winding itself. The maximum 
tensile hoop stress in a thick walled cylinder 5 due to 
internal pressure p is 

(1) 

As a first approxima�ion , ,J? car.1. often be replaced by a 
magnetic pressure , (K/Z ) (Bm x I) ,  where K is constant. The 

parameters , a1 and a2 are the internal and external radii 
respectively. One obtains a somewhat different value using 
this expression for internal pressure than if the actual 
distribution of current and forces throughout the thickness 
is used. In both cases , the field is assumed to vary linearly 
through the thickness from Bra to zero at the outer surface. 

For the distributed force case , the maximum stress is 
given by 

4 q
i [ 2a
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+ 
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For example , if v = 0.3 and if a representative value of 

(2)  

a2/a1 = 1.2 is used , the ratio of correct maximum stress (eq. 2)  
to approximate maximum stress (eq. 1) is 1.09. To properly 
consider the distribution of current and magnetic field through
out the winding , as well as to account for the thick-walled 
nature of the windings being designed , the following steps 
were carried out for three basic conductor designs. Each of 
these conductor designs was based1on magnet coils constructed 
by -stacking individual pancakes. 

The first design (see Figure VII-A-5(A) ) used interleaved 
stainless steel bands with1edge and face cooled copper bands 
such as the NAL conductor.· The second (see Figure VII-A-5 (B) ) 
considered interleaved copper and stainless steel with edge 
cooling only, and the third and ultimately chosen design consis
ted of edge cooled "D" shaped forged stainless steel pancakes 
with spiral grooves of varying width and depth on each face. 
The copper conductor will be inserted into these spiral 
grooves and bonded with fiberglass-reinforced-epoxy as insula
tion, see Figure Vll-A-S( C). 

The design procedure is carried out in stages , described below 
as (1) through (4). 
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FIGURE VII-A-5 Pancake Designs 
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(1) A simple finite element approach was used to analyze 
the equilibrium and compatability of each layer of copper, insulation 
and stainless steel in a cylindrical geometry. The six equations 
developed for each layer included the following : 

(a) Equilibrium of a layer of copper under three different 
pressures ; 1) the internal and external radial pressures 
from the stainless steel layers pressing through the 
insulation, 2)  the magnetic body forces on the con
ductor, and 3) the resulting hoop or circumferential 
stresses in the copper. 

(b) A similar equilibrium equation for a layer of 
stainless steel. 

(c) The relationship between radial displacement of a copper 
layer to the radial and circumferential stresses in 
the copper. 

(d) A similar relationship for a steel layer. 

(e) A compatability expression relating the radial displace
ments of adjacent steel and copper layers to the thickness 
changes from the center of a copper layer, through the 
cooling lugs used in the face cooled design, through the 
ins�lation and to the center of the next outer steel layer. 

(f) A similar expression from the center of a steel layer 
to the center of the next outer copper layer. 

The equations were solved numerically and the output gives the hoop 
stresses in each layer of copper and steel, the radial stress in each 
layer of insulation, and the radial displacement of each layer . 

This analysis was carried out for a variety of pancakes in which 
the following variables were considered : 

(a) Ratio of total conductor thickness to inside radius. 

(b) Volume fraction of copper, stainless steel and insulation. 

(c) Linear tapers in copper thickness. 

(d) Linear tapers in stainless steel thickness. 

(e) Varying sizes of cooling passages for the face cooled 
conductors. 

(f) The addition of an outer reinforcing band of stainless steel. 
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With so many variables, it is not feasible to show all of the inter
related effects but a few signifj cant facts are worth noting. All of 
the following comments assume a constant field on the inside of the 
cylinder and a constant product of current flow and number of turns in 
a pancake. 

(a) The maximum copper stress varies linearly with the ratio 
aJ /t, where a

1 
is the inside radius and t is the cgil 

tliickness, over the range of a
1

/t from one upward. 

(b) If a given amount of stainless steel is to be used, the 
maximum stress in the copper is reduced if most of the 
steel is used near the inside where the fields are the 
largest. 

(c) The maximum copper stresses are increased by the radial 
softness created by deeper cooling lugs in the face cooled 
design, by thicker insulation, or, gs noted in (b) above, 
by placing the steel more to the outside. 

(2) From the output of section (1) just described, design curves 
were fitted to relate the maximum copper stress, maximum insulation 
pressure, total circumferential load and volume in the several designs. 
We then use a numerical analysis to compute the precise shape and size 
of the toroidal field magnets. Also computed are the quantities of 
materials required to produce "D" shaped magnets with the appropriate 
clear space inside to accommodate the divertor and associated pumping 
equipment. 

The numerical analysis begins at the outside of the magnet with 
a given design stress in the copper, a given radius of curvature of 
the inside surface of the magnet, R , a given thickness for a single 
pancake, the required copper dimens�ons to assure proper cooling and 
a given distribution of stainless steel in the pancake. With this 
information and the design curves, a total pancake width is determined 
as well as the total circumferential load. With the circumferential 
load and the total width now held constant, new radii of curvature 
are calculated to match the changing magnetic fields . The radii of 
curvature are of course used step by step to determine the magnet 
shape, which in turn permits the correct fields to be calculated. For 
a given set of magnet dimensions, field strength, and allowable 
stress in the copper, there is only one initial radius of curvature, R , 
which will cause the magnet shape to be tangent to the inner reinfor2-
ing ring as indicated by curve (a) of Figure VII-A-4 (the tangent point 
is at point A.) By removing this restriction, one has the option of 
raising the height of the magnet, curve (b) , or lowering the height, curve (c) .  

Curve (a) is the true "D" shape and the only one for which the 
tension is constant for all portions of the conductor including the 
straight, vertical inner portion. For curve (b) , the tension is 
constant only over the portion from the outside up to point B and is 
somewhat larger than that for curve (a) due to the larger radii in
volved. Since the vertical portion is not tangent at B, the tensile 
force in the vertical portion provides only one component of the 
"constant tension." The remaining load must be provided by the 
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central core extending from O to B. For curve (c), the small 
starting radius and smaller tensile load will not permit the shape 
to reach the required inner dimension. There will be constant tension 
from the outside up to point C but from C to 0, the extra magnetic 
loading cannot be carried entirely by tension in the winding frame and 
is instead partially transmitted to the central core as described in 
part (3) of this section. 

In addition to the discrete points calculated for the magnet shape, 
the computer printout also provided stresses in the copper and insulation. 

To sunnnarize, it is possible to economically accomodate various 
plasma shapes and various blankets, shields and divertors by exercising 
the options described to modify the basic constant tension "b" shaped 
magnet. 

(3) The unbalanced radially inward magnetic loading on each 
pancake is resisted by a thick-walled structure provided at the center 
of the windings. This central force is equal to BmI x h, where h is -2-
2 x OA in Figure VI I-A-4 for curve (a). This structure is a cylinder 
which is under a uniform radial compression and is designed to be 
elastically stable under this load, as well as the loading from the 
transformer coils (see Figure IV-E-2 in Section IV-E). 

For curve (b), (the higher magnet) the central core is also a 
cylinder, but in addition to the radially compressive magnetic load , 
it has at each end a radially outward load required to carry the 
horizontal component of the constant tension in the windings at point B . . 

For curve (c), (the lower magnet), the structure is a thick-walled 
shell of half height OC under a normal compressive magnetic loading 
on its outer surface. 

(4) An initial decision to design the copper conductors such 2s 
not to exceed the yield stress at 4. 2K, approximately 8. 2 7 x 10 7N/m 
(12,000 psi), severely restricted the load carrying capability of the 
stainless steel reinforcement. Since the stainless steel has twice the 
modulus of elasticity as does the copper and will suffer very similar 
maximum strains, the maximum stress in the stainless steel is restricted 
to twice 8. 2 7 x 10 7N/m2. A reasonable design stress at 4. 2K would be 
closer to 41. 7 x 10 7N/m2 ( 60,000 psi). 

It should be understood that the maximum hoop stress of 41. 7xl0 7N/m2 

is reached at only two points in each pancake. A typical stress dis
tribution across a radial cross section of the magnet shows the largest 
stress at the inner surface with three quarters of this value o�25�e 
outer surface. In the design of nuclear power plant components the 
average circumferential stress or what is called primary stress is 
taken as 67% of the yield strength at the operating temperature. In our 
design the primary stress is approximately 7 /8  of 41. 7xl0 7N/m2 or 
36. 5xl0 7N/m2. At 4. 2K, 316 SS has a yield strength of 62. 6x10 7N/m2, an 
ultimate strength of 137x 10 7N/m2 and an elongation of 55% in 2 inches. 
Thus our ratio of primary design stress to yield strength is 0. 58 which 
is substantially less than that permitted in the ASME Boiler and 
Pressure Vessel Code. 

To make better use of the stainless steel, it was proposed to pre
stress the conductor during winding. Only for conductor design (c), 
Figure VI I-A-5, is it possible to assure retention of the pre-stress 
which would be accomplished as follows. After construction of the "D" 
shaped stainless steel pancakes with forged, cast or machined grooves 
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for the conductor, the pancakes would be mounted in a hydraulically 
actuated jig which would hold it flat while providing an internal 
loading proportional to the magnetic loading during operation. 

While in this condition, the conductors, which had previously 
been wrapped with a fiberglass insulation saturated with a partially 
cured epoxy, would be inserted in the channels with sufficient liquid 
epoxy to assure a solid, void-free, bond. After heat curing the epoxy, 
the entire pancake would be turned over and the second half of the con
ductor placed in the same manner and cured. After, machining off the outer 
layer of insulation to expose the edge surface of the conductor to the 
coolant, the pancake would be placed in a stacking jig with previously 
manufactured pancakes and micarta spacers and clamped to keep it flat 
under the prestress loading. Table I shows the stress level proposed 
due to prestress, cool down and magnetic loading. 

While this is a definite improvement in the stress level in the 
stainless steel, it still produces stress levels lower than are 
permissible and consequently increases the cost. After a study of 
permissible strain levels in an OFHC copper conductor at 4.2K where 
the principal concern is to assure that the thermal and electrical 
resistivities will not rise beyond acceptable levels incorporated in 
the sizing ��)

the conductors, a strain level of 0. 002 was deemed 
acceptable. Since copper starts yielding at a strain level of 
approximately 0. 0007, it was necessary to modify the existing design 
procedure to accomodate the yielding of the(§jnductor. This was 
accomplished by fitting a curve of the form 

cr n 
E = J... + K(Q_) ' E cr (3) y 

to a plot of stress versus strain for the c�nductor material. The 
values finally used were cr = 6. 89 x 10 7N/m , E = 10. 34 x 10

10N/m2, 
K = 0. 000091 and n = 6. 32. Y To utilize this expression for the stress
strain relationship most effectively in conjunction with the programs 
already developed for the elastic case, the following steps were taken. 

(a) An elastic solution was run as before and the elastic 
stresses obtained for the copper in each layer. 

(b) For every layer in which the stresses in the copper exceeded 
the yield stress, the strains were computed for the stresses. 

(c) Using equation (3) and the strains from step (b) ,  a stress 
,,'Was found for each layer. With both a stress and strain 

assigned to each layer a secant modulus can be computed 
by E = cr/ E and substituted into the original program in 
plac� of the elastic modulus E. 

(d) Steps (a) through (c) were repeated until two successive 
runs showed that the stresses in each layer had converged. 
The stresses were then printed for each layer as previously 
indicated. 
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TABLE I 

Maximum stresses  

Copper 

2 - 6  
N/m xlO 

-82 . 7  

24 . 8  

140 . 6 

82 . 7  

ps i 

- 12 , 000 

3,  60J 

20, 400 

12, 00') 

s .  s .  

2 - 6  N/m xlO 

4 1 . 4  

- 12 . 4  

281 . 3  

310 . 3  

psi  

6' () C) '.)  

- 1 ,  8':n 

40 , 800 

45 , 00') 
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One can now proportion the amount of reinforcement to obtain the desired 
stress level in the stainless steel reinforcement. It should be made 
clear at this point that after the first application and release of 
full magnetic loading, the copper will be effectively prestressed and 
assembly prestress is not necessary or even desirable. Table II gives 
the stress levels , at various periods of operation, for the conductor 
design using 3.83 tesla as the B

<p 
field at the plasma center . This 

completes the description of the design procedure. 
The following list summarizes the reasons why the solid forged 

pancake design was chosen . 

(a) Prestressing or designing for yielding of the copper 
conductor is possible only with the design using the 
solid stainless steel pancake or disc . 

(b) No interpancake electrical connections are necessary on the 
inside with the solid pancake design and the external 
electrical connections are extremely short and easily made 
(see Figure VII-A-6). 

(c) Internal heating due to relative motion of conductors and 
reinforcement should be minimized in the solid pancake design. 

(d) Bolting through the pancakes to assemble them into a 
magnet is possible only with the solid pancake design. 

(e) Compressive stresses in the insulation are lowest in the 
solid pancake design. Possible insulation stresses were 
found to be as high as 8, 000 psi in design (b) and 24 , 000 
psi in design (a) .  

(f) While the best cooling is possible with design (a), it 
must be noted that this advantage is somewhat reduced 
when the magnets are used in a vertical position and the 
coolant channels become horizontal. 

(g) Coolant channels between pancakes are more stable in size 
and shape for the solid pancake design due to the bonding 
of conductors. 

(h) Although winding techniques are well documented for designs 
(a) and (b) and the forging and/or maching costs are un
known for the solid pancake design, the immense size of 
this construction makes accurate cost analyses of all of 
the designs very difficult . 
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TABLE I I  

Max imum stresses 

Magnet Condition Copper 
-2 -::-:-5 

N/m xlO ps i 

After Assemb ly 0 0 

After Cool Down 20 . 7 3 , 000 

After Magnet ic Loading 103 . 4 15 , 000 

Cold After Removing 

Magnetic Loading - 68 . 9 - 10 , 00'.) 

After Warm up to 

Room Temperature -75 . 8 -11 , 000 

s . 
2 -6 

N/m x lO 

0 

-20 . 7 

413 . 7 

68 . 9 

75 . 8 

s . 

ps i 

0 

-3 , rioo 

60 , 000 

1'1 , 000 

11 , 000 
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In concluding this description of the design of the reinfore
ment for the conductor, it should be made clear that although only 
the use of stainless steel has been discussed, aluminum alloys have 
also been considered . For example aluminum 2219 is as strong as 
stainless steel at low temperature and costs much less . The lower 
modulus of the aluminum implies about three times the strain so that 
the conductors would have to be able to suffer this strain without 
degradation . Relaxation of the stress-strain limitations dis9ussed 
earlier has been justified by recent experience at Wisconsin, in 
which it was shown experimentally that 500 resistance ratio aluminum 
does not change in resistivity significantly after several cycles 
of plastic deformation . The samples were fabricated by the extrusion 
of aluminum on a stainless steel wire to get a cross section about 
half aluminum and half steel . Microscopic examination after stress 
cycling at 4 . 2K showed that the aluminum seemed to develop an 
elongation pattern along easy glide planes . Two possible reasons 
for the small resistivity and hardness changes are: (1) the aluminum 
does not develop additional dislocation tangles since the steel rein
forcement remains elastic and forces the aluminum to return to its 
original location along the glide planes, and (2) 500 ratio aluminum 
has a substantial number of dislocations and has started to exhibit 
saturation resistivity values . This latter reason is probably one 
of the strongest reasons not to use very high purity aluminum in 
composite conductors . Another reason, of course, is the cost . 
Aluminum that is purer than resistivity ratio 1000 would be zone 
refined at 5 to10o $ /lb, while less pure aluminum might cost only 
0 . 5  to 1 .0 $/lb .  

In future design studies consideration will be given to using 
NbTi superconductor in 500 resistance ratio aluminum stabilizer and 
supported in an aluminum alloy disc . 

c. Conductor thermal ,  mechanical and electrical design 
With design strains in the conductor of 0 . 002 it is obvious that 

NbTi is the best available superconductor that can be considered . 
For higher fields one would like to use Nb3

Sn but it is a brittle 
material in the presently available forms and cannot be designed for 
a strain of 0 .002 if one considers the additional strains encountered 
during assembly . NbTi can operate as a superconductor over a range 
of temperatures ; two possible operating temperatures 4 . 2  and 1 . 8K 
will be discussed here . The first design and the one chosen for 
this magnet is one in which the stainless steel discs and the embedded 
conductors are submerged in a bath of liquid helium at 4 . 2K .  The 
second design proposes to use superfluid helium at 1 . 8K .  

(1) 4 . 2K design 

The NbTi superconductor in copper is sized to carry the total 
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design current at 5 . 2K.  The copper will be cooled so that no super
conductor filament temperature can ever exceed 5 . 2K for either of 
two cases: (1) all the current is in the copper or (2) one half the 
current 1s1carried by the superconductor whiie partially resistive . 
As Purcell points out, this second case corresponds to maximum 
power generated in the filaments and determines the number of filaments 
required to ensure smooth current sharing with tzmperatures kept 
below a chosen limit . We select here a 0 . 4  W/cm surface heat transfer 
to 4 . 2K liquid helium with a copper surface temperature of 4 . 7K .  The 
copper at the filament location will not exceed 4 .95K (for either 
case), and the NbTi filaments will not4excee2 5 . 2K .  Under these con
ditions a current density j = 1 . 5  x 10 A/cm can be used at 8 . 66 
tesla . In figure VII-A-7 we have estimated critical currents for 
NbTi at five different temperatures . The curves are composite 
idealized design curves using an alt8Yiin each field region which has 
the highest current density at 4 . 2K .  ' The higher temperature 12 curves result from extrapolations, using Hampshire ' s  measurements, 
of j vs B and T for the Nb-44 w/o Ti system. The amount of supercon
ductor required is minimized by using only the cross-section required 
according to the 5 . 2K curve in Figure VII-A-7 . This fit is made to 
the maximum fields per turn, assumed to decrease linearly to zero . 
away from the maximum field at the central median plane of a toroid . 

Edge cooling only on one edge will be used for the composite 
copper superconductor so that the conductor can be firmly epoxied into 
the grooves in the stainless steel discs, (see Figure VII-A-2) . This 
procedure dictates that the conductor grooves should be fairly shallow 
since the copper which is far from the cooling surface will not be 
adequately cooled and would therefore be of less value . For the first 
example, we chose a stainless steel disc which is 5 cm in thickness 
and grooved for conductors on both sides . Superconductor filaments will 
be positioned in the copper matrix within 0 . 5  cm from the cooled 
surface and that location will be held less than 4 . 95 K as mentioned 
above . The two thermal conditions which are satisfied are (1) the 
total stability criteria which is set at 0 . 4  watts/cm2 when all the 
current is in the copper and (2) the temperature profile within the 
copper shall be such that the superconductor filament location is 
always colder than 4 .95K .  In establishing these limits, we use: 

p = 10- 8  
(1 + 0 . 455 B) ncm 

k = 0 . 6  ( 
T ) 1 + 0 . 455 B 

w 
cmK 

(3) 

(4) 

where p is the resistivity, k is the thermal conductivity for copper, 
T is the temperature in degrees K and B is the magnetic field in tesla . 
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Equation (3) applies to1�igh conductivity copper which has been 
stress cycled several times. Eq. (4) is obtained by assuming that 
k is equal to 2. 5 W/cm/K at 4 . 2K in zero field and that for small 
temperature excursions k � T/p .  With these equations we find the 
usual results 

and 

where 

� - I qh 
cm/A 

C 

w = edge cooled width, cm 

I= current, A 

2 q = 0. 4 W/cm , surface heat transfer 

h = copper depth, cm 
C 

x = distance from copper surface, cm 

T(x) = temperature at x, K 

T = copper surface temperature, K 
0 

j = current density, A/cm 

(5) 

(6) 

If h = 2 cm then w/I is determined from Eq . 5 where B is below 7. 8 
C tesla and by Eq. 6 for B between 7 . 8 and 8 . 66 tesla . A simple form 

for w/I which satisfies both Eq. 5 and 6 for constant h = 2 cm a�d 
T - T < 0.25 K at x = 0. 5 cm is c 

o -

w/I = 1. 3 x 10-4 (1 + 0. 125B) cm/A (7) 

If w is to be constant , then we get, at w = 2 . 55cm, that 

h /I 
C 

-5 4.0 x 10 (1  + 0. 466B) cm/A. (8) 

Equation (8) has been chosen for detailed design work since it applies 
to shallow conductors which are better cooled and use less copper. 
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Using either Eq. (7) or (8) the copper will be minimized by 
the indicated linear taper. 

Radiation damage to the copper stabilizer in the conductor is 
discussed in detail in section VI-F of this report. Using this data 
and assuming that room temperature annealing would take place at least 
once a year, the conductor cross sections were increased on the inner 
seven turns over those required by Eq. (7) and (8). The increases 
in area varied from 18% on the inner turn to 4% on the seventh turn. 
The dimensions on Fig. Vll-A-2 include the needed extra stabilizer 
to accomodate the radiation damage. 

(2) 1.8 K design 

Our recent studies have shown some benefits for designing the 
magnets for even lower temperature operation. The first benefit is 
the extension of NbTi use up to 11 tesla, which thus postpones plans 
for Nb

3
Sn use until large magnet construction experience has been 

obtained. The second benefit is the use of superfluid helium, 14 which 
forms excellent heat pipes without coolant pumping. Cooling 
has also been contemplated with supercritical helium, although 
experience to date indi1,tes that pumping and pressurizing requir
ments are discouraging. The third benefit comes from a possible 
reduced volume of helium required for a superfluid system of small 
internal cooling tubes that are cast or formed inside a composite 
conductor. The volume of superfluid hel�um depends on the cross 
section of the heat pipes (-0. 5 watts/cm conduction) and the number 
of manifolds used in the system. In

16he design of a much larger 
magnet for an energy storage system, an aluminum conductor cooled 
with internal tubes containing superfliud helium was discussed. There 
for a 314,000 A conductor the cooling was sufficient to handle a 
normal hot spot while the pool cooling proposed in this report only 
has to stabilize a 10,000 A conductor . Obviously more study needs 
to be made of the various cooling schemes. Before leaving this 
topic it should be noted that lower temperatures have one draw-
back ;  the nuclear heat load, if accepted at 1. 8K, would require 
three times the refrigerator capacity as required for the same load 
at 4. 2K. 

d. Design for component failures. 

(1) Failure of a superconductor strand 

After the final annealing of the drawn tapered conductor, the 
NbTi superconductor strands should be capable of at least 2% strain 
before failure. There are only two locations where assembly will 
yield the copper in the conductor ; at midlength where the conductor 
passes from one surface of the disc to the other, point A on Fig. 
Vll-A-1, and at the ends where the leads leave the disc, point D on 
Fig. VII-A-1. Both of these points have low fields. Where the 
conductor passes through the disc, the superconductor is sized for 
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a field o f  8 . 66 tesla and actually is in a maximum field o f  2.42 tesla. 
The leads come out at a point o f  essentially zero field. Even though 
the copper yields at these two locations during assembly the strains 
will not reach 2% and there is an excess of superconductor. If Nb Sn 
were used as a superconductor the maximum strain would be limited !o 0.2%. 

(2) Failure of the epoxy bond between conductor and disc. 

On the inside surface o f  the outer discs in a magnet the bulges 
in the magnetic field lines between magnets will produce toroidal 
forces (at right angles to the surface o f  the disc) tending to move 
the conductors out o f  the grooves. The distance between the micarta 
spacers is such that the individual conductors are self supporting 
as continuous beams without large deflections so that no electrical short 
circuits should develop. However, the failure of the bonding will 
permit small motions o f  the conductor as the field changes. This 
motion will cause frictional heating which could cause trouble unless 
the heat is transferred rapidly by helium in the crack. Obviously 
it is important to pay strict attention to quality control during 
the bonding o f  the conductor and also to provide a clamping action 
with the micarta spacers. The clamping action would stop the spread 
of  a crack and in steady state operation an existing crack which does 
not spread should cause no trouble. 

(3) Failure o f  one magnet 

In section l-b- "(10) and in Figure VII-A-3 reference is made 
to the reinforced epoxy struts inside the dewar at the sides o f  the 
magnet. It is conceivable that due to some unforseen circumstance 
an entire magnet could fail , A large distortion in the field lines 
would be present if a steady state condition existed with 11 o f  the 
12 magnets operating at the rated current o f  10,212 amperes. A force 
in excess of 80 x 106kg would act laterally on the magnets on either 
side o f  the inoperative magnet, tending to push them away from it. 

A much smaller but similarly directed force would be present if 
mechanical, electrical and magnetic synnnetry were not present in an 
operative system. The "D" shaped magnet is self supporting under 
radial loads but the attachment to the central core provides a 
minimal support against loads in the toroidal direction. 

Cold supports between adj acent magnets, each in dewars connected 
to the magnet dewars, would be a feasible solution if only a few were 
needed. The lateral bending resistance o f  the magnet cross section 
is adequate but the resistance to shear stress is limited by the 
interface between the micarta spacers and the discs such that the 
magnet requires supports every 20 or 30 cm. Thus cold supports 
from magnet to magnet through dewars are not practical. 
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Warm lateral supports between dewars are necessary for sta
bility where the loading is indeterminate but small. It is also 
necessary for the failure condition described above. To transfer 
the warm support through the dewar walls to the magnet requires a 
structural insulator and unfortunaltely this could provide a large 
heat load on the refrigerators. A sound solution to both of these 
problems is outlined in steps (a) to (c) as follows: 

(a) Warm support columns between adjacent dewars will be provided 
every three or four meters with length adjustments to provide 
for balancing the lateral loads on individual magnets. 

(b) Reinforced epoxy struts (see Fig. Vll-A-3) will be spaced at 
approximately 30 cm intervals between the dewar and magnet 
with a one cm space between the inner end of the strut and 
the magnet. One strut out of every 10, however, will make solid 
contact with the magnet. The dewar wall at the location of 
this one longer strut will be designed to deform elastically 
by one cm before the strut will fail. 

(c) A control system capable of detecting a failure in the individual 
magnets will be used to release a fluid or gas in a cylinder-piston 
element in each warm support column. These elements will be 
capable of forcing all epoxy struts to full contact and provide 
the full supporting forces necessary in event of a failure in 
one magnet. 

This design minimizes the heat loss, provides stability and 
guards against a failure in a magnet without any large dynamic con
ditions developing in a lateral direction. 

e. Comparison between toroidal field magnets for stable and un
stable plasma designs. 

The toroidal field magnet necessary for a design using a stable 
plasma requires a central field of 4.73 tesla instead of 3.83 tesla 
for the unstable plasma. A direct comparison of costs is contained 
in section Vll-E so only significant differences will be discussed here. 

(a) The higher field will require more NbTi superconductor at 
lower operating temperatures. 

(b) The number and width of the 5 cm discs in each magnet will 
increase from 34 to 42 discs and from 93 to 109 cm. 

(c) There will still be 30 conductor turns per side on each 
disc but the inner conductors are somewhat larger due to 
the higher resistivity of the copper at the higher fields. 
The same current 10, 212 A will be carried by the conductor. 
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4. Magnetic Field Calculation 

a. Computer code MAFCO-W (MAFCO-Wisconsin Version) 

A general magnetic ffgld code MAFCO-W which is a modified and 
extended version of MAFCO has been developed. The major differ
ence between this code and MAFCO is that it can calculate accurately, 
and with high efficiency, the magnetic field inside a conductor of 
rectangular cross-section carrying uniformly distributed current. 
The original MAFCO handles only the case of separated filament 
windings so that a finite conductor has to be approximated by a large 
numbers of filaments. The calculation could therefore be very ex
pensive and can also lead to difficulties inside a conductor. 

MAFCO-W approximates a conductor of general configuration by 
arc and straight segments. The field is calculated by integrating 
the Biot-Savart law over the volume of the arc or straight segments. 
Three dimensional integrations are involved. The expressions for 
the field components have been reduced to a single integration ana
lytically. The final integration is carried out numerically by 
employing the Gaussian Quadrature technique. Therefore MAFCO-W is 
able to calculate the field both outside and inside a conductor with 
much greater accuracy and efficiency, especially when a large cross 
section conductor is involved. 

The mathematical expressions for calculating the field components 
from an arc sequment are given, in cylindrical coordinates, as follows ; 

and 
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Here 

and (!\,, ¢p, 2P) is the field point . 

The coordinates of the arc segment and field point are shown in 
Figure VII-A-8. If the field points are on the 2 axis, ·the 
expressions reduce to 

B = j cos8 [ p2 + (Zp - Z)2 ]
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The expressions for the field components from a straight segment in 
cartesian coordinates, as shown by Figure VII-A-9, are given as follows: 
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The positions and orientations- of the arc segment and straight segment 
in the space of other reference frames are specified by the origin and 
the Euler Angles of the coordinates s ystem of Figures VII-A-8 and 9. The 
method of transf§rmation between the two s ystems has been discussed in 
detail in MAFCO. The general configuration of a solid conductor desig
nated at any point in s pace can thus be approximated by a combin-
ation of arc and straight segments. 
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b. The magnetic field structure for UWMAK-I 

UWMAK-I has 12 constant tension D-shaped magnetic field coil� 
s paced at equal angular intervals of 30° . The upper half of each coi] 
is shown in Figure VII-A-10 . For the magnetic field calculations, 
each half of the coil is approximated by 6 arc segments and one 
straight segment. This is the minimum number of segments which gives 
a smooth connection between the segments. The centers and radii of 
curvature of the arcs are also shown in the figure, a1 and a2 indicate 
the integration limits for the second segment . 

The calculated field pattern of the firs t quadrant along the 
torus on the midplane is presented in Figure VII-A-11. The field 
pattern in the other three quadrants is the same. The cross sections 
of the magnetic field coils are shown by the dashed rectangle 
The plasma occupies the s pace within the shaded field lines . Figure 
VII-A-12 shows the magnitude of the field along the minor radius 
at 0 ° and 15° on the midplane. Likewise, Figure VII-A-13 shows the 
magnitude of field along the outer edge of the plasma. The figures 
indicate maximum field errors on the outer edge of the order of 20%.  

The fluctuation of the field on the magnetic axis and along the 
inner edge of the plasma is about 50 gauss,  which is very small. 
The variation of the field along the vertical line at R= 13m is about 
1. 5 k ga�ss within the plas ma boundary, increasing as one moves 
towards the edge of the plasma. 

5. Magnet Support and Handling System 

The toroidal magnets exert a tremendous force directed radially 
inward due to the magnetic field interaction and will, thus , require 
a massive cylindrical structure in the center of the reactor in order 
to balance this force. It soon becomes apparent that this cylindrical 
structure, hereon referred to as the central core, can also serve 
as the main s upport column for the toroidal magnets themselves . There 
are four main advantages to this scheme: 

a. The magnets touch the central core only at the straight section 
of the D shape, and are free to contract on cool-down without 
the encumbrance of ground s upports. 

b. Since there is no superinsulation in existence which can with
stand the compressive force between the toroidal magnets and 
the central core, this scheme provides the poss ibility of 
making the central core a part of the dewar, thus obviating 
the necessity of insulation at that point . 

c. The space under the magnets is crowded with divertor coils, 
shield supports, vacuum pumps and other necessary equipment. 
It is, therefore, advantageous to minimize any additional 
hardware. 
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d. It is almost certain that the removal of a magnet from the 
reactor after it had been in operation will have to be done 
remotely. The self-locating feature of the supports in this 
Scheme and the ease with which they interlock with the central 
core lends itself very nicely to remote operation. 

The toroidal magnets are made up of D shaped discs with the 
windings embedded on both sides of the disc. In the unstable design 
there are 34 discs, 5 cm thick, with 0. 635 cm of insulation between 
them. This makes the total width of the magnet 191 cm. The weight of 
the magnet is 900 M tons. 

The discs will have notches machined in them at approximately 
2. 5 m from the start of the straight section at both ends. The notches 
will be 25  cm high and 3 cm deep. When the discs are all assembled, 
the notches will line up horizontally and, thus, will provide the 
slot for the shear beam. 

Shear beams will be inserted into the slots at both ends of the 
straight section and welded to each disc. The shear load will be2 
shared by both upper and lower beains at a shear stress <175 kg/cm , 
see Fig. IV-A-1. 

When the magnets are energized, the magnetic radial compressive 
force between the magnets and the central core will greatly exceed 
the radial tensile force component on the upper shear beam and shear 
pins due to the weight of the magnets. In the free hanging state 
before energizing, however, the radial tensile force on the upper 
shear beam and shear pins will equal 615 M �ons. In order to keep 
the tensile stress on the welds <1000 kg/cm the width of the welds 
attaching the shear beam to the magnet discs should be not less than 
1. 5 cm. Ten shear pins, 6. 25  cm in diameter, will be used for2 each 
magnet. The shear stress on the pins will also be <1000 kg/cm . 

The main function of the bottom shear beam is to provide more 
stability in the magnet support as well as aid in aligning and locating 
of the magnet during assembly. It does not appear necessary to use 
shear pins on the bottom beam. 

The magnet dewars are supported independently from the magnets. 
They are supported at the inner radius on lugs welded to them and 
carried on the flat ledges of the central core which also support the 
shield. At the outer radius, similar lugs welded to the dewars are 
supported on the permanent rear jack assemblies which carry the shield. 

Prior to the assembly of a magnet onto the central core and in 
subsequent handling operations as alternate means of support must 
be provided. At these times the magnet will be supported on jacks 
built into motorized caterpillars which will be used for transporting 
a complete module. 
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Two flat ledges will be provided on the bottom of each magnet 
running its full width (perpendicular to the stacked discs) . The 
jack heads will not go through the dewar, but instead, will mate 
with pads attached to the dewar by means of bellows. These pads 
then support the magnet on the flat ledges and also support the 
dewar independently. After the magnet is hung on the central core, 
the pads are .retracted and the jacks removed all together. 

In Figure IV-E-6 we show a complete module being removed from 
the reactor. The transformer and diverter coils have been retracted, 
the lithium headers, the lateral magnet supports and the vacuum pumps 
have been disconnected and removed. Steel plates are placed over 
the concrete floor to cover the diverter coil slots and to provide 
a smooth surface for the caterpillars to ride on. Motorized cat
erpillars with built-in jacks are inserted under the module. The 
caterpillars may have to be designed to come apart into several 
pieces in order to fit between the rear shield support jacks. They 
would have to be re-assembled again under the magnet. 

The front caterpillar will have six jacks, two for the magnet 
and four for the shield. The magnet jacks will each support 2 0 3  
M tons and the shield jacks, 2 74 M tons. 

The rear caterpillar will attach to the existing rear shield 
support assembly and will have two jacks for the magnet and six for 
the shield. Here, the magnet jacks will each support 2 40 M tons 
and the shield jacks, 211 M tons. The total load on the front cat
erpillar is 1, 50 2  M tons and on the rear, 1, 74 5 M tons. 

There are several ways of moving heavy loads on even 
floors when the capacity of overhead cranes has been exceeded. Among 
them are compressed air cushions, walking hydraulic rams, compressed 
oil filns and ball or roller carpets. In the present case, the aim 
is to provide self-propelled means for moving a complete module 
weighing over 3, 000 M tons over a rather uneven concrete floor, with 
the capability of turning it on the spot and moving in any desired 
direction. 

At CERN�9 motorized caterpillars have been used to move loads 
up to 80 M tons over concrete floors. By extrapolating this value 
to a larger unit, keeping contact stresses the same, and using several 
units under each carriage it would seem possible to use such cat
erpillars for transporting the reactor modules. 

The rolling resistance over hot rolled high carbon steel plates 
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as measured at CERN was 1.4 - 1.8%. A motor of 2 .8 HP was needed 
to move 80 tons. Based on this value we would need a total of 
120 HP to motorize the two carriages . Not all the units would 
have to be motorized. A possible solution would be to have six 
caterpillar units under each carriage with only two of them 
motorized by 30 HP motors. 

The caterpillars are mounted on shafts and can be rotated 
90 ° , thus providing the capability of turning on the spot or proceeding 
in any direction. This flexibility would be indispensable for 
remote maneuvering. 
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B. Transformer and Divertor Coil Design 

The requirements placed on these coils have been defined in an 
earlier section from the plasma point of view. The purpose of this 
section is to describe the steps used to design superconducting magnets 
such that the field and current requirements are met. 

In the design of the toroidal magnets, the stresses created are 
of such a magnitude as to relegate a secondary position to the conductor 
design. In the divertor and transformer coils, this is not always the 
case due to the much lower stresses and to the short rise times of the 
magnetic field. This set of circumstances requires certain devia-
tions from the design adopted for the toroidal magnet system. It will 
also be advantageous to adopt different designs for different stress 
requirements. 

For high current coils in large magnetic fields resulting in high 
stresses, stainless steel reinforcement within the windings is necessary. 
Where reinforcement is not required, the conductor itself will be designed 
to carry the forces. The choice of either copper or aluminum for the 
stabilizing material in a particular coil will depend on the stress 
level experienced. Thus aluminum is used at low stress levels, OFHC 
copper for medium stress levels and with extra reinforcement at high 
levels. These regions will be defined more precisely later in this 
section. 

This design adopts the total stability criterion in which resis
tivity and surface heat transfer are important properties. The resis
tivity of OFHC copper as a function of the magnetic field is given by 
p = 10-10 

(1 + .455 B) ohm•m with B in tesla. The magneto-resis
tivity of aluminum saturates at a low field. For these calculations 
a resistivity of 1 x 10-10 ohm-m is taken at all fieids for 1000 ratio 
aluminum. A yield strength of 4000 psi (2.76 x 107N/m2) was taken for 
Al and 12,000 psi (8.27 x 107N/m2) for OFHC copper. 

In order to design a totally stable magnet, the nucleate boiling 
heat flux must be used. Nucleate boiling heat transfer varies with 
the orientation of the cooling surface and ranges from 0.8 to 0.6 to 
0.2 watts/cm2 for 0°, 90° and 180° orientations respectively for open 
surfaces. (2 2) The coolant channels in this design are not all open 
and therefore a conservative average value of 0.3 w/cm2 (3000 w/m2) 
was taken. 

The design utilized in the toroidal magnets of stainless steel 
grooved discs cannot be adopted for the divertor and transformer coils 
due to the short rise times of the magnetic field. The continuous 
steel disc would act like a secondary in a transformer which dissipates 
large quantities of heat. In view of this difficulty, a layer-wound 
pancake design was chosen. An edge-cooled conductor wound together 
with stainless steel strip separated by mylar tape is described in 
Reference 1. In all cases the cooling surface will be formed by 
grooves in the conductor edge as shown in Figure VII-B-2b. With this 
enhancement, edge cooling is sufficient to provide cryogenic stability. 
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The following condition should be satisfied 

where X 
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From equation (1) 
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In order to avoid difficulty in winding many turn�w should be 
as large as possible. From equation 3 w can be larger if q and/or 
f are larger or if j and/or pare smaller. 

The total tensile force can be calculated as follows 

T =BIR= a Ntw + a N X w ss cu 

where 
B is the average axial field, 

(4) 

a is the average design stress in the stainless steel, ss  . h d . . h a is t e average esign stress in t e copper. cu 

1 a Assume a = -cu 2 ss  
8 2 12000 psi (1.103 x 10 N/m ) 
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In the case of aluminum 
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Table III is a display of the parameters for both the divertor 
and the transformer coils for the case of 331 volt. secs required to 
sustain the plasma current during the burn ( n = 3.5 n ). Notice 
that all the coils except D4 require stainless steel i�porder to 
carry the stress. This is not the case when bootstrap currents are 
presumed to exist. · For that type of operation, practically all the 
transformer coils could be of aluminum construction. 

Each pancake will be separated from the other layers by a 0.635 
cm micarta spacer. Clamped overlap joints will be made where necessary. 
Each stack will then be bolted together by pairs of 2

11 dia. bolts of 
aluminum stressed to 30, 000 psi at 300 K, The spacing of these bolts 
along the length of the windings is given by 

L = w (3.69 - 4.11 h) 
607 

for the copper construction (all units are inches) . The differential 
shrinkage between the micarta spacers the pancakes and the aluminum 
bolts has been accomodated by the room temperature compression of the 
stack by the bolts, and the bolt stress of 30,000 psi is reduced to 
1000 psi at 4.2K. (Figure VII-B-2a) 

One special characteristic of these magnets is the short rise 
times required to attain full field. The plasma dynamics requires a 
100 second rise to full field. The range of dB/dt is 0.42 to .7 
kgauss/sec based on the average magnetic field from all sources. 
The minimization of a.c. losses requires that special attention be 
given to 1) the superconducting filament diameter, and 2) the coupling be
tween filaments. The assumption is made that the conductor is designed in such 
a way that these losses are small compared to the possible r2R losses accounted 
for by the total stability criterion. This is a reasonable assumption since 
several methods have already been devised to accomplish this. goal. Filament 
sizes of 10 µ are readily available at the present time. Magnetic 
coupling of the filaments can be reduced by 1) filament twisting� 23) 

2) transposition of the filaments (24) and 3) three component composites 
in which the third component is a high resistance alloy such as 
cupro-nickel reducing further filament coupling. (24) A detailed 
design of this conductor is beyond the scope of this paper but there 
is no doubt that all these methods will have to be used in combination 
to attain the low loss condition. Such conductors have been suggested 
and fabricated by Pooley et.ai. (25) 

The primary source of energy loss in these magnets will be 
eddy currents generated during the start up exhaust and reset phases 
of the power cycle. We have not treated this problem exactly but 
have set up a model to obtain approximate values. Consider the 
case of a conductor of resistivity of p in front of a perfectly 
conducting slab in a constantly changing field. 
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For p = 10 ohm•m and 1 � 1 cm b �-� sec and the steady state is 
reached after a few seconds (e-ht 2n+l)L t � O). In this case the 
energy dissipated per unit time per unit area of conductor is 
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0 
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In our case the area is the face width of the conductor times the 
circumference of the coil. 

r------------··--·-·
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Additional approximations must be made however before the 
formula can be applied to a coil-namely Bis not uniform throughout 
the coil and arises from both external and internal currents. Con
sider now a circular cross section coil of radius a and constant current 
density. 
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where B is the field due to the other wires in the coil. ext 
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The final simplification concerns the conductor geometry . We 
consider a square conductor of side L. Then 

p = 
64 14R [i2 + l i2 ] N (10) 

av TI3p ext 2 int 

where N is the number of conductors in a given 
formula has been applied to the UWMAK-l coils 
the following numerical values were used: 

L 1 cm = 0 . 01 m 

coil. This 
for T) = 3.5 T) sp 

p = 10-10 (1 + 0 . 455 B ) ohm·m. 
av 

where 

Table IV gives the total net energy loss for the coils subdivided 
into the two major phases: startup and reset . The exhaust phase 
values are identical to the startup phase values and have therefore 
been omitted. Notice that the percent liquid helium boil off is very 
low and can be tolerated. The maximum power

0
dissipation occurs for 

conductors at the surface of the coil where B. reaches a maximum . 
The resulting maximum heat flux was 2 orders 6¥tmagnitude  less than 
the heat flux possible from joule heating for which sufficient 
cooling capacity has already been provided. The conclusion can be 
then drawn tha� the eddy current power dissipation can be sustained 
by the conductor without going normal. 



Table III 

Parameters of Divertor and Transformer Coils 

Coil Dl D2 D3 D4 Tl T2 T3 T4 TS 

R (m) 8 13 18 22 3.89 4.3 4.95 6.13 8.04 

Z (m) 13 13.5 12 8 3.0 5.97 8.9 12.7 17.3 

Total Coil Current 24.5 12.3 -24.5 ·-2.5 -17.5 -15.2 -11.8 -11.0 -8.3 
(106A) 

Maximum T (108N) 2. 72 ---- 4.57 0.0041 1.52 1. 32 0.89 1.02 0.32 

Maximum -T (108N) 0. 0027 2.23 ---- 0.028 0.029 0.036 0.10 1.64 0.025 H 
H 
I 

Maximum B (tesla) 6.46 5.18 5.15 4.28 6.87 6.17 6.15 7.59 6.51 
I 

Layers 45. 41 58 8 34 31 26 28 16 

Turn per Layer 55 30 43 32 52 50 46 40 52 

Thickness (m) 1.43 1.29 1. 85 0.208 1.07 0.995 0.817 0.875 0.49 

Height (m) 1.43 1. 29 1. 85 0.254 1.07 0.995 0.817 0.875 0.49 

Over all Current 12 7.39 7.16 47.3 15.3 15.4 17.7 14.4 34.6 

density (106A/m2) 

\ 
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Table IV 

Eddy Current Losses in the Poloidal Field Coils 

Start-Up Eddy Reset Eddy % helium 
Current Losses Current Losses Liquid loss 
(105 joules) (105 joules) 

Dl 0.86 -0 <1% 

D2 0.34 -0 .<1% 

D3 1.32 -0 <1% 

D4 0.59 -0 1% 

Tl 0.19 1.22 1% 

T2 0.13 0,89 <1% 

T3 0.05 0,32 <1% 

T4 0.10 0.18 <1% 

TS 0.49 2,70 5% 



Table V 

Inductance Mateix1 
(micro-henies) 

Coil fl -,-
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 

l 22.49 3.223 3.223 6.632 6.632 10.66 10.66 15.11 1s.11 2.oj� 2.038 2.038 2.038 2.039 2.039 2.039 2.039 2.039 2.039 

2 25.08 .3589 11.50 .7643 7.564 
3 25.08 .7643 11.50 1.320 
4 51.24 1.699 23.37 
5 51.24 3.043 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
1 ' 
... o 

17 
18 
19 

68.80 

.L. :'.-fatrix in symmetric (Mij = Mj i) 

1.320 5.521 2.093 .8454 .3168 1.779 .2537 
7.564 2.093 5.521 .3168 .8454 .2537 1.779 
3.043 15.09 4.985 1.058 .5300 1.798 .4654 
23.37 4.985 15.09 .5200 1.058 .4654 1.798 
5.623 34.57 9.483 1.186 .7439 1.742 .7062 
68.80 9.483 34.57 .7439 1.186 .7062 1.742 

149.3 16.52 1.269 .9710 1.658 .9922 
149.3 .9710 1.269 .9922 1.658 

10.70 9.348 3.037 .4727 
10.70 .4727 3.037 

12.74 .2859 
12.74 

2. The diagonal has the self inductances (L .. ) 
ll 

SKS 

4.117 .2305 12.59 .2272 8.280 .2419 
.2305 4.117 .2272 12.59 .2419 8.280 
3.172 .4527 6.215 .4766 9.278 .5364 
.4527 3.172 .4766 6.215 .5364 9.278 
2.630 .7290 4.305 .8129 6.492 .9599 
.7290 2.630 .8129 4.305 .9599 6.492 
2.232 1.083 3.224 1.274 4.555 1.568 
1.083 2.232 1.274 3.224 1.568 4.555 

1.312 .3065 .6620 .2192 .4093 .1774 
.3065 1.312 .2192 .6620 .1774 .4093 
3.930 .2107 1.545 .1695 .8016 .i511 
.2107 3.930 .1695 1.545 .1511 .8016 
L6.74- .1705 4.142 .1501 1.749 .1447 

16.7� .1501 4.142 .1447 1.749 
21.84.1447 5.403 .1511 

21.8� .1511 5.403 
37�2� .1702 

37�2i 

< 
H 
H 
I 

b:j 
I 

00 
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It is now beneficial to investigate the conditions created by 
changes in the rise time. The eddy current losses are inversely 
proportional to the rise time. Consider first a risetime of 10 sec 
rather than 100 seconds. Helium usage due to eddy current losses 
would increase by a factor of 10, which would require a liquid transfer 
rate of approximately 1500 liters/sec. 

The maximum possible plasma resistivity increase.which this design can 
handle is 8n • This would increase the eddy current losses only by 
a factor of g

p
causing a · 20% liquid loss in the worst case. 

It can not be overly stressed that these results may contain 
large errors resulting from the assumptions made. Nevertheless they 
certainly have an order of magnitude validity from which general 
conclusions can be drawn. 

The cost estimates are based at $1.95/lb of copper composite 
conductor including superconductor, $2.00/lb for structural stainless 
steel, $2.50/lb for composite aluminum conductor including super
conductor and $1.00/lb for assembly. 

The total energy of the divertor-transformer system. is cal
culated by first computing the inductance matrix M .. where each term 
is given as a function of complete elliptic integrlis. This 
symmetric matrix is given in Table V. The maximum poloidal field 
energy stored, 

N N 
E = 1/2 \ \ M I I l l 1ZL K L ' K=l L=l 

in the unstable case is 16.0 MWhr. 

The total cost of the divertor-transformer system is $67 x 10
6 

excluding dewar and mechanical supports. Over 83% of this cost is 
attributed to the divertor coils. The total stored energy is 16.0 
MWhr and the total volume of liquid helium stor�d in the coils 
themselves is 1.5 x 105 liquid liters (1.8 x 104kg) allowing 1 cm on 
each vertical edge for coolant flow and gas escape. 
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FIGURE VII-I3-2a 

Final Assembly of Low Stress Design 
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C. Refrigeration Systems 

1. Description 

The estimated total refrigeration needed for UWMAK-1 is 15 kw. 
It is felt that five 3 kw 4. 2 K refrigerator liquifiers will be 
used, all feeding into a 200, 000 litre liquid storage dewar located 
above the central core (see Figure 1-2,section I-1). 

The inner vessel of the toroidal magnet dewars will consist of 
3mm stainless steel sheets which surround the outer insulating 
spacers of the magnet structure and enclose it completely. Liquid 
helium will fill the inner vessel completely submerging the magnets. 

The outer vessel will aiso be fabricated of stainless steel, 
the vertical sides being 2. 5 cm thick and the inner and outer per
imeter walls, 1. 4 cm thick. Epoxy reinforced glass struts will be 
attached to the inside of the outer vessel, with 10% of them 
making contact with the magnet while the remaining 90% coming with
in 1. 0 cm of the magnet. The 20 cm vacuum gap between the walls 
of the inner and outer vessels will be filled with superinsulation. 
Holes will be cut out in the superinsulation at the locations of · 
the struts which contact the magnets and at the remaining struts, 
it will be compacted in the 1. 0 cm gap. Structural beams will be 
attached from the outside of the outer vessel to distribute the loading 
from the struts to a network of bridges connecting adjacent magnets 
together. This is needed to contain the lateral forces on the magnets 
in the event of magnet misalignment or failure. 

The main liquid helium distribution transfer line wili be 
located inside the central core, with branches feeding the toroidal 
magnet dewars at the top. Vent lines will also be located at the 
top of the dewars where they can be used in conjunction with the 
vapor cooled electrical leads. Relief values and rupture discs will 
also be provided. The boil off is then returned to the refrigerator 
liquifiers where it is recycled back to the central storage dewar. 

Similar dewar construction will be used for the divertor and 
transformer coils. The retractable coils will need flexible transfer 
lines which will be connected to the central liquid helium distributor 
system. The transformer coils which are embedded in the central 
core will be maintained cold by the same system used to cool the core 
itself. Superinsulation is used to separate the cold portion of the 
central core used to support the toroidal magnets from the rest of the 
central colunm which supports the roof beams. 

2. Losses 

The following steady state losses can be expected during operation 
of the toroidal field magnet. 
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a. Radiation loss 

There are 51602
m2 of surface area on the 12 magnets and an 

an additional 612 m of surface area on the inside of the central 
core upon which the magnets 8£e supported, see Fig . I-2 Using 
a radiation loss of 7. 5 µw/cm one obtains a total loss of 
4 33 watts. 

b .  Conductive loss in the epoxy struts between inner and ou2er 
dewar walls. In section 1-b- (lO)it was stated that 8, 500 cm of 
reinforced epoxy struts 20 cm long would be required on each side 
of each magnet to provide lateral support. 10% of these contact 
the dewar wall. A conductive loss of 1700 mW/cm is appropriate 
for reinforced epoxy for a tempe!�ture range from 300 to 4 . 2K.  
The total loss is thus 1700 x 10 xS, 500 x 0 . 1  x 12 x 2 / 20 = 1734 
watts. 

c.  Resistive losses in conductor joints 

There are 34 joints carrying 10, 000 amperes in each of the 
12 magnets which will be made by lapping conductors from adjacent 
discs for 20 cm and clamping. The surfaces containing the super
conductor will be facing one another as the conductors lay in 
the magnets so a path length in the copper would not exceed 0 . 5  
cm. The joints are in !

8magnetic field of essentially zero so 
a resistivity of p=2 (10 ) ohm-cm is realistic. The conductors 
are 1. 1 cm wide where they are lappe�. The !§sistance to current _10 
flow through the metal is then R = P

A= 2xl0 x0 . 5/ 20/1 . 1 = 4 . 55(10 ) 
ohm . A properly Eaepared surface snould not give a contact 
re��stance over 12 ohm so the total power loss is 1. 0 455 x 
10 x30xl2xl0, 000 = 376 watts.  

d .  Lead losses 

Properly designed vapor cooled leads carrying 10, 000 amperes 
should not require more than 100 watts/pair or a total of 1200 
watts. 

e.  Nuclear heating load . 

In section VI-D-1 the total nuclear heating load is given 
as 408 watts. 

The sum of these five losses is 4151 watts. In Section VII-B-1 
the construction of the divertor and transformer coils is described . 
Since the contruction techniques are similar to those used in the 
toroidal field magnets the cooling requirements will be based upon 
the volume of liquid helium contained in the magnets. The volume of 
liquid helium in the toroidal field magnets is given as 100, 000 liters 
and the total volume in all the divertor and transformer coils is 
150, 000 . The losses then in the divertor and transformer coils are 
estimated at 6000 watts. 
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In ref. 20 a figure of 1 W/m is stated to be reasonable for 
transfer lines up to 1/2 inch in diameter. The total length of 
the distribution system to the toroidal field magnets and the 
divertor and transformer magnets is 786 m. The total loss is then 
786 w. The 200,000 liter storage tank for the liquid heli�m reserve 
is a sphere of 3.6 m rad�us. With a surface area of 163 m and 
a loss rate of 7.5 TIM/cm . The total loss is only 13 watts. 

_Th�--�?_tal system loss rate is 11 Kw .. 

It is proposed to use five 3.0 KW refrigerators with four of 
them in operation and the fifth in reserve. The 200,000 liter 
store of liquid helium could supply the cooling heads of the system 
for 20 hours in the event of a complete failure of all refrigerators 
or for 80 hours if two of the five refrigerators were not operating. 

In the event of a magnet failure wliich activated the emergency 
clamping action of the lateral struts, the heat loss by conduction 
would rise by 15, 600 watts. The system would normally be deactivated 
as soon as the failed magnet could be returned to operation or until 
the reactor could be shut down. In the event that the 
deactivation of the clamping action is not accomplished immediately, 
the stored helium will be used up at the rate of 25, 000 liters/hr. 
in order to keep the magnets cold. 

3. Costs 

For large refrigeration systems supplying liquid helium at 
4.2K a cost figure of$583, 000/KW is assumed, see Ref. 21. This 
price includes all of the piping and inst�llation so the total 
price should be 583, 000 x 15 = $8.75 x 10 . In addition to the 
refrigeration system a vacuum system is needed to evacuate the dewars. 
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D. Power Supplies 

1. Toroidal field magnets .  

The inductance L of the 12 magnet in series is approximately 
5600 henries . If one assumes a reasonable charge time of say 2 4 hr. 
the required voltage from a power supply is 700 volts. For low 
voltage silicon rectifiers, a price of $100 kW seems reasonable . The 
total cost is about $700, 000 . 

2 . Divertor and transformer magnets .  

In Table III are listed the values of stored energy in each of the 
magnets .  Keeping in mind the fact that there are two of each magnet listed, 
the total energy stored in the divertor magnets is 6 7 4 . 8 x 108 joules or 
18 . 7 4  MW hr. The total s tored energy in the transformer magnets is 
13 . 16 x 108 joules or 0 . 36 6  MW hr. If the effect of mutual inductance 
is consid ered, the total stored energy is reduced to approximately 
15 MW hr. with the majority of it in the divertor magnets .  With a linear 
rise in the divertor field in a 10 second time period, a peak power of 
10 . 8 x 109 W is required which cannot be supplied from a coIIll!lercial power 
grid . The cost of rectifiers to handle this power would also be excessive .  

At the present time, 200 MW is about the maximum that can be 
purchased directly from a power company . If we assume that 500 MW 
can be purchased in the future, and purchase power as needed up to 
this maximum for the duration of the start up time, we will have to 
have the remaining energy available in a storage unit . The use of super
conducting magnetic energy storage is a reasonable solution to this problem 
but the rapid discharge of the storage inductor will make the d esign of 
s uch a inductor differ in some details from thos e  already designed at 
Wisconsin . (16) Without carrying out a detailed design, one can only es
timate the inductor costs .  Based on costs of $g0/KW for convertors between 
the power line and the inductors and $1. 6? x 10 /MWhr for a superconducting 
magnetic energy storage unit and assuming bhat only 25% of the energy so 
stored can be efficiently transferred into another set of ind uctors, the 
following capital costs seem approximate .  

Charge Time Size of Storage Inductor Total Cos t 

10 sec . 55 MWh $lOOx106 

50 s ec . 34 MWh $67 xl06 

100 sec . 15 MWh $36 xl06 

200 sec . 0 MWh $11xl06 
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E. Cost ·Estimate 

1. Toroidal field magnets 

The following tabulation describes the costs of building a magnet 
for the containment of the unstable plasma. A 4.2K liquid helium cooling 
bath is assumed. 

Material Weight Cost Total 
106 lb. $1 lb. $106 

Nb Ti 6. 2 3 15.00 3.5 
Copper 0.70 1.00 0.7 
Fabrication (0. 93) 1.50 1.4 of above 
Copper 9.74 1.50 14.6 
Stabilizer 
(Total Conductor) (10. 67) (1. 89) (20.2) 

S.S. Discs 9.89 2.00 19.8 
Epoxy Insulation 0.58 2.00 1.2 

Winding & Assembly (21.14) 1.00 21.1 
(Total Discs) (21.14) (2.95) (62.3) 

Aluminum Bolts 0.12 1.00 0.1 
Epoxy Struts 0.03 2.00 (62. 3) 
Cryogenic Insulation 5160_m2x20 cm 180.00/m2 0.9 
S.S. Dewar Walls 2.05 1.50 3.1 
Magnet Assembly (23.34) 0.50 11. 7 
(Total Magnets) (2 3. 34) (3.35) (78.2) 

Circumferential 
Bracing 1.00 2.00 2.0 
Installation (24. 34) .10 2.4 
Total Installed 

Magnets (24. 34) (3.39) (82.6) 

2. Divertor and transform er magnets 

Material Weight Cost Total 
106 lb. $1 lb. $106 

D-1 Conductor 0.41 1. 95 0.80 
S.S. 1.16 2.00 2.32 

Assembly (1.57) 1.00 1.57 
Total for D-1 (1. 57) (2.99) (4.69) 

D-2 Conductor 0.32 1.95 0.62 

S.S. 1.68 2.00 3,36 
Assembly (2.00) 1.00 2.00 
Total for D-2 (2.00) (2.99) (5.98) 

D-3 Conductor 0.89 1.95 1. 74 
S.S. 4,78 2.00 9.56 
Assembly (5. 6 7) 1.00 5.67 
Total for D-3 (5. 67) (2.99) (16.97) 
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Material Weight Cost Total 
1061b. $1 lb. $106 

D-4 Cu. Conductor 0 . 11 1 . 95 0 . 21 
Assembly (0 . 11) 1 . 00 0 . 11 
Total for D-4 (0 . 11) (2 . 95) (0 , 32) 

T-1 Conductor 0 . 15 1 . 95 0 , 29 
S . S . 0 . 30 2 . 00 0 . 60 
Assembly (0 . 45) 1 . 00 0 . 4 5 
Total for T....;1 (0 . 4 5) (2 . 98) (1 . 34) 

T- 2 Conductor 0 . 14 1 . 95 0 . 27 
S . S . 0 . 2 8  2 . 00 0 . 56 

Assembly (0 . 4 2) 1 . 00 0 . 4 2 
Total for T-2 (0 . 42) (2 . 98) (1 . 25) 

T-3 Conductor 0 . 12 1 . 95 0 . 2 3  
S . S . 0 . 21 2 . 00 0 . 4 2 
Assembly (0 . 33) 1 . 00 0 . 33 
Total for T-3 (0 . 33) (2 . 9 7) (0 . 98) 

T-4 Conductor 0 . 15 1 . 95 0 . 2 9 
S . S . 0 . 32 2 . 00 0 . 6 4 
Assembly (0 .  4 7) 1 . 00 0 . 4 7 
Total . for T-4 (0 .  4 7) (2 . 98) (1 . 40) 

T-5 Conductor 0 . 14 1 . 95 0 . 2 7 
S . S . 0 . 0 8 2 . 00 0 . 16 

Assembly (0 . 2 2) 1 . 00 0 . 2 2  
Total for T-5 (0 . 2 2) (2 . 95) (0 . 6 5) 

Total for 18 magnets (two each) $67 . 16 

Steel Support Structure 2 . 0  2 . 00 4 . 0  
s .  s .  Dewars 3 . 0  2 . 00 6 . 0  

Total for divertor and transformermagnets $7 7 . 16 

3 . Refrigeration Sys tem 

In Section C-3, the cost of a completely installed refrigeration 
system was quoted at $58 3, 00/KW . The requirement was given as five 
3 KW units . In ad dition, the liquid helium inventory must be supplied 
at $3/liquid liter .  

Material 

Five 3 KW units at $58 3, 000/ KW 
Liquid Helium 

Toroidal Field Magnet 
Divertor and Transformer Magnets 
Storage 

Total 

100, 000 liters 
150, 000 liters 
200, 000 liters 
450, 000 liters 

Refrigeration 
@ $3 

Cost 
6 $8 . 75 X 10 

$1 . 35 X 106 

$10 . 1 X 106 

-·· 
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4 .  Power s upplies 

a. For toroidal field magnets 

700 V x 10, 000 A =  7, 000 kW @ $100/ kW. 

b. For divertor and transformer magnets 
A superconducting energy s torage inductor 
with associated switching and rectifying 
equipment to deliver 16 MW hr in 100 seconds .  

Total power s upply 

6 $0. 7 X 10 

6 
$36 X 10 
. 6 
$36. 7 X 10 

5 . The total �st of the magnets, refrigeration and power supplies is 
$.206 • . 6 X 10 
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VIII. Tritium 

A. Release Rates 

1. Factors Affecting Release Rates 

Some tritium release is inevitable during operation of a fusion 
plant fueled by deuterium and tritium. The principal escape routes 
are outlined below: 

. permeation through the shield into the reactor hall; 
permeation into the helium s ystem; 

• permeation through headers and piping into the reactor 
hall and heat exchanger cells ; 

• leaks through valves and joints (if any) ; 
. permeation through the heat exchanger and into the s team system. 

The shield thickness is 81 cm from the outer edge of the blanket 
(see Figure IV-A-4) . The s hield consists of alternating layers of 
steel, lead and boron carbide. An analytical assessment of tritium 
permeation through the shield is difficult because  of the complicated 
material and temperature dis tributions - and because there are numerous 
penetrations through the shield, (piping, fueling ports, etc.) which 
provide alternate escape routes for the tritium. A void space at the 
outer edge of the blanket offers one method of tritium containment if 
required. Similarly, lithium headers, valves, etc. may be enclosed in a 
secondary container to prevent tritium and lithium escape in the event a pipe 
leaks develops , During normal plant operation the trititun which 
accumulates in the voi4 space may be removed by pumping to a central 
location where it is fixed in a disposable solid or liquid. Tritium 
accumulating in the helium system would be removed by gettering if 
required. 

The tritium escape route which appears most difficult to control 
is permeation through the heat exchangers, into the s team system. 
Trititun recovery from the steam would be expensive. It is likely, 
therefore, that release of the tritiated water to the atmosphere would 
have to be controlled to rates compatible with radiation releas� 
standards (see later discussion) . Controlled disposal of the steam 
generator water would be necessary at the end of plant operation. The 
permeation rate from the primary-to-secondary-to steam systems depends 
on the tritium inventory in the lithium, which determines the driving 
pressure for permeation. Other important permeation parameters are 
the surface areas, wall thicknesses, temperature and construction 
materials of the primary and secondary heat exchangers. 

The tritium inventory in the primary s ystem is a s ystem parameter 
which may be set by the d esigner to a certain extent. The leakage 
rate of tritium from the s ystem will be s mall compared to the production 
rate. Therefore, the inventory is primarily s et by the efficiency of 



VIII-A-2 

the tritium removal system . The point is not that one system can remove 
more tritium than another one - in the asymptotic case any system must 
remove as much tritium as is produced - but that one system can remove 
tritium efficiently at a lower concentration in lithium . To minimize 
tritium losses, the tritium concentration in the blanket will need to 
be on the order of a few parts per million. Thus, any extraction system 
which operates in this range is likely to be large and expensive. 
Aside from the lower leakage rate associated with a smaller inventory, 
there is another reason for keeping it small . One purpose of the blanket 
is to breed new fuel for the reactor. If significant tritium cannot be 
removed until the concentration and consequently the inventory became 
large, then fuel must be supplied from elsewhere to keep the reactor 
operating until the tritium concentration in the lithium rises sufficiently 
for the extraction process to produce enough fuel to fuel the reactor . 
In fact, once the tritium concentration becomes high enough to extract 
enough tritium for the reactor, the extraction system will begin to produce 
extra tritium for use in other devices . A third reason for keeping the 
inventory low is to minimize the radioactivity of the system. If some 
abnormal condition could be envisioned whereby the tritium in the blanket 
could escape, the radioactivity of the tritium could present a hazard .  
Thus, on one hand it is desirable to keep the tritium inventory low to 
minimize the startup requirements of the tritium and to minimize tritium 
radiological problems . On the other hand, efficient operation of the 
extraction system fa¥ors a high tritium concentration. 

The surface area of the heat exchangers affects the release rate, 
since the tubes in the heat exchanger serve as the barriers between 
the lithium and steam systems. To isolate the lithium in the blanket 
from the steam system, an intermediate Li-to-Na heat exchanger will be 
used to transfer the heat produced to an intermediate loop .  The sodium 
in the intermediate loop in turn will be used to produce steam in 
the steam generator. The area of these heat exchangers depends on 
the heat transfer properties of Li and steam as well as the detailed 
design . 

The temperature is an important factor, not only because it influences 
the heat exchanger design but because the tritium diffusion rate and 
equilibrium pressure over the lithium are temperature dependent. 

Finally, the release rate of tritium depends on the materials 
used for the heat exchangers . The tritium diffusion rate varies with 
the tube wall thickness ; the thickness in turn is affected by mechanical 
and thermal properties. In addition, diffusion rates differ for 
various metals and alloys. This is illustrated in Figure VIII-A-1 
taken from Webb (l) , which shows the temperature dependence for hydrogen 
diffusion . 
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2 ,  Basis for Selecting Tritium Release  Rates 

Having established the parameters which affect tritium release 
rate, the designer mus t consider the mechanisms and paths for tritium 
releas e  in order to obtain an allowab le release  rate . One approach 
has been to use a nominal release rate of 4 curies/ day, since this 
corresponds to an amount released by a typical fission plant. This , 
however, is a very stringent requirement. Tritium releas ed from a 
fusion plant is only a portion of the total plant radioactivity 
invento ry. To do the problem correctly would require a complete 
evaluation of the mode of release, i . e . , whether as a gas from a high 
stack or as tritiated water which could be  discharged into co ndenser 
cooling water. A site would have to be chos en and the particular 
environmental conditions of that site considered. Such a s tudy is 
beyond the s cope of this treatment. However, some simple calculations 
will help put the problem into perspective . Suppose, for example, that 
all the tritium which gets into the s team sys tem is los t  during 
blowdown , mixes with the co ndenser cooling water and is discharged. 
Assuming the plant is 40% efficient ( this value is too high , but usinp, 
it tends to overes timate the concentration of tritium) then 3000 Mw 
mus t be dissipated by the cooling s ystem.  The mass flow of water through 
t he co ndenser  is 

me /.\t  = P 

BTU 
n1 = 3 X 106 kw X 3412 hr/kw 

lBTU x 20°F �F 

m = mass flow raLe 

c = specific heat 
tt = temperature rise across condensor 

P = power dissipated 

where the tempe rature rise  a.cross the condensor is taken to be  
20°F (11°c) 

m "'  5 . J. X !0
8

lbs /hr = 5 , 6  X 109 1/ day 

The permissible limit of t:.·i tium in water. given in 10 
6

FR 20 
Appendix B .  Table II , column 2 is 3 x 10- 3 uci/ml = 3 x 10- ci/ 1.  

Taking 1. 0% of the limit,  in. line ��th current practice, an 
allowable concen tration

8
would be  3 x 10 ci/  l corresp-:.mding to a 

rele ase  rate of 3 x 10- c.i/ 1 x 5 . 6  x 109 1/day = 168 ci/ day. 

While t:his calculation is  only applicable  to a once-through cooling 
sys tem with the reactor operat ing as described earlier, it  does give 
some idea of  the order of mar;n::1. tude of  a tolerable tritium release rate 
and is considerably larger than the 4 d / day value which has been used 
in the pas t .  

-
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Another approach is to look at what tritium release rates have 
been licens ed for present operating facilities, e. g . , fuel processing 
plants. Our bes t information indicates (2 ) that reprocessing plants 
will be licens ed to release 100 ci/ day. Again, this value is larger 
than the 4 ci/ day assumed in the past, but s omewhat smaller than that 
calculated above. However, allowable release rates will likely be lowered 
by the time a fusion reactor is operated so that a minimum tritium 
release rate must  be considered. 

3. Tritium Release Rate 

Based on the preceding discussion, 100 ci/ day of tritium release 
through the steam generator will be assumed. The actual plant release 
rate will be somewhat greater due to diffusion through other parts of 
the system, but by designing to this release rate, the res ult should 
approach that of a detailed calculation involving gaseous and liquid 
releas es and taking site factors into consideration, The design 
philos ophy will be to use  the above release rate to calculate an 
allowable tritium inventory and then design the tritium removal s ystem 
to maintain the inventory . 



Vlll-B-1 

B. Breeding Ratio and Inventory 

1. Summary of Heat Exchanger Design 

In order to establish the tritium inventory, it is necessary to 
know the details of the intermediate heat exchanger and the steam 
generator, in particular the materials used, the thickness of the 
tubes and the total surface area of each. To do this it is in turn 
necessary to design the complete steam cycle. The d etailed s team 
cycle des ign will occur in the next phase of the design. However, 
sufficient information is avaialable to establish methods and the 
approximate inventory close enough to ascertain the characteris tics of 
the system. The lithium conditions from the blanket are: Tout 4 83

° C 
(901° F) , Tin 2 83

° C ( 54 1°F) , mass  flow rate 4 . 7 x 107 lbs/ hr ( 2 . 1  x 107 kg/hr) . 
The design of the intermediate heat exchangers and steam generators ( 3) 
are discussed in Chapter X. The intermediate heat exchanger is designed 
with a log mean temperature difference of 39 ° C ( 70 °F) . The sodium 
temperatures are then 2 62 ° C (502

° F) in, and 4 12
° C ( 7 2 2

° F) out with a 
flow rate of 9. 3 x 10 7 kg/hr ( 2. 04 x 10 8 lbs/hr) divided into twelve 
loops. The heat transfer surface area and consequently the area 
across which tritium can diffuse from the primary to intermediate loops 
is 1. 86 x 104 m2 (2 . 0 x 105 ft2) . 

The steam generators have been designed with a pinch point 
�T of 22. 8 ° C (4 1°F) . The steam conditions are 305° C ( 580 ° F) 
at a pressure of 39. 8 atmospheres ( 565 ps ia) with feed wate6 at 
217

° C (400° F) and a flow rate of 7. 1  x 105 kg/hr (1. 57 x 10 lbs/hr) per 
steam generator at full power. The resulting 'rea for tritium diffus ion 
into the s team from the sodium is 2 . 66 x 103 m ( 2. 86 x 104 ft2) per 
generator for a total of 3. 15 x 104 m2 (3 . 4 3 x 105ft2) . The tube walls 
in the intermediate heat exchanger are 1. 067 mm of SS and the walls in 
the steam generator are 1 mm Inconel plus 0. 63 mm of Croloy. 
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2 .  Inventory in the Primary System 

The calculation of the inventory of the primary system is approached 
by first calculating the partial pressure of tritium in the secondary 
system . The equation used for determining the pressure is essentially 
that given in Reference 1 .  

V = 

V = CA 

/3x 

l 

(P � 1 
k 

p 2 ) 2 
-Q/RT 

e 

CC (STP) volume flow rate of tritium permeating in ��-'-�-'-�-
thickness of metal (mm) sec 

upstream pressure (mm Hg) 
downstream pressure (mm Hg) 
activation energy of diffusion (cal/mole) 
gas constant (cal/mole °K) 

T = absolute temperature 
A = area of diffusion surface in 
C permeation constant (CC(STP) 

cm 2 k 
- mm/hr/cm /atm 2) 

and the 13 factor is inserted to correct for the fact that tritium 
is diffusing rather than normal hydrogen . The question of whether to 
use a P� or P dependence has been discussed by Fraas . (4) In view ef 
the fact that recent work reported by Strehlow (5) on SS shows a P� 
dependence , there seems to be no convincing reason not to use this 
expression . 

In the application of the previous equation to the present case 
the question arises as to what temperature to use . In the actual 
situation the temperature will vary along the length of the heat 
exchanger , affecting the magnitude of the exponential term. Also, 
as the coolant changes temperature the tritium partial pressure may 
also be changing . Furthermore, there is a temperature gradient 
across the tube wall which is not taken into account in the previous 
equation . In view of these uncertainties the gross average temperature 
of the coolants on both sides of the exchanger was used. 
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The pertinent data for the above equation taken from Reference (1) 
and the earlier part of this report are: 

V = 100 curie/ day = l0-2g/day = 4. 32 x 10-4 CC(STP) 
sec 

A = 3.5 5 2 
X 10 ft = 3 , 19 8 2 x 10 cm R = 1. 9 8  cal/mole °K 

P z= 0 C = 850 CC(STP) -mm 
1 

Q = 16 , 100 cal/ mole hr cmZ atm� 
T = 296 ° C = 569 ° K X = o'. 065 in. = 1 . 65 mm 

= v'3X V x 10 5 

C A e-Q/RT 

-7 

-4 � 7. 2 8  X 10 (mm Hg) 

5 , 30 x 10 mm Hg 

The same flow rate has to pass across the intermediate heat exchanger. 
The parameters in the flow equation are : 

V = 4. 32 x 10-4 CC(ST P) /sec 
A = 2 x 105ft2 = 1. 86 x 108cm2 

Q 16 , 100 cal/mole 
T = 361°c = 6 34°K 

/3 V X 

C x 10-5 A e-Q/RT 

k + p 2 

2 

R = 1. 9 8  cal/mole 2 k 
C = 850 CC(STP)mm/hr cm atm 2 

X = 0. 0 4 2  in. 
7 

1. 06 7 mm 
P 2= 5 , 30 x 10 - mm Hg 

= 1 , 89  X 10-4 + 7 , 2 8  X 10 -4 

X 10-4 
9. 17  

-7 
= 8. 4 1  X 10 mm Hg 

The concentration of tritium in the lithium may be calculated 
using Sievert' s law 

/p = K N  N = mole fraction of T2 
P = pressure in mm Hg 

K = Sievert' s  cons tant 
K for tritium in lithium is given by (Ref. 6) 

Log10K = 4. 59 1  - 2 809 /T 

The average temperature in the blanket is 38 3°c 
K = 2 , 03  

656°K yielding 
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and N .= IP =  9.17. x 10-4 

K 2 . 03 

VIII-B-4 

N = 4 .  52 x 10-S mole fraction of tritium. 

The tritium inventory is then 

I B sat 

. -4 5 
It, = 4 . 52 X 10 X 6 . 3 X 10 X 3 / 7 kg = 1 2 2 . 2  kg n sat 

This inventory of 12 2 kg of tri
9

ium is rat her large . It 
represents an inventory of -1 . 2 x 10 curies of radioactivity. Beyond 
this , however ,  is the effect on the operation of the plant , which 
burns only 0. 6 89 kg/day. Using the formulae in Reference ( 7) , the 
mean residence time of a tritium atom in the blanket is : 

A I/TN assuming a high breeding ratio , T, of 1. 3 

A 12 2 . 2  = 136 . 4 day 
1. 3 X • 6 89 

and the amount of tritium needed to start up the reactor above that 
needed for steady state operation is 

61 = I - I = � ,A � - (T - l) ln(T/T-1)) o ex min 

= .6 89 X 136 . 2 [ 1  - . 3ln �
3

3] = 52 . 6kg. 

Assuming minimum operating inventory I ex min doubling time would be 

t = 
1ex min + 

1B s at = 13 2 . 2 d 
N (T _ 1) . 689 x . 3 

= 639 days 

10 kg, the 

If the breeding ratio were even higher , s ay 1.5, 61 would still 
have the rather large value of 4 2 . 2  kg. 

The cons equences of this rather large inventory are 1) The 
removal of tritium would be easier than that of a system with an 
approximately 10 kg inventory ; 2) the amount of radioactivity in 
the system is large ; 3) a large quantity of tritium must be 
supplied before initial operation to sustain the plant until the 
blanket inventory builds up to the point where the extraction 
system removes enough to keep the plant going ; and 4) the doubling 
time is s till quite adequate, being less than two years . 
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In considering the four items above, it would seem that the 
negative points 2) and 3) outweigh point 1) ,  while as will be seen, 
adequate doubling times are readily attainable in almos t any situation. 
Consequently, the rather interesting point emerges that with the particular 
parameters used above, the tritium release  rate r..rhich may be tolerable 
from radiological considerations is too large when other plant factors 
such as plant inventories are considered. It therefore is necessary 
to reduce the inventory by a factor of ten or more to bring the 
inventory down to a more reasonable value. Since the release  rates 
are proportional to the s quare root of the tritium pressure, and the 
mole fraction (and consequently the inventory) , is also proportional 
to the square root of the tritium pressure, a reduction of the 
inventory by a factor of ten also results in a reduction of the 
release rate by the same factor. Summarizing the results we have: 

release rate 10 ci/ day 

tritium in intermediate loop -9 
pressure 5. 30 X 10 mm Hg 

tritium pressure in primary loop 8. 41 -9 
X 10 mm Hg 

mole fraction of tritium in primary loop 4 , 52 X 10-5 

tritium inventory in primary loop 12. 2 kg 

3. Inventory, Breeding Ratio and Doubling Time 

With the inventory calculated in section VIII-B-2, it is possible 
using the formulas in Reference ( 7) to find the mean residence time 
of tritium atoms in the blanket, the excess initial inventory above 
that required for steady state operation and the doubling time of the 
system as a function of the breeding ratio T. The mean residence 
time is given by 

\ = 
1B sat 

0-

TN 
0-

where IB is the equilibrium blanket inventory sat 

in kg, and N is the rate tritium is burned, which for a 5000 Mw 
h 

plant with an energy recovery of 20 Mev/ fusion is 0 . 689 kg/ day. t 

A is plotted in Figure VIII-B-1 for an inventory of 12 . 2 kg as a function 
of the breeding ratio T. Since A is invers ely proportional to T it varies 
less than 30% over breeding ratios of interest. 

The excess initial inventory 6I is given by: 

61 = 
1B sat U- - (T-l) ln(T/T-1).] 

T 

6I is plotted as a function of T in Figure VIII-B-2 



VIII-B-6 

Over the range of breeding ratios of 1. 0 1  to 1 . 3, 61 varies 
from - 1 2  kg to - 5  kg. This appears to be an acceptable range . 
A cons ervative es timate of the tritium required to operat e the plant 
in the equilibrium situation is - 10 kg. Thus , the excess initial 
inventory for s tart -up is of the same order of magnitude and would 
likely not present unreasonable demand. For subs equent plants it 
would present no problem since it is likely that sufficient tritium 
would be available from the operation of earlier reactors. 

The time for the minimum in the external inventory is shown 
in Figure VIII-B-3, Again it is seen that the times for any reasonable 
breeding ratio are quit e acceptable. 

The doubling time is defined as the time to produce enough 
additional tritium to supply the total amount needed to s tart a 
second plant ,  Doubling time as a function of breeding ratio is shown in 
Figure V!II-B-4 ,  A minimum external inventory of 10 kg, needed to 
operate the plant, is ass umed. It is apparent from this graph that 
breeding ratio and doubling time present no problem other than 
perhaps that of reducing the breeding ratio to lower the 
amount of tritium produced. If the blanket breeding ratio is as 
high as 1. 5 as indicated in section V-B-1, a doubling time of - 70 
days is obtained which is likely much too short and would require 
the removal of some 10 kg of tritium per month from the plant site. 
A doubling time of - 2 years minimum is more reasonable and would 
require a breeding ratio of only -1 . os for this plant. Two years �, 
is chos en as a reasonable doubling time on the basis that it is 
unlikely that, at least for the firs t plants , fusion reactors will 
go on line at a rate fas ter than one every two years . At the same time, 
a doubling time of two years is short enough that a fusion power 
generation sys tem could grow fas ter than the requirements for power 
and thus become the major source of production. 
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VIII. Tritium 

C. Tritium Extraction 

VIII-C-1 

In Section VIII-B the process of breeding t ritium in the lithium 
blanket was described. The success of the fusion concept depends on 
development of a routine, economical method to extract tritium from the 
blanket at a rate sufficient to fuel the plant and to maintain a 
relatively low tritium inventory in the blanket. The UWMAK- I  reactor 
would burn approximately 0. 6 9 kg/ d (2. 9 x 106 cc, STP) of tritium, so 
the average daily extraction from the blanket mus t at least equal that 
amount. 

The basic problems of tritium extraction from a CTR lithium 
blanket are: 

a) the tritium is necessarily dilute in the lithium blanket in 
order to minimize tritium losses to the environment by 
diffusion through the materials of construction (see Section 
VIII-A) ; 

b) the tritium forms a relatively stable tritide with lithium, 
LiT, tending to rule out certain straight forward tritium 
extraction methods, such as distillation or gas sparging. 

1. Comparison of Hydride (Tritide) Stabilities 

Lithium combines with hydrogen to form LiH, which has a relativeyy 
high standard free energy of formation (-16. 8 k cal/ mole at 2 98° K) (8 

and a high melting point (6 80 °C) .  

The equilibrium hydrogen pressure over several metal-hydride s ystems 
are shown in Figure VIII-C-1 as a function of temperature. Lithium 
hydride is substantially more stable than the hydrides of other metals 
from Group I of the periodic table. At 300 ° C the extrapolated equilbrium 
hydrogen pressure over Li-LiH is -2 x 10 -5 torr (Fig. VIII-C-I) ,  
which is a factor of 104 great er than the tritium pressure desired 
(Section VIII-B-2) . 

Figure VIII-C-2 shows extrapolated values for partial molal 
free energy and decomposition pressure at 300 ° C for selected hydrides. 
Hydride stability  increases as the decomposition pressure decreases. 
Figs. VIII-C-1 and -2 indicate that several metals form hydrides 
which are more stable than LiH. Both figures indicate that yttrium 
forms t he most stable hydride. However, several other metals form 
hydrides mort8

s91ble than LiH, including Zr, Sc, Sr, Ca and the 
lanthanides. ' 

The above metals dissolve hydrogen exothermically, and their 
hydrogen solubilities increase with decreasing temperature. 
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Data regarding tritium and tritide behavior are spars e. It 
is necessary , therefore, to infer tritium technology from exis ting 
data for hydrogen. The following s ection addresses the ques tion of 
property comparisons for the three hydrogen isotopes , ordinary 
hydrogen (H) ,  deuterium (D) , tritium (T) and their compounds . 

2 . Isotope Effects on Hydrogen Reactions and Hydride Properties 

In general, the reaction kinetics and thermodynamics are similar 
for the three hydrogen isotopes . (10) The differences in physical 
properties (e. g. , density and lattice parameters ) for hydrides , 
deuterides , and triti des are small, but detectable . Heats of 
formation for the metal deuterides and tritides often are slightly less 
than corresponding values for the hydrides . Dissociation pressures 
for the deuterides and tritides usually exceed the corresponding values 
for the hydrides , indicating that the hydrides have the highest 
stability (10 , 1 1) , although VD2 has been found to be more stable 
than VH2 (24) . 

Sievert' s Law constants for solutions of deuterium and tritium 
in lithium have been derived from data for dilute solutions of 
hydrogen in lithium. (6) 

Classical diffusion theory predicts that diffus ion rates will 
vary inversely with the square root of the mass of diffusing s pecies , 
which in the cas e of hydrogen occurs in the atomic form . (12)  Thus , 
the theoretical relationship between hydrogen and tritium diffusivities 
is : 

Experimental values for DH/DT are 1 . 9 7  for stainless steel and 1 . 69 for 
palladium , which are relatively clos e to the theoretical value of 
1 . 73 . (12)  

The above examples indicate that while comparative studies of the 
hydrogen isotopes are not extensive,  they provide a bas is for preliminary 
estimates of tritium and tritide behavior from exis ting data for 
hydrogen and deuterium. 

3. Discussion of Alternative Tritium Extraction Methods 

Wats on (13 ,  14 )  reviewed several extraction schemes for removing 
tritium from a niobium-contained lithium blanket . The alternative 
methods considered were: 

1 . distillation 
2 .  gas spargi ng 
3. cold trapping of lithium tritide 
4. diffusion through metal surfaces to a collection system 
5 . absorp tion in a metal bed: yttrium was the preferred 

extraction metal. 
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Watson ruled out methods 1 and 2 due to unfavorable equilibria 
s temming largely from the relatively high stability of LiH . Cold 
trapping of LiH will be difficult due to the relatively high tritium 
solubility in lithium , even near its melting point ( 18 6°c) . Solid 
sorbents were considered to be more effective in potassium than in 
lithium, becaus e the lower potassium melting point allows operation at 
lower temperatures, where tritium solubilities are higher in 
prospective abs orption materials . However , absorption kinetics tend 
to decreas e with decreasing temperature . Therefore , a favorable 
balance must  be sought between the kinetics and thermodynamics of 
tritium absorption . 

Watson regarded diffusion through metal windows as the mos t 
promis ing tritium recovery method for a niobium sys tem operating at 
- 1000°c . 

Maroni and Velekis ( 1 5) proposed an extraction method based on 
tritium removal from liquid lithium in a molten salt , e . g . , LiF-LiCl . 
Tritium reportedly is about eight times more soluble in the salt than 
in the liquid lithium at - 600°c . Use of a cascade sys tem was said 
to offer potential for extraction to very low tritium concentrations , 
though obviously at increasing cost  as the numb er of cascade cycles 
increases . Ques tions regarding lithium-salt mutual solubilities, 
extraction efficiencies of tritium from lithium and methods of 
tritium recovery from the salt need further evaluation to assess the 
applicability o f  the method to fusion technology . 

4 .  Tritium Extraction in the UWMAK-I System 

In the UWMAK-I stainless steel system , the temperature is 
limited to - 500°c by corrosion and radiation damage considerations . 
At this temperature , the area required to trans fer §ritium by 
diffus ion through a stainless steel window ( - 7 x 10 m2) is too large 
for that method to be considered . Even palladium with its hiijh�r 
permeation rate ( 16) would require a window area of - 1 .. 9 x 10 m • 
Furthermore , palladium is not compatible with lithium ( 1 3) . 

Ruling out gas sparging , distillation , diffusion and cold trapping 
on grounds assessed by Watson ( 1 3 , 14) the preferred extraction method in 
the s tainless steel sys tem is a metal extraction bed . Wats on 
propos ed yttrium for the tritium extraction material . The following 
discussion will consider the advantages and disadvantages of yttrium 
and alternative tritium extraction materials . 

a) Assessment of Yttrium as a Tritium Extraction Bed Material 

The phase diagram for the yttrium-hydrogen sys tem at atmospheric 
pressure is shown in Fig , VIII-C-3 . The three pertinent phas es are an 
yttrium-hydrogen solid solution;  YH2 -x ; and YH3_x • The solid solution 
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and YH2 phas es have relatively good mechanical s tability. Embrittle
ment of-£1-ie metal may occur by hydride precipitation along crys tallo
graphic planes . ( 1 7) Thermal shock can cause  cracking of solid hydride 
phases . However, the extraction system very likely can be designed and 
operated to essentially eliminate problems from these sources . 

The YH3_x phase is stable in the vicinity of 300°c and below in 
one atmosphere of hydrogen ; it reportedly reverts to powder (1 7) ,  and 
therefore is an undes irable species in the tritium extraction cycle. 
It is not clear where the phas e boundary for YH3_x will be at the 
relatively low tritium pressures in the extraction s ys tem, but it 
will be necessary to adjust temperatures or regeneration frequency 
to avoid its formation. Because  it occurs only at relatively high 
H/Y  ratios , formation of YH3 is unlikely ; but at low temperatures, 
surface hydrides sometimes form, in preference to hydrogen diffusion 
into the metal subs trate. 

Previous reference to Fig. VIII-C-1 and -2 indicated that 
yttrium is an optimum tritium absorber on thermodynamic grounds . The 
hydrogen solubility increases with decreasing temperature, favoring 
relatively low extraction temperatures from a solubility s tandpoint. 
However, the kinetics of extraction are an equally important consideration, 
which are presently undefined for the Y-T2 -Li sys tem. 

There is broad experience indicating that even very thin oxide 
surface films inhibit hydrogen absorption in metals , despite large 
thermodynamic driving forces. 

Yttrium is used to getter impurities, including oxygen, from 
lithium. (18) Yttrium oxide is reported to be slightly more stable 
than Li20 , (19) This means that yttrium surfaces will form surface 
films in contact with lithium. Thus, while the thermodynamics for 
extraction of tritium in yttrium are favorable, several kinetic 
as pects of the absorption need evaluation, including: 

• the rate of tritium absorption from lithium as a function of 
temperature 

• the influence of temperature, impurity species and impurity 
concentrations on deactivation of the yttrium surface 

• methods for restoring the activity of the yttrium surface if 
tritium extraction rates fall below acceptable levels . 

Techniques for restoring rapid absorption kinetics to metal 
surfaces include mechanical cleaning of the surfaces or dissolution 
of surface films into the metal substrate. Both methods are 
effective for activating zirconium s urfaces ; yttrium has been 
activated by high-temperature anneals, (20) but grit blasting was 
ineffective for activating yttrium s urfaces in one study. (21) 
However, cleaning the yttrium s urface with a file resulted in 
rapid hydrogen absorption. (2 2) 
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b) Effect of Radioactivity on Yttrium Hydride 

The tritium extraction system lies outside the direct radiation 
field (Fig. IV-C-1) .  However, radioactive species will be transported 
to the extraction system in the primary circuit. The metal in the 
extraction bed will be subj ected to beta and gamma radiation, but ·not 
to neutrons. Radiation effects data reported in the literature for 
yttrium hydrides are for neutron exposures, but intense beta/gamma fields 
also would have accompanied the neutron fluxes. 

Data from YH2 irradiations indicate that �he compound was stable 
in exposures of 7. 5 x 1020 and 1. 2  x 1021 n/cm (neutron energy not 
reported) . (17) Severe powdering of YH2 took place at 2. 1 x 1021 n/cm2. 
However, the corresponding gamma flux would likely have been - 101 1  

to 101 2Rad. Radiation from circulating or deposited corrosion product 
will almost certainly not irradiate the metal extraction bed to that 
level over the length of a tritium extraction cycle. Yttrium tritide 
films stored at - 2 2

°

c were found to peel from their substrate after 
4-5 years due to the accumulation of 3He (25) . Consequent!� the 
yttrium will need to be replaced periodically because of helium embrittlement . 

c) Yttrium Hydride Ignition Characteristics 

Exposure of tritided yttrium to air is highly unlikely. However, 
if a massive break in the extraction system piping were to occur, air 
contact with tritided yttrium is conceivable. Massive !ttrium 
hydride (YH2_x) reportedly is stable in air to 750°

c . (2 ) 

5. Tritium Extraction Systems 

Thus far, the discussion has been a general review of tritium 
extraction techniques. Now, tritium extraction systems will be proposed 
for the UWMAK-I design in which a secondary sodium system is utilized to 
cool the primary lithium system. A ferritic alloy, Croloy T22, is utilized 
for the Na-steam generator, Tritium extraction systems will be required 
for the following locations : 

· the primary lithium system, which includes the lithium 
blanket (Figure IV-C-1) ; 

· the secondary sodium system (Figure IV-C-1) ;  
· the divertor lithium coolant (Section III-D) 

the helium circuit for cooling the shield (Figure IV-A-4) ; 
the divertor pumping system (Section III-D) . 

a) Primary Lithium System 

From the foregoing discussion, an yttrium metal extraction 
bed is the proposed method of tritium removal from the lithium 
blanket. The average rate of tritium production is 1. 05 kg/day 
at the maximum breeding ratio of 1. 5. The corresponding rate of 
tritium concentration buildup in the lithium is 1. 2 wt ppm/day. 

The operating conditions will be based only on thermodynamic 
consideration, since kinetics and phase relationships are not 
known for the Y - T2 - Li system. The extraction temperature 
for the yttrium bed is chosen to be 2 83° C, which is the Li exit 
temperature from the intermediate heat exchanger. The tritium 



VII I-C-9 

pressure was calculated by extrapolating from the following 
expression for the Y - YH2 equilibrium (17) 

log PH2 
(torr) = 10. 52 - 11,869 

T 

where P is the tritium pressure and T is the absolute temperature. 

At 2�3 °C ,  the .tritium pressure for the system Y-YT2 is 
1. 48 x 10 11 torr, which will also be the equilibrium pressure of 
tritium dissolved in the liquid lithium , as long as the yttrium is 
not saturated with YT2. Based on the Sievert ' s  Law relationship , 
page VIII-B-3 , the mole fraction , N ,  of tritium in lithium can 
be calculated as follows : 

pl/2 
= K N 

T
2 

s 

[1. 48 X 10
-ll 1/2 

torr] = [0. 346 torr
1 1 2

Jatom fraction] N 

-5 
N = 1. 11 x 10 mole fraction �5 ppm (wt) 

It can be seen that this concentration is entirely satisfactory 
because it is only approximately one-third of the maximum proposed 
concentration determined by tritium diffusion considerations , 
page VIII-B-5. 

The lithium inventory , composed of the amount in the reactor , 
plus an estimated amount in the intermediate heat exchanger , the pipes 
and extraction beds is approximately 1. 73 x 106 kg. The tritium 
inventory in the lithium will be 

kg , where symbols are 

defined on page VIII-B-4. 

While this constant level of tritium in the lithium appears to be 
satisfactory ,  it is necessary to know the concentration of T in Li as 
it comes from the blanket to be sure that LiT does not deposit in the 
heat exchanger since the lithium passes through the yttrium extractor 
bed after the heat exchanger. The concentrations , C ,  of T in Li 
upon exit from the blanket will be : 

C = N + !1C , 

where 6C = tritium generation 
lithium flow rate 

11C = 

and N 
Therefore C � N. 

1. 05 kg/day 
2. 1 X 10/kg/hr X 

4.86 X 10
-9 

mole 

1. 11 X 10-5 
mole 

24 hr/day 

fraction 

fraction 

�i 
AT 
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The solubility of LiH in liquid Li is given by the relationship ( 6) :  

N s log10 l + N = 2 . 8 35 - 338 1/T, 

where N = mole fraction at saturation, 
and T =s556° K;  Ns = 5. 6 8  x 10-4 mole fraction at 2 8 3° C. Because the 
tritium concentration, C, is only approximately 1 /50 of the saturation 
concentration, there should be no danger of LiT precipitating in 
the heat exchanger. 

The amount of yttrium required to absorb the tritium generated 
in one day ( 1. 05 kg/ day) and form the compound, YT1 • 8, is calculated 
as follows: 

wt Y = Ay ( 1. 05 kg T/ day) 

� 1 . 8  
17 . 3  kg/ day 

An efficiency of 20% is typical ( 1 8) for such absorption beds so 
that the total bed should contain - 90 kg Y to absorb one day ' s 
generation of T. At a suggested cost  of $150 /pound of yttrium 
fabricated as a foil 0. 0 1  cm thick, the total cost for one bed 
would be$2. 97 x 104 . Because one bed would be regenerated while 
a second bed is on-steam, the total cost for yttrium would be 
- $60, 000. 

Furthermore, the flow of lithium through the bed , FLi' can be 
estimated by the relationship 

where �C = the change in cone . of the T in the primary Li stream 

FLi = lithium flow rate 

TG = tritium generation rate. 

If we permit �C to exceed 1% of the equilibrium tritium concentration 
and set the tritium absorption rate equal to the tritium generation 
rate (as was done in the calculations for the bed) , then, 

FLi= ALi [ 1. 05 kg/ day x day/ 24 hr y!i: 1. 1 1  x 10-5 at fraction x 0. 0 1 ]  
AT 

- 5 FLi 
- 9. 2 x 10 kg/hr. 

The total flow rate of lithium iri the blanket is 2. 1 x 107 
kg/ hr ; 

therefore, only approximately 1/ 2 3  of the lithium flow need go 
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through a by-pass to the yttrium bed. Alternatively, if 1/10 of the 
Li flow were directed through the yttrium bed, an extraction 
efficiency of only 4 5% per transit would be required. 

Extraction of the tritium from the yttrium would occur by 
thermal regeneration based upon the following sequence. The 
yttrium bed would be isolated from the lithium circuit and the 
bulk of the lithium drained from the bed.  The temperature of the 
bed would be increased to 400 ° C and the remaining lithium d is tilled 
by vacuum distillation. At 400 ° C, good separation between the 
lithium and the tritium should be possible because the vapor 
pressure of Li is 9. 3 x 10- 5  torr while the tritium pressure over 
YT1. s is only 7. 7 x 10-8 torr. After the lithium has been removed, 
the temperature of the bed is increased to 500 ° C where the tritium 
pressure is 1. 46 x 10- 5  torr so that the tritium gas can be pumped 
by mechanical techniques into suitable storage containers. It may be 
necessary, however, to heat the yttrium to 700 ° for several hours in order 
to dissolve any surface oxide and reactivate the surface. 

The use of the yttrium extraction bed appears to be very 
satisfactory based on thermodynamic consideration with the flow 
rate through the beds and the construction of the beds reasonable. 
Before the system could be operated, the proposed equilibria at 
the temperatures of interest need to be verified and the 
effects of impurities, oxygen, nitrogen and corrosion products 
upon the efficiency of the yttrium beds need to be determined. 

b) Secondary Sodium System 

The tritium concentration in the secondary sod ium system will 
be a function of the tritium d iffusion into the system from the 
primary lithium through the intermediate heat exchanger minus a 
function of the amount of tritium diffusion out of the sodium 
through the sodium-steam heat exchanger. At equilibrium, the 
value of tritium diffusing through the intermediate heat exchanger 
will be equal to the volume diffusing through the sodium-steam 
generator;  consequently, the volume diffusion equations 
through each heat exchanger (page VII I-B-2) can be set equal to 
each other. When the terms are rearranged, the tritium pressure 
in the intermediate system. P I

, is given by the expression, 

pl/ 2 = 
A

I " I  p11 2/ fis "s + 
A

I "rl 
I . � P / [x s XI -J 
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Pressure in primary system 
-10 0 5 . 12 x 10 torr @ 383 C 

Gas Coolant 8 2 
Area of intermediate heat exchanger (1.86 x 10 cm ) 

8 2 
Area of steam heat exchanger (3 . 19 x 10 cm ) 

Thickness of intermediate heat exchanger (1 . 066 mm) 

Thickness of steam heat exchanger (1.65 mm) 
2 1/2 

Permeability of intermediate heat exchanger [cc ( STP) · mm/cm · h · atm ] 

2 1/2 
Permeability of steam heat exchanger [cc ( STP)•mm/cm · h · atm ] 

The numerical values given above correspond to the values given for 
the intermediate heat exchanger and the steam generator proposed in the 
volume 2 of this report C3). In order to solve the above equation, the 
permeability, >..s, of the steam generator tubing, Croloy T22, was 
determined from two reported experimental observations (26,2 7). A 
least-squares fit of these data yielded the following relationship for 
hydrogen permeability 

log "s = 2.73 - 2.81 x 103/T, which was 

evaluated at 2 96 ° C, the average temperature across the steam generator 
tubing . '!'he hydrogen permeability of the 304 Stainless Steel tubing, 
>..1, used in the lithium-sodium heat exchanger was determined from the 
relationship, 

3 
log >..1 

= 2 . 928 - 3 . 49 x 10 /T, 

which was evaluated at 360° C, the average temperature of the tubes in 
this heat exchanger. The values of "s and >..1 were divided by 13 in order 
to compensate for the slower diffusion of tritium as compared with 
hydrogen. 

Based upon the given parameters, the tritium pressure in the sodium 
system, P1, is, 

-11 -4 
P1 

= 3 . 82 x 10 torr, or 5 . 02 x 10 

If it is assumed that all the tritium which enters the steam cycle is 
lost to the environment, then the volume of tritium which diffuses 
through the steam generator tubing depends only upon P1 in the following 
manner : 

V l (T ) 1 68 107 cc ( STP) · [5.02 x l0
-14

atm] = 3 . 7 7cc/day=l0.1Ci/day 0 
2 

= · x 
day•atml/2 

These calculations show that without an additional tritium extraction 
system in the intermediate sodium system or any barrier coating on the 
two steel heat exchangers, the amount of tritium released to the steam 
cycle is a modest 10 Ci/day . 

The amount of tritium dissolved in the sodium at the pressure P
1 can be estimated based upon the measured values of the Sievert ' s  lTz constant C 28) , which is reported to increase from 4 . 70 to 5. 03 ppm (wt)H

2
/torr 

from 375 to 500° C .  The total quantity o f  sodium in the intermediate 
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heat exchanger, the steam generator and the connective p1p1ng is es timated 
to be approximately 7 . 62 x 105kg. The tritium inventory in the sodium is, 
calculated to be: 

ls.! 5 t· 7 pp m(wt) H
� 11 . 1/ 2 

NT • H 
x 7 . 62 x 10 kg(Na) 11 2 [ 3 . 82 x 10

-
- torr ] 

2 
g torr 

NT 
= 0 . 067 g 

2 

The tritium inventory in the sodium appears to be very s mall, and very 
dilute. Extraction of additional tritium from the sodium by either cold 
trapping or a yttrium absorp tion bed is not practical, based upon the(2 8) 
following reasons .  The saturation concentration of tritium in the Na 
at 261° C, the cold est section of the Na sys tem is 100 times greater than 
the actual concentration . Also, cooling the Na to 100 ° C presents no 
advantage because the saturation concentration is nearly 3 times the 
actual concentration;  cons equently, cold trapping the residual NaT 
is not poss ible. Also, the tritium  pressure above the Na at 2 61° C 
(5 . 8  x 10-lltorr) is nearly the same as that of the Y-YT2 equilibrium 
pressure (2 . 1 x 10-12 torr) .  Yttrium absorption beds are placed in the 
sodium system only as a precautionary measure, therefore, and would be 
activated only if the tritium leakage from the primary system becomes 
excessive. The yttrium required for these beds should be approximately 
one-half as much as for the primary system, 45 kg p er bed, at a total 
of $30, 000 for the two beds . 

c) The Divertor Lithium Coolant 

Relatively large amounts of deuterium and tritium will 
accumulate in the lithium which cascades over the divertor plates, 
Section III-D. The rate of tritium diffusing from the plasma 
is 1 . 8  x 102 2  T atoms/sec, which accumulates in the lithium at a 
rate of 7 . 12 kg/ day based on the assumption of 96% efficiencies for 
both the divertor and trapping in the lithium.  An equal amount 
of deuterium will also accumulate in the lithium.  It would be 
desirable to recover the tritium and deuterium dissolved in the 
lithium as rapidly as possible for both efficient plant op eration 
and to reduce the total tritium inventory . 

The concentration of the hydrogen isotopes in the lithium, 
6C, upon exit from the divertor is equal to, 

6C = 

= 

6C 

rate 
rate 

3, 6 X 

4 80 

of (D+T) accumulated 
of Li flow 

22 10 atoms /sec 
kg/s ec 

at. wt. Li 
X 

6. 02 X 102 3 

-7 8 . 7 2 x 10 mole fraction (D+T) . 



VIII-C-14 

-5 
The solubil ity of hydrogen isotopes in Li at 200 ° C is 4 . 9  x 10 
mole fraction (as determined from Reference 6) . If the hydrogen 
isotopes are not removed from the lithium, then after -60 cycles 
through the divertor, the l ithium would be saturated and Li(D+T) 
would begin to precipitate at 200 ° C in the cold-end of the heat 
exchanger. In order to avoid this possibility, a cold trap 
operating below 200 ° C but above the Li melting point (181° C) 
would have to be installed ahead of the heat exchanger. This 
cold trap would have to operate within a limit ed range of 
±9 ° C, which may be very difficult to achieve in a large system ; 
therefore, the cold trapping technique was discarded as being 
impractical , 

An yttrium absorption bed similar to the one utilized for the 
l ithium blanket is proposed for operation in the lithium divertor 
system. This absorption bed is placed at the cold end of the heat 
exchanger to operate at 2 00 ° C. However, the diffusion of tritium in 
the yttrium may be too s low at this low temperature . Additional 

experiments are needed to clarify this point. In accordance with the 
previous calculations, the pressure of (D+T) at the Y-YH2 plateau is 
2 .  6 7 x 10 torr which is also the pressure of (D+T) in the l it.hium . 
Ignoring slight isotope effects, one can calculate the mole fraction, 
N, of hydrogen isotopes in the Li based upon the Sievert' s  constant 
for tritium as fol lows, 

pl / 2 
=K N  

s 
-15 1/ 2 1/ 2  

[ 2 . 6 7 x 1 0  torr ] = [0. 0449 torr I mole fraction]N 

N = 1 . 15 x 10-6 mol e fraction (D+T) in Li, or 
approximately 0 . 24 ppm(wt) tritium. 

The total concentration of (D+T) upon exit from the divertor is as 
follows . 

C N + tic 

-6 
= [ 1 . 15 x 10  mole fraction] 

C 
-6 2 . 02 x 10 mol e fraction . 

-6 + [ 0 . 8 7  x 10 mole fraction] 

Because the solubil ity of LiH in Li is 4 . 9  x 10-5 mole fraction 
at 200 ° C, the value of C is 1/ 25 of the saturation value so that 
precipitation shoul d be avoided even though the temperature may 
fluctuate slightly or the equilibria may shift because of isotopic 
effects . 

The amount of yttrium required to absorb all the accumulated 
Y(D+T) l.S is calculated to be 

wt Y 

wt 

at. wt. Y [moles (D+T) /day ] 
1. 8 

2 2 . 81 X 10 kg .  
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With an assumed efficiency of 20%, the total yttrium required is 
1400 kg at an estimated cost of $4. 6 x 105. It would probably be 
advisable to divide the yttrium into four beds with each bed on stream 
only six hours so that the (D+T) could be returned rapidly for fueling . 
In such a case, the total tritium on the beds would be only one-half 
a day ' s  accumulation, -3. 5 kg. 

The fraction of the total flow which must pass through the yttrium 
bed on each cycle is larger for the divertor current than for the blanket 
system because the accumulation of D+T is much greater than in the 
divertor. If the residual concentration of D+T is permitted to rise 
to approximately 5 x 10-6 mole fraction (1/10 of the saturation limit), 
then the Li flow rate through the bed is a reasonable 22% of the flow 
rate in the main circuit. 

Although the heat removal system for cooling the lithium in the 
divertor has not been designed, the use of an intermediate sodium 
system which transfers heat to a steam generator appears reasonable, 
similar to the system used to remove heat from the lithium blanket. 
The total lithium flow rate through the divertor system, 480 kg/sec, 
is approximately the same flow rate as through one module of the lithium 
blanket ; therefore, the divertor cooling system was sized to correspond 
to one module of the lithium blanket and the same materials were assumed 
to be present. Based on these assumptions, several characteristics of 
the tritium in the divertor system can be assessed. 

The total lithium inventory in the divertor system is estimated 
to be 3. 4 x 104 kg. The tritium inventory in the lithium will be, 
therefore, 

I = [0. 24 ppm (wt) T] [3. 4 x 104kg] = 8. 2 g. 
B 

The tritium inventory in the sodium will be approximately 1/12 of the 
inventory in the blanket system, of 0. 006 g. , consequently, the tritium 
inventory in the Li and Na of the divertor system is small. 

The tritium leakage into the steam generator can be calculated, 
also, in a similar manner as was utilized for the main blanket system. 
For the divertor system, the average temperatures are low, 263°C, for 
the Li-to-Na intermediate heat exchanger and 226 °C for the steam 
generator. Consequently, because of the low temperatures, the tritium 
leakage into the steam is only 2 x 10-4 Ci/day. This steam is used in 
turn to heat the feed water in the first boiler of" the power plant. 

In summary, tritium management in the divertor system is shown not 
' to be a problem, if the yttrium extraction beds function as proposed. 

d) Helium Circuit 

The shield which contains B�C as a neutron absorber will accumulate 
tritium by neutron reactions with bovon at the rate of approximately 
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1.1 x 10
-3

g/day. Some of this tritium will diffuse into the helium 
which is used to cool the shield. The temperatures iri the shield are 
low, 200° C at Zone 13 and less than 100°C for Zones 16 and 19 . 
Consequently, the diffusion rate of tritium into the helium will be 
very small intially. For instance in Zone 13 at 150° C, nearly six years 
are required for the permeability of tritium to attain an equilibrium 
value through a one cm thick stainless steel barrier between the 
B4C and the helium coolant. After an initial time lag of several 
years, therefore, the diffusion of tritium will be in equilibrium 
with the generation rate so that a maximum of 10-3g/day or 10 Ci/day 
will be introduced into the helium coolant. Because this is a closed 
helium system, this tritium is not lost. Eventually it may be necessary 
to design a tritium extraction system to remove the tritium from this 
helium system. 

e) Divertor Vacuum Pumps 

It is estimated that approximately four percent of the deuterium 
and tritium and all of the helium will by-pass the divertor lithium 
collector system and be swept into the pumping system. These hydrogen 
isotopes in the vacuum system will accumulate at the rate of 0. 3 kg/day 
of tritium and 0.2 kg/day of deuterium. These hydrogen isotopes and 
the helium will be collected on cryogenically-cooled charcoal traps. 
Users of these traps have reported (29) that the helium can be purified 
to a residual limit of 10-ll mole fraction tritium. On this basis, the 
approximately 200 moles of helium generated per day would contain 
less than 1 . 2 x 10-4 Ci/day of tritium and would be discharged. 

Table VIII-C-1 summarizes the characteristics of the five tritium 
extraction systems. 
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Summary of Tritium Extraction System Characteristics (a) 

Tritium Tritium 
Coolant Temp. Extraction Accumulation Leakage 
sistem Range° C Method Per Day (kg) Ci/day 

Primary Yttrium Metal l. 05 (b) 10. 1 
Lithium 283-483 Bed 

Secondary Yttrium Metal -0 
Sodium 261-411 Bed 

Divertor Yttrium Metal 7.4 T + 5.0 D 
2x10-4 

Lithium 200-325 Bed 
Sodium 190-265 

Divert or Charcoal-cooled 0.3 T + 0. 2 D 
lxl0

-4 vacuum 25 with liq. He 

Helium 50-200 Metal getter 1.1 X 10 
-6 

low -
Total 10.1 

(a) Based upon thermodynamic calculations ; no kinectic considerations 
(b) At maximum breeding ratio of 1.49 

Total Na 

or Li (kg) 

1. 73xl06 

7. 6xl0 5 

4 3 , 4x!O 
6xl0 

Tritium Con-
Centration in Li 
or Na EEm {wt . )  

5 

8. 7xl0
-5 

0. 24_
4 3xl0 

Not applicable 

Not applicable 

Total 

Tritium in-
Ventory 
(kg) 

in Li 8. 7 
in beds 1. 0 

in Na 6.7xl0 -5 

in beds -0 

in Li 8xl0-3 

in beds 3. 5 
in Na 6xlo-6 

0. 3 

low 

13. 5 

<! 
H 
H 
H 
I 

CJ 
I 

I-' 
-...J 
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IX. Safety 

A. Magnet Failure 

Safety considerations involve two general problems. First low 
temperature helium can warm up with a large increase in pressure 
or volume. Every effort must be made to anticipate pressure rises 
by using blow out panels so that helium can be safely d umped from 
all parts of the equipment. An evacuated room with helium recovery 
equipment will be included. 

The second magnet safety problem involves the disposition of 
electromagnetic store d energy if one or more magnets ceases to be 
superconducting. For example, if one out of 12 sections loses current 
the mutual coupling with the other 11 sections should be sufficient to 
transfer the magnetic flux almost instantaneously. The mechanical 
loads which arise when one magriet loses power must be carried by 
passive braces between magnet sections. In order to reduce heat loss, 
the bumpers should be almost, but not quite, in contact with the low 
temperature magnet frames as is discussed in the magnet design section. 
This force which would tend to contract the perimeter of the toroid is 
about the same magnitude as the central force on each "D" section. 

If high voltages arise, they could cause arcs which could melt 
out sections of the magnet assembly. This is a difficult problem that 
has been  met by extensive use of shunts and solid state diodes so that 
high voltages are restricted. For smaller scale disturbances, shunts 
and diodes could switch current out from a hot disc until it cools down. 
Once cooled, the disc can resume carrying its fraction of the load. 

Another aspect of the magnet safety problem involves personnel 
interaction. Electrical hazards are largely removed by interlocking all 
power sources with doors and other access entries. External surfaces 
should b e  grounded and connected to the ground side of the magnet system. 
High coltage terminals should be electrically shielded and kept evacuated 
to avoid arcs. Helium gas pressure relief systems should discharge 
harmlessly into a helium recovery container. Extensive failure modes 
must be studied ; for example, if an unusual coincidence of short 
circuits to the stainless steel frame could cause a reversal of forces 
on conductors what is the likely consequence and the best protection 
scheme? Finally, an energy removal scheme for rapid shut-down of the 
magnet system must be designed. We expect to use something like the 
NAL bubble chamber watter-cooled dump resistor which removes energy at 
the simple L/R rate. 
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B. Radioactivity. 

It has been fashionable in the past to advertise fusion reactors 
as the ultimate, "clean" source of energy for society. Such 
a statement is certainly true with respect to chemical pol
lutants but it should be obvious that any power source which 
emits neutrons must generate large amounts of radioisotopes. 
The generation of these isotopes is not a s erious problem if 
they 

1) can. be contained 
2) have short half lives 
3) are not particularly harmful to man 

We will expore in this section the generation of radio
is otopes in 316SS and how they might decay away. We will also 
investigate how much radioactivity might be contained in solu
tion with the coolant. Finally, we will make similar observa
tions on two alternate CTR materials Nb-lZr and V-20Ti. 

1. Radioactivity build-up in a SS blanket 
(a) Method of calculation 

The radioactivity of the blanket has been calculated for 
the configuration des cribed in Section V-F. For the purposes 
of the calculation the blanket was divided into 11 regions: 
(see Figure IX-B-1) one region for the first wall, five regions 
of 95% Li plus 5% SS, two regions in the 15 cm SS wall, one 
region of lithium plus SS, and two small SS regions . The fluxes 
used were the 46 group fluxes from Section V suitably normal
ized to 5000 Mw . Whenever £�ssible ENDF III cross sections 
as averaged by €Re MACK code ( , were used. For those is otopes 
or reactions not on ENDF tapes the cross (sJctions were estimated 
from BNL 325 and the Nuclear Data Tables 2 • This was especially 
necessary for the many isotopes in SS. For the niobium calcula
tiori described subsequentll•) the cross s ections were taken from 
the suggestions of Steiner 3 • In addition to the prin-
cipal is otopes in SS, i. e. those of iron, nickel and chromium, 
isotopes of silicon and manganese were considered. Other pos
sible minor constituents such as Mo, P, S, C were not considered 
either because of their s mall contribution or because of the 
lack of data. In calculating the concentration of the radio-

. active products, neutron absorption by the radioactive products 
was not considered in general, i. e. no double capture events 
were considered. This was done because of the relatively low 
flux in this design but more importantly because of the com
plexity of the isotope chains in SS and the lack of cross 
section data for these radioactive nuclei. 
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The radioactivity res ults are expressed in total 
repardless of the breakdown between various isotopes . 
IX-B-1 shows the isotopes and reactions cons idered in 
calculations for 316 SS . 

(b) Time Dependence of Radioisotope Generation 

curies 
Table 

the 

The radioactivity of the blanket as a function of time 
of operation is shown in Figure IX-B-2 .  The most obvious 
point is that the ra�ioactivity increases quite rapidly after 
start up reaching lij curies within two hours at full power 
and reaching 4 x 10 curies after two years . If the blanket 
were to run at full PijWer for 40 years the activity in the 316 SS 
would approach 6 x 10 curies . The specific activity after 
10 years of operation is one megacurie per megawatt (thermal) .  

(c) Time Dependence of Radiois otope Decay 

The manner in which the radioactivity dies away ofter the 
plant is shut down is of considerable interest. Figure IX-B-3 
shows the radioactivity as a function of time after shutdown 
in terms of megacuries per magawatt of operating power for a 
two and a ten year operating time. The predominant feature 
is the relatively s low decay with time. For example, after 
a 10 year operating time, at least two years are required 
before the activity from the first wall alone decays to 500 
megacuries. The firs t wall initially contributes about 30% 
of the activity and maintains this fraction as the activity 
decays away . The activity of a wall operated for 2 years is 
80% of a wall operated forlO years, so  that in replacing the 
wall every two years (Section IV-E) almost as much radioactivity 
is encountered as would be the case for a ten year first wall 
time. 

It is noted that after shutdown the two curves are initially 
parallel, corres ponding to the decay of the shorter lived 
isotopes. After about two hours, the curves start to diverge 
slowly with the activity from the two year operation dropping 
off faster as would be expected. Even after twenty years, the 
two-year wall still has more than 1/ 5  the activity of the 10 
year wall. 

Considering the first wall after ten years of operation, 
it is of some interes t to consider the s ources of the radio
activity. Figure IX-B-4 shows the fraction of the total radio
activity from the more abundant isotopes . At shutdown (t= O) ,  
the major contributor is Fe-55 which remains the major isotope 
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Table . IX-B-1 

Reactions Considered in · Stainless Steel 

s/8 (n , p) , (n , a) 

Si29 (n ,p) ' (n , a) 

Si30 
(n ,a) , (n ,p) ' (n ,y) 

so 
(n ,np) , (n , 2n) , (n ,y) , (n , p) Cr 

Cr5 2  (n , p) ' (n , 2n) , (n ,y) 

Cr53 (n ,np) , (n ,p) ' (n ,y) 

Mn5 5  
(n , a) , (n , p) , (n , 2n) , (n ,na) , (n ,y) 

Fe54 
(n ,a) , (n , p) , (n , 2n) , (n ,np) , (n , y) 

Fe56 
(n ,a) , (n , np) , (n , p) , (n , 2n) , (n , y) 

Fe57 (n , p) ' (n , np) , (n ,y) 

Fe5 8 
(n ,a) , (n , p) ' (n ,y) 

Ni5 8 (n ,na) , (n , a) , (n , np) , (n , p) ' (n , 2n) 

Ni60 (n ,a) , (n ,p) ' (n ,np) 

Ni61 (n , a) , (n ,np) , (n ,p) 

Ni6 2  (n ,a) , (n ,np) , (n ,p) 

Ni6 4 
(n ,np) , (n , p) , (n ,y) 

-
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for the first 40 years or so. As time progress es,  the 
longer liveg0

isotopes become relatively more important. For 
example, Co is initially a negligible fraction of the total 
activity but at 2 0  years after shutdown it contributes about 
30% ot3

the disintegrations. The dominant long lived activity 
is Ni with a half life of 9l3years . Two hundred years after 
shutdown the activity from Ni in the 316 SS first wall is 3 
3 48 curies corresponding to a density of only 0 . 031 millicuries/cm 
of blanket material. 

(d) Nature of Activity 

Following Steiner (J ) the "Biological Hazard Potential" 
(BHP) has been calculated at the time of shutdown for the 
first wall. This quantity which is the activity in curies/kw 

h divided by maximum permissible concentration (MPC) for t 

general public exposure in curies / km3 of air as taken from 
10CFR20 Appendix B, Table II, Column 2 . The BHP is equivalent 
the the volume of air required to dilute the activity per 
thermal kilowatt to MPC. It provides a very convient way 
of making relative comparisons between systems. Table IX-B-2 
presents along with the specific activity of the various 
isotopes , the "Biological-Hazards Potential" for the first 
wall. To put these values in perspective, the values from 
an "Advanced Fission Reactor" as taken from reference 3 are 
also shown in Table IV-B-2. The values confirm that a fusion 
system may require the s ame degree of radiation protection 
as in a fission s ystem in the short time after an as yet 
undefined catastrophic assident. 

It is interesting to note that over 80% of the activity 
in 316SS comes from five is otopes ; Fe-55, Mn-56 , Co-58, Cr-51 
and Mn-54 . The activity of these is otopes is - 4  times that 
of the I and Pu in fission fuel used to generate the same 
power but that is not always the firs t measure of radioactivity 
hazard. The BHP of these isotopes is 0. 0 1  to 1% of the BHP 
associated with I and Pu is otopes in the fission fuel. This 
fraction gets even smaller when one examines the situation 
10-100 years after the generation of the radioisotopes. There
fore, it is concluded that the radioactivity in UWMAK-I rep
resents from 1/100 to 1/10, 000 the radioactivity hazard 
ass ociated with equivalent sized fission plants . 
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Table IX-B-2 

First Wall Radioactive Inventory 

at Shutdown after 10 Years of Operation 

Isotope 

Mg-27 
Al-28 
Al-28  
Al-30 
Si-31 
V-49 
V-52 
V-53 
Cr-49 
cr-51 
Cr-55 
Mn-54 
Mn-56 
Mn-57 
Mn-58 
Fe-53 
Fe-55 
Fe-59 
Co-57 
Co-58m 
Co-58 
Co-60m 
Co-60 
Co-61 
Co-62 
Co-63 
Co-64 
Ni-57 
Ni-63 
Ni-65 
Total 

3 Specific Activity (dps/cm )  

2.5 X 10 (8) 
5 .4 X 10 (10) 
8. 3 X 10 (8) 
9.8 X 10 (8) 
5.9 X 10 (6) 
1.1 X 10 (10) 
1.8 X 10 (11) 
7.3 X 10 (9) 
9.0 X 10 (8) 
4.2 X 10 (11) 
2.3 X 10 (10) 
4.0 X 10 (11) 
6.9 X 10 (11) 
6.6 X 10 (9) 
6.9 X 10 (8) 
3.3 X 10 (9) 
2. 3 X 10 (12) 
8.2 X 10 (8) 
1. 7 X 10 (11) 
2.0 X 10 (11) 
4.7 X 10 (11) 
7.2 X 10 (10) 
7.7 X 10 (10) 
1.3 X 10 (9) 
1.0 X 10 (9) 
6.7 X 10 (7) 
5.5 X 10 (7) 
1.8 X 10 (10) 
4.8 X 10 (6) 
8. 9 X 10 (7) 

-5 X 10 (12) 

Activity at t=O 

Ci/kwth 

1.5 X 10 (-2) 
3.3 
5.1 X 10 (-2) 
6.0 X 10 (-2) 
3. 6 X 10 (-4) 
0.67 
11. 
0.44 
5.5 X 10 (-2) 
26 
1.4 
24. 
42 
0.40 
4.2 X 10 (-2) 
0.20 
140 
5.0 X 10 (-2) 
10. 
12 
29 
4.4 
4.7 
8. 0 X 10 (-2) 
6.0 X (-2) 
4.0 X 10 (-3) 
3.4 X 10 (-3) 
1.1 
2.9 X 10 (-4) 
5.4 X 10 (-3) 

�310 

Advanced Fission Reactor (ref. 7) 

I-131 
I-131 (milk pathway) 
Pu-239 
Total plutonium Isotopes 

31.6 
31.6 
0.06 
18.2 

"Biological 
. Haza3d Potent ial" 

km of air /kw th 

5.1 X 10 (-4) 
0.11 
1.7 X 10 (-3) 
2 X 10 (-3) 
1.2 X 10 (-5) 
6.7 
0.37 
1.5 X 10 (-2) 
1.8 X 10 (-3) 
0.32 
4. 7 X 10 (-2) 
24 
2.1 
1.3 X 10 (-2) 
1.4 X 10 (-3) 
6. 7 X 10 (-3) 
4.6 
2.5 X 10 (-2) 
1. 7 
4 X 10 (-3) 
14.5 
0.15 
15.6 
2.7 X 10 (-3) 
2 X 10 (-3) 
1.3 X 10 (-4) 
1.1 X 10 (-4) 
11 
1.5 X 10 (-4) 
4 .4 X 10 (-2) 

-80 

330 
2 30 ,000 
1000 
8 , 300 
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2) Radioactivity of Alternate Blanket Structure. 

The radioactivity of the blanket was recalculated for 
two possible alternate choices of blanket structure; Nb-1% Zr 

and V-20% Ti . In both cases a one to one volume substi
tution was made for the SS in the first wall and for the 
50 cm region immediately adjacent to the first wall (see 
Fig. IX-B-1) . The remaining regions of what was defined 
as blanket, i . e.  about 20 cm of 316SS and lithium was left 
unaltered . The neutron spectrum used was that of the stainless 
steel blanket. Past experience has shown that this is unlikely 
to affect the results more than a few percent . Table IX-B-3 
shows the reactions cons idered in both alloys . 

Figure IX-B-5 compares the radioactivity at shutdown 
as a function of operating time for the niobium and vanadium 
systems with that of the stainless steel system discussed 
earlier. Qualitatively, there are similarities in the results 
for all three materials i . e .  a rapid initial rise followed by 
a much s lower increase .  The activities are of the same order 
of magnitude however there are some striking quantitative 
differences . The activity of the Nb -lZr systems is signifi
cantly larger than that of either the V-20Ti and the 316SS 
system operated for similar times . This ratio is as high as 
a factor of four for operating times of a week or so. On 
the other hand, the activity of the V-20Ti system while init
ally s lightly larger than that of the SS system remains rela
tively constant after the first week or so, and for twent y  years 
of operation is less than one half that of 316SS.  These 
features stem from the activities of long lived isotopes . 
In the V-20l'i sys tem, for example, there are no long lived 
isotopes and the only long lived isotopes are thos e produced 
in the large SS region which is exposed to a relatively low 
neutron flux . 

The radioactivity after shutdown for the alternate 
materials is shown in Fig.  IX-B-6 . The radioactivity of 
the 316SS blanket is alsb shown for comparis on. 
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Table IX-B-3 

Isotopes and Reactions Considered in Nb-Zr Alloy 

Zr90 
(n ,p ) , (n ,2n) , (n ,y) 

Zr9 1 
(n ,p)  ·' (n , y) 

zr92 (n ,a) 

Zr94 
(n ,a) , (n ,p) ' (n , y) 

Nb9 3 
(n ,2n) , (n ,p) ' (n ,a) ,  (n ,n) , (n ,y) 

Nb9 4 
(n , y) 

Isotopes and Reacti!llla Considered in V-20Ti Alloy 

vso 
(n,a) ,  (n ,a) (n , 2n) , (n ,p) 

vs 1 
(n ,a) , (n , p) , (n ,y) ,  (n ,  2n) 

Ti46 
(n ,p) ' (n ,2n) 

Ti47 
(n , p) ' (n , np) 

Ti48 
(n ,p ) , (n , ) ' (n , np) 

Ti49 
(n ,p ) , (n , np) 

Tiso 
(n , p) ' (n ,y) 
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It is seen that the activity from the Nb-Zr syste111 is 
initially a factor of 2 . 5  higher than the 316SS sys tem. 
However the niobium decays rapidly enough that after 1-2 
weeks tht� activity is below that  of SS, dropping by a factor 
of 10  in about 10 1g�eks. At long tines (- 20  years) only 
the activity of Nb ( t 11 2 � 2 4 , 000 Yrs. ) remains and the 
activJty i s  greater than chat of • SS. 

The V-20 Ti system has an initial act i vity less than half 
thc1t of the 316SS s ystem .  The relatively shor t lived 
isotopes in the activated vanadium dies away quickly anc b y 
10 weeks the activity is approaching that  of the stainless 
s ystem. This is as expected because as the va nadium parts 
of the sys t em decay, the major portion of the activity c omes 
from the SS near the back of the blanket. . Examination of a 
decay curve for a firs t wal l  bears this out. The activity 
of the first 'vva. 1 1  is about 1 3% of the total activity at 
shutdown. Since thc1 e is no stainless in tbe first wall, the 
decay is rather rapid , down by a factor of 10 in about one 
week and ,1 factor of 100 in less than two years. 

A tabul ation has been mad e for the relative "Bi ological 
Hazard Potentia l" of the alternate fi rst wall materials. Th e 
information for the Nb-lZr firs t wall :i s l isted in Ta ble IX-B-4 .. 
Comparing this tabJ e with Table IX-H-2 for stainless there 
are some strikint di fferences . The BH P of Nb-lZr seems to 
be ruueg2filreater than that of 3 16SS.  The outs taarl i n g  example 
is Nb with a BH P of 1500 whi ch is compared to a maximum 
BHP of any isotope in stainless s te, ,l of 2 4 .  However, the · 
Nb-lZr BHP may be too h i .:;h .  In 10CFR20,  if a specific nuclide 
has r ot · been ev�luated, it i � ,. assigned an MPC value correspond-
ing to O. lci/km in air. Nb · ,rn falls in this case. Tt i s  possible 
that . an upward revis ion of the HPC would be made shc,uld that 
isotope be evaluated . This in turn, ,;.1ould lower the BHP .  
Even with a change of tM s sort, which is not li kely to change 
the HPC b y more than a factor of 10, it is apparent th1:.t the 
BHP of Nb-lZr wall would still be significantly greater 
than that of stainless steel. 

The BHP for the ,, a nadium system :is :;l i c:wn in Table IX-B-5. 
The situation in this a] loy is probably th.-, rr ost favorabl e for 
any CTR wall material . Th e total BHP is a good order of 
magnitude less  than for 316SS and in addition the half li ves 
of the isotopes c.il"C' &enerally shorter . 

. .-,' 

-



Isotope 

Nb-92 

Nb-92m 

Nb-93m 

Nb-94m 

Nb-95m 

Nb-95 

Zr-89 

Zr-93 

Zr-95 

Y--90 

Y-91 

, .  Sr-89 

Sr-,91 
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Table IX-B-4 

"Biological Hazard Potential" 

of Nb-lZr First Wall at Shutdown for 10 yr . Operat ion 

Specific 1ctivity 
dps/cm 

1 . 31 X 10 (9) 

2 . 53 X 10(12 ) 

5 .01 X 10 (10) 

3 .04 X 10 (12) 

3 . 13 X 10 (11) 

6 • 79 X 10(11) 

1 .  66  X 10(10) 

9 . 87 X 10 (7) 

3 . 73 X 10 (8) 

5 . 63 X 10 (10) 

1 . 89 X 10 (8) 

6 .  20 X 10 ( 11) 

3 .  87.4 X 10 (7 ) 

Activity at T=O 
ci/kwth 

0 . 079 

1 .  54 X 10(2 ) 

3 .05 

185 

50 

41 

1 . 01 

6 X 10 (-3) 

2 . 27 X 10 (-2) 

3 . 42 

1 .  15 X 10 ( -2 ) 

37 . 7  

2 .  3 6  X 10 (-3) 

"Biological Hazard 

1otential" 
km of air/kwth 

0 . 79 

1 . 54 X 10(3 ) 

0 . 76 

6 .2 

500 

13 . 82 

10 . 1  

1 . 5 X 10 (-3) 

2 ,3 X 10 (-2) 

1 .15 

1 . 15 X 10 (2) 

126 

2 . 0  X 10 (-3) 
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Table IX- B-5 

Biological Hazard Potential of 

V-20Ti First  Wall, 10 Year Operating Time 
"Biological Hazard 

Specific  1ctivity Activity at t=O �otential" 
Isotope dps / cm ci/ kwth km of air/kwth 

Ca- 45 4 . 2 3  X 10 (10) 2 . 4 8 2 . 58 

Sc-46 3 . 06 X 10 (10) 1 . 87 2 . 34 

Sc-47 2 . 59 X 10 (10) 1 . 5 8 0 . 079 

Sc- 48 1 . 99 X 10 (11) 1 2 . 1 2. 46 

Sc- 49 6 . 36 X 10 (9) 0 . 39 0 . 01 3  

Sc-50 9 . 33 X 10 (9) 0 . 57 0 . 019 

Ti- 45 1 . 9 0  X 10 (9) 0 . 12 1 . 16 

Ti-51 2 . 60 X 10 (11) 15 . 9  0 . 05 3  

V-5 2 3. 39 X 10 (11) 20 . 7  0 . 09 
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C. Afterheat 

A direct consequence of the generation of large amounts of 
radioisotopes is that they will generate heat as they decay away. 
If this heat is not properly disposed of, it can damage reactor 
components and/or make maintenance on the first wall a difficult 
tas k. We will briefly describe in this section the manner in which 
the afterheat was calculated and then will show how the afterheat 
builds up, decays away, and where it comes from (spatially) in the 
316SS blanket. The significance of this afterheat in terms of tem
perature rise in the event of a loss of coolant accident (LOCA) will 
be explored .  Finally, s ome observations will be made about the 
afterheat in the UWMAK- I shield and blankets and this section will 
end with a few connnents on afterhear in. Nb-lZr and V-20Ti blankets . 

1 . Afterheat from a SS blanket 

(a) Afterheat from a SS Blanket 

The afterheat in the blanket was calculated using the infor
mation on radioactivity as calculated in section IX-B-1 .  The 
energies of the decay beta particles and photons are taken from 
reference 4. The ene rgy of the beta particles is taken to 
be deposited at the site of the emission of the particle and 
the average energy of the particle is calculated as described 
in Chapter V. For simplification, the gannnas were als o  assumed 
to deposit all of their energy in the immediate vicinity of the 
origin of the radiation. An examination of the mean free path 
of a typical decay gamma shows that this is not a good assumption 
and the energy of the gammas will likely not be deposited near 
the point of emission. However it probably is conservative in 
the s ense that the larges t s ource of gamma rays is the first 
wall and if the gammas which originate there do not deposit their 
energy in the firs t wall, then the decay heat there will be less 
than is calculated. 

(b) Time Dependence of Afterheat Generation 

Many of the features exhibited by the induced radioactivity 
of the blanket show up in the afterheat als o. However the 
different decay energies of the various is otopes introduces 
significant changes in the shapes and relative magnitudes of the 
res ults . For example, Figure IX-C- 1  shows the build-up of 
afterheat at shutdown as a function of operating time prior 
to shutdown. Here, as with the radioactivity, a rather rapid 
buildup of afterheat occurs initially. It is seen that after 
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only 17 hours of operation the afterheat is 50% of the forty
year value. This behavior is again due to the saturation of the 
short lived isotopes which, in this case, have the more energetic 
decay products. 

(c) Time Dependence of the Afterheat Following Shutdown 

The time behavior of the decay heat after shutdown is 
shown in Figure IX-C-2 for 10 year operation. Again the be
havior is qualitatively s imilar to that of the radioactivity. 
It is seen however that the afterheat decays somewhat more 
rapidly than the radioactivity. The decay is s till relatively 
slow starting from 0. 62%  of the operating power,  i. e. 31. 6 Mwth and requires almost two years to be reduced by a factor of ten. 
The radioactivity (in curies) would take about three . years to 
decay by the s ame factor. The afterheat from the first wall is 
also shown in Figure IX-C-2. Approximately 17%, or 8. 5 megawatts 
out of 31. 6 megawatts, comes from the first wall. The time be
havior is quite s imilar to that of the total afterheat being 
35% of the total after two years. Also shown on the same figure 
is the afterheat of the first wall for two years of operation. 
The initial afterheat has dropped s lightly to 6. 5 megawatts and 
falls off to a relatively lower value after the saturated 
activity dies away due to the lesser activation of the long lived · 
components. 

(d) Spatial Dependence of the Afterheat 

The spatial dependence of the afterheat is shown in Figures 
IX-C-3, 4, and 5. Figure IX-C-3 shows the afterheat in the various 
calculational regions immediately after shutdown for two and ten 
year operating times .  It s hould be noted that the 20 cm region 
(heat removal cells) immediately behing the first wall produces 
more afterheat than the first wall. It is this region that will 
have to be removed every two years because of radiation damage 
problems . However, because of the larger volume of this region,  
the power density in the metal is reduced by over a factor of 
twenty. 

The afterheat drop off s teadily through the lithium regions 
until the large 15 cm steel region is reached. Because of the 
large quanity of steel in this region, it contributes about 10% 
of the total afterheat. The remaining regions contribute a 
negligible amount. Figures IX-C-4 and IX-C-5 show the spatial 
distribution for 2 years and 20 years after shutdown again for 
2 and 10 year operating times .  Qualitatively they are similar 
to the distribution at shutdown demonstrating, however ,  the 
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relatively lower value of afterheat at long times after 
shutdown for two year operation and the extremely low total 
afterheat after 20 years of decay. 

2 .  Afterheat in the Shield and Magnet Region 

The afterheat was calculated for the shield and magnet regions 
using the same techniques as used in the blanket. The 75 cm of shield 
was broken up into 20 regions with each of the 10 materially different 
regions. (see Figure IX-B-1) .  Calculations were made in only the 
firs t 30 cm of the 125 cm magnet to further simplify the task. This 
is adequate as the calculations show the afterheat in the magnet is 
quite low. The data for 10 year operation and for up to 2 yrs decay 
times are shown in Tables IX-C-1 and IX-C- 2. Figure IX-C-6 shows the 
shows the s patial distribution of the afterheat at shutdown for the 
complete blanket and shield after 10 years of operation. The maximum 
after heat in any shield region is over two orders of magnitude down 
from that of the first wall while the afterheat in the magnet is down 
by another two orders of magnitude from the shield. The largest 
afterheat in the magnet is less than 200 watts in any region. The time 
dependence of the afterheat following shutdown is shown in Figures 
IX-C- 7 for the shield and in IX-C-8 for the magnet. Because of the 
differences in the s pectrum the decay of the afterheat in the shield 
and magnet regions is somewhat faster than in the blanket. The initial 
decay is s till however relatively slow with a factor of 10 reduction 
not taking place until a decay time of 5- 10 weeks has elapsed. The 
absolute values are relatively small being about 125 kw for the entire 
shield at shutdown and 250 watts for the magnet. 

3. · Temperature Rise Following Loss of Coolant Flow 

To obtain a preliminary appreciation of the magnitude of the loss 
of flow problem the temperature rise  in each region has been calcula-
ted assuming adiabatic conditions. The results are shown in Figure 
IX-C-9. It is s een that even in the region of highest afterhea t pow�I 
density, i. e. the first wall, the temperature rise  is only 0. 1° C/sec . 
In the major portion of the blanket the rise  is less than O. Ol° C/ sec 
while in the _ shield a�1 0magnet the rise is orders of magnitude lower 
being the order of 10 C/sec in the most activated region of the magnet. 
These results indicate that it is not likely that removal of afterheat 
in the cas e  of the loss of flow accident will be an extremely severe 
problem. Further calculations using a more realistic model are under-way. 

4. Afterheat from Alternate Blanket Structures 

The arterheat for the Nb-lZr+SS and V- 20Ti+SS blanket sys tems 
was calculated using the radioactivity of IX-C- 1. Figure IX-C-10 
shows the after heat build s  up with operating time for all three systems 
(Nb, V, and 316SS) . The behavior is qualitatively similar to that 
for the radioactivity in the s ense of a rapid initial build up followed 
by a slower rise. Because of the short-lived isotopes in the V- 20Ti 
s ystem, it has a high activity at t=O. However, by the end of the firs t 
two hours of operat ion the afterheat from the V- 20Ti and 316SS 
systems are comparable. Niobium-lZr on the other hand starts out low 
and builds up more slowly than 316SS. By about 10- 20 weeks 
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Rad.* in 

1 624 . 4 

2 625 . 1� 

3 630 . 4 

4 1= 35, 4 

5 640 .  ,:,. 

6 645. 4 

7 61�[; . Lr 

8 653 . 4 

9 654 . 4 

10 659 . 4 

11 664 . 4 

12 669 . 4 

1 3 674 . 4  

] 4  678 . 4 

lei 682 . �. 

Hi 683 . 4 

·1 / ! J'.38, 4 

I �: 693 . 4 

J9 699 . 4 

20 700 . 9 

Rad *  out 

625 . 4 

630 . 4 

63.5. 4 

640. 4 

6l.5 . 4 

648 . 4 

653 . 4 

654 . 4 

658. 4 

664 . 4 

669 . 4 

674 . 4 

6 7 P, . li 

682 . 4 

683 . 4 

688 . 4 

693.4 

699 . 4 

700 , c  

702 . 4 

Total-Megawntts 
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Table IX-C-1 
Afterheat of Shield (Megawat ts) 

(10 yr .  operation) 

Time aft er Shutdown 
thickness t=O t=lO min . t=l w�e k 

1 

5 

5 

5 

5 

4 

4 

l 

5 

5 

5 

5 

4 

4 

1 

s 
5 

6 

1 . 5 

1 . 5 

. 7216 xlO (-2) 

. 4385 xl0 (-1) 

. 2972 xl0 (-l) 

. 1972 xl0 (-1) 

. 122o xlO (-l) 

. 2794 xl0 (-2) 

. 1623 xl0 (-2)  

. 2966 xl0 (-3) 

. 1966 xl0 (-2) 

. 1419 xl0 (-2) 

. 9916 xl0 (-3) 

. 6528 xl0 (-3) 

. 1114 xl0 (-3) 

. 6161 xl0 (-4) 

. 1290 xl0 (-4) 

. 879 xl0 (-4) 

. 547 xl0 (-4) 

. 171 xl0 (-4) 

. 299 xlO (-4) 

. 317 xl0 (-4) 

. 123 

. 6484xl0 ( -2) 

. 4062xl0 (-l) 

• 2768:dO ( -l) 

. 1848Xl0 (-l) 

. 1146xl0 (-l) 

. 995 xl0 (-1) 

• 5778xl0 (-17) 

. 2648xl0 (-17) 

. 1848:x:10 (-3) 

. 1325xl0 (-2) 

. 9315xl0(-2) 

. 6151xl0 (-3) 

. 3964xl0 (-3) 

. 2300xl0 (-18) 

. 116 xl0 (-18) 

• 817 xlO ( -4) 

. 510 xl0 (-4) 

. 610 xl0 (-19) 

, 271 xl0 (-4) 

. 2 94 \xlO ( -4) 

. 1099 

. 2648x10 (-2) 

. 1175xl0 (-l) 

. 7495Jtl0 (-2) 

. 4653xl0 (-2) 

. 2665:xl0 (-2) 

------
-------

. 108�10 (-3) 

. 459�10 (-3) 

. 293 xl0 (-3) 

. 1878xl0 (-3) 

. 116421:10(-3) 

------
------
. 47 5:klO (-5) 

• 2006xl0 (-4) 

. 117 xl0 (-4) 

------
. 130 xl0 (-4) 

. 169 xlO ( -4) 

. 3044xl0 (-1) 

*All dimensions are in centimeters 

t=2 yrs 

. 3316:d0 (-3) 

. 13Hxl0 (-2) 

. 7756xl0 (-3) 

. 4536:itl0 (-3) 

. 2639xl0(-3) 

------
------

. 1467xl0 (-4) 

. 5594xl0 (-4) 

. 3356xl0 (-4) 

. 2011xl0 (-4) 

. 1206xl0 (-L . 

------
------
. 6084xl0 (-6) 

• 2357xl0 (-5) 

. 136 xlO (-5) 

------
. 155 xl0 (-4) 

. 185 xl0 (-4) 

. 328 xl0 (-2) 
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Table IX-C-2 
Afterheat of Magnet 

(10 yr. Operation) 

Time after shutdown 
thickness t •O t•lO min. t•l week 
10 . .l626xl0 (-3) • 1267xl0 (-3) .279Jxl0(-4 ) 

10. .648?xl0 (-4) .4896xl0 (-4 ) .700lxlO (-S) 

10 . .2372x10 (-4) . 1771xl0 (-4 ) . l9B4xl0 (-S) 

.2512x10 (-3) . 19J4xl0 (-3) • J692xl0 (-4) 

*All dimensions are in centimeters 

t•2 yrs • 
.42?2xl0 (-5 ) 

. 10l4xl0 (-5) 

.2784xl0 (-6) 

. 5.564x10 (-S) 
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all three systems would yield approximately the same afterheat . .  For 
larger operating times however, the behavior is again different. The 
V-20Ti s ys tem begins to s aturate and increases very little after a 
year or s o. The isotopes in the 316SS system are longer lived and 
it begins to show saturation after about 5 years . The Nb-lZr s ys tem 
shows no s ign of saturation by twenty years . 

The time dependence of the after heat following shutdown is shown 
in Figure IX-C-11 for the case oL 10 year operation. .  The informa-
tion on stainless steel from Figure IX-C-2 is reproduced for comparison. 
For this particular choice of operating time, the 316SS and Nb-lZr 
s ys tems have the same initial decay heat. The initial decay is rather 
s low for both systems with the 316SS decaying s ome what faster. After 
about five weeks however the short lived !�otopes of 316SS have decayed 
leaving a relatively slow decay due to Fe (t 1/ 2 = 2 . 4 4 years) . In this 
time range the niobium isotopes have shorter half lives and the after 
heat of the Nb-lZr s ystem drops below that9�f the 316SS system. At 
long times the long lived activity from Nb dominates and Nb-lZr 
is left with relatively high residual afterheat. (25kw at 200 years . )  
The result is that whereas the 316SS system requires almost two years 
for the afterheat to be reduced by a factor of ten the Nb-lZr s ystem 
is down by this factor in about 6 months . 

The inital afterheat of the V-20Ti system is significantly lower 
than either 316SS or Nb-lZr. The initial decay is relatively rapid, 
amounting to a factor of ten in one to two weeks. After about two 
years the afterheat from the vanadium and titanium isotopes has be
come negligible compared to that of the stainless in the system and 
from that time on the afterheat is due to the stainless regions in the 
back of the blanket. This is shown in Figure IX-C-12 in which the 
aft er heat following shutdown is plotted for the first wall. Again 
a 10 'year operating time is chosen. Not only is the afterheat of the 
V-20Ti first wall lower at shutdown but the decay is much more rapid 
being down over a factor of 10 in a week. Examination of the data for 
long time shows that the residual afterheat is many orders of mag
nitude lower than either of the other two systems . 

The spatial distribution of the afterheat for the V-20Ti system 
is shown in Figure IX-C-13, 14, and 15. These illustrate again the 
large contributions from the 316SS regions, the saturation of the 
V-20Ti activity and the rapid decay of the vanadium contribution to 
the afterheat. 

The conclusion which can be drawn from these data is that from an 
afterheat standpoint, Lhe V-20Ti sys tem is clearly superior The choice 
between Nb-lZr and 316SS is not so clear cut.  For 10 year operation 
Nb-lZr has a sli ght advantage at least at shutdown and for the inter
mediate time range. The long term storage of Nb-lZr presents more of 
a problem than either of the other isotopes and the BHP is significantly 
worse. The final ranking on the basis of activity and afterheat would 
likely rank V-20Ti as the first choice and 316SS second on the basis 
of its lower BH P .  



. ·m 



- - -
0.1 

- ...... ' 

... 
Q) 
� . OH--
0 a.. 
Cl 
C 

... 
Q) 

0 -·-.... 
0 - - -
� 0 

.001 

IX-C-15 

FIG. IX - C - 12 
UWMAK - I  

Fi rst Wo l l  Afte rheot Fol lowing Shutdown 
I O yr O perat ing T i me 

\ . 
\ ...... , ...... _ \ 

\ \ 
\ \ \ 
\ ' \ 

\ 
\ 

\ \ 
\ \ 3 16 S. S. \ \ Nb - I  �r + S. S. \ 

V- 20 Ti + S.S. \ 
\ \ 

\ \  
.\. \ \ 

\ \  \ ' 
\ \  
I ' 

Time afte r Shutdown \ \ ' 

I m  IOm 1.67 hr 16.7hr l w  IOw 

' 
2 yr 20yr 200yr 



----- -·---------- - --- -- -

IX-C-16 

UWMAK - J:  
SPAT I AL D ISTRI BUTI ON OF AFTERHEAT AT SHUTDOWN 

6 

V - 20 Ti + S S  BU\NKET 

...., ______ --- 1 0  YR  OPE RATION 

5 - 2 YR OPE:RATI ON 

4 
. -----· -

,I 
' - ,.... _ _____ 

f-
3 

ct - -----
2 

- - --• ----- . 
ct 

.,.. ___ _ 

-- - -�-
550 550.4 560. 4 570. 4 59(1, 4 590. 4 601.4 608. 9 616.4 621 .4 623.4 

---..i l4--------
V - 2 0 Ti 

95 o/o Li + 5 °/., ( V - 20 Ti ) ---�-- ,.__ s.s --.. o..ij.?5°1£!.).j !.. ,.. __ 
5 %SS S.S 

I s t  wa l l  

D ISTANCE FROM CENTER OF PLASMA ( cm )  



-
-

' IJ  

IX-C-17 

UWMAK - I 
SPATI AL OI STRI BUTI ON OF AFTERHEAT AT 2 YRS AFTE R SHUTDOWN 

0 . 3  

V- 20Ti + ss BLAN KET 

-- --· 
0 YR OPERATI ON 

2 YR  OPERATION 

0. 2 

FIG. IX• C - 14 

0 . 1 .cl "9----

550 550. 4 
------ - -- --- -·-

560. 4 570. 4 
· - ·- - - - - - 1 -

580.4 590.4 
- -

601 . 4 608.9 

----..I li...�---
V - 20 Ti 95 %  LI � 5 %  ( y .. 20 Ti ) -----•I.-- s. s 

DI STANCE FROM CENTER OF PLAS MA ( cm )  

I 

616. 4  621.4 623. 4 

95 %Ll 
-....i... -.I ..... 1.i---

6%S.S SS 



-

------- -- - -

UWMAK - I  

IX-C-18 

SPATIAL DISTRI BUT I ON OF AFTERHEAT AT 20 YRS AFT ER SHUTDOWN 
6 . 0  ---

V - 20 Ti + S S  BLAN KET 

--- t O YR OPERATI ON 
5 . 0 - - 2 YR OPERATI ON 

4 . 0  i--

. 
FI G . IX- C - 1 5  . 

3 . 0  -

2 . 0 
�----1;.!l 

1 . 0  -

� _ _ _  ...J _ _ _ _  .I - -a..:- ...J _  - - - - I ---
550 550. 4 560. 4 570. 4 580. 4 590.4 601 .4 608.9 6 16.4 621.4 623.4 

-+!------ 95% LI + 5 0/o ( V  .. , .O T I ) 
V - 20Tl 

--------- s.s 

80% 20% DI STANCE FROM CE NTER OF PLASMA ( cm )  

1 95%
!::!J I ---,pp.-1+1 - ::.. �- •--

5 %  S.S ss 



IX-D- 1 
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IX-D. Lithium Fires 

Lithium reacts exothermically with oxygen, nitrogen and water. 
It therefore is necessary to consider 

a.) the conditions under which lithium will ignite 
b. ) the types of fusion reactor accidents which conceivably 

could lead to ignition; 
c.) meas ures to preclude accidental occurrences which could 

reach catastrophic proportions . 

Methods of detecting and controlling sodium fires have been 
developed. ( 5 ) The presence of radioactive tritium in the primary 
circuit (Section VIII-B) provides an added incentive to eliminate 
fire hazards in a CTR cooled by metallic lithium. Furthermore, the 
primary circuit lithium will contain radioactivity from circulating 
corrosion product, (Section IX-B) which would complicate fire control 
measures . 

Two cla!=!ses 
reactor having a 

a . )  

b . )  

of accidental reactions may occur in a lithium-cooled 
steam cycle (Fig. IV-B-1) :  
a break in the primary lithium or secondary sodium systems, 
exposing lithium to inert cover gas . 
a break in the sodium-to-steam heat exchanger, 
exposing sodium t o  water. 

1. Conditions to Ignit e  Lithium in Air 

Wit hout s pecifying how the inert cover gas around the loops 
has been dispersed, let us now ass ume that we have a pipe break which 
releases Li into air, Some data indicate that lithium will ignite 
in air near its melting point (18 3°C) and burn with an intense white 
flame(6) , Other data indicate that small quantities of lithium are 
stable up to - 316 ° c(7) . When standing in an open container in air at 
316 ° C, lithium will ignite and burn under some conditions . Prior to 
ignition, a black, hard brittle material forms on t he surface, and appears 
to initiate ignition. If the black nodule is removed before ignition 
occurs, the lithium does not ignite. In another experiment, lithium 
ignited readily when suddenly exposed to air at 260 ° c(8) , 

Some obs ervers indicate that high humidity promotes ignition; (�, �) ., 
in cont rast, Devries (7) indicated that molten lithium ignited more 
readily on dry days than when conditions were humid. 

Molten lithium may react with metallic oxides on its container, 
causing ignition. ( 7 ) 

Solid lithium may ignite if rubbed vigorously in air while heated 
near its melting point . At room temperat ure, lithium can be sawed, 
filed, cut, and hammered without igniting. 

It is worth noting that lithium is the only alkali metal which 
reacts markedly with nit rogen so  that simply removing oxygen from the 
vicinity is not sufficient to prevent reactions . 
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The above discussion indicates that there is controversy regarding 
the conditions which cause molten lithium to ignite. However, in the 
safety literature, (10) the lithium fire hazard is regarded as 
"dangerous when exposed to heat or flame or allowed to react chemically 
with moisture, acids or oxidizers." While lithium reportedly reacts 
less vigorously than the other alkali metals, ( '8 ) in a conservative 
treatment it must be regarded as prone to ignition in air at temperatures 
near and above the melting point. 

Once ignited in air, lithium burns quietly in an open vessel, 
emitting dense, white, irritating fumes. ( 7 ) 

2 . Conditions to Ignite Sodium in Water 

Experience indicates that leaks in a sodium-water heat exchanger 
do not generally result in explosions, (11,  lQ) but that they do lead 
to wastage of metal in the vicinity of the leaks, which eventually 
could result in massive intermixing of liquid metal and water. 

As in the case of air, lithium is reported to react less vigorously 
with water than the other alkali metals. ( 6 ) However, molten or 
burning lithium can react explosively with water or moist materials, 
including concrete. C 6 , 9 ) 

Where impingement of the molten lithium onto a concrete floor is 
possible, steel coverings are recommended. ( 8 )  

3 .  Measures to Prevent Lithium Fires 

Given that ignition of lithium can occur in air or water in the 
temperature range of the UWMAK-1 primary and secondary coolants, the 
chemical and radiological hazards of a lithium fire dictate extreme 
measures to prevent occurence of fires. The essential measures may be 
generalized as follows : 

1) Design Considerations--Consideration of the fire hazard 
in plant layout, choice of maximum stress levels, pipe 
wall thickness, etc ;  double containment of piping in 
critical areas is a potential insurance measure. 

2) Material Selection--Choice of materials with maximum 
resistance to stress corrosion cracking and mechanical 
failure ; while Type 304 SS is the lithium-to-steam heat 
exchanger design material, the final material selection 
for an actual plant will be the culmination of a sizable 
development and testing program. 

3) Evacuated Containment--The fire hazard can be minimized 
by evacuation of air from all areas where lithium could 
be released ; the primary coolant is particularly critical 
because of its radioactive content. There is evidence (13) 
that maintaining dry conditions will essentially eliminate 
rapid reaction of lithium in air.  However, maintaining 
dry conditions may be as difficult as maintaining a 
vacuum.  It is not clear how good the vacuum must be to 
preclude the air-lithium reactions. 
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4. Measures to Control Lithium Fires 

Lithium will exist at several locations in the CTR plant : 

in pre-exposure storage ; 
in primary and secondary circuits ; 
in tritium extraction and cleanup circuits ; 
in interim storage ; 
in post exposure storage. 

Each area must be designed for fire control, including elimination 
of construction materials which will react with lithium ; avoidance 
of water sprinkler systems ; provisions to bring to bear large volumes 
of extinguishing materials (graphite, lithium chloride, and zirconium 
silicates for lithium) ; construction of sheet metal enclosures, drip 
pans and gratings ; provisions for protective clothing and personnel 
access, where radiation and tritium levels will allow ; provisions to 
seal off areas where tritium release is excessive ; provisions for remote 
fire fighting where radiation levels will not allow personnel access. 

Some of the above subjects are dealt with in detail elsewhere. ( 6-, '8- ) 
However, development of procedures to handle lithium fires remotely 
and to control large releases of tritium will present a major challenge. 
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X. Steam Cycle 

The conversion of the thermal output of the UWMAK-I reactor to 
useful power has to be investigated in any review of potential reactor 
designs. This area has been briefly mentioned in earlier sections 
(e.g. Chapter VIII) and some of those comments will be repeated here. 
A more extensive discussion of the power systems will be presented in 
Volume 2 of this report. 

The basic problem is to extract electrical power from a flowing 
liquid metal system which has lithium entering at 283 °C (541°F) and 
leaving a7 483 °C (901°F) with a mass flow rate of 2.1 x 107 kg/hr 
(4.7 x 10 lbs/hr) . The most likely way to accomplish this will be to 
transfer heat to a steam system and use a conventional steam turbine
electric generator. Consideration of such factors as the effect of 
leaking tubes in a liquid metal steam generator or release of tritium 
either in normal or abnormal situations dictates the use of a secondary 
liquid metal loop isolating the lithium in the reactor from the steam 
system. Because of the lower solubility of tritium in sodium as compared 
to lithium as well as the acceptable and well known heat transfer properties 
of sodium, sodium was chosen as the fluid in the intermediate loop. · 
The intermediate heat exchanger was designed with a log mean temperature 
difference of 39°C ( 70°F) by Babcock and Wilcox (l) and the sodium 
temperatures are 2 62 °C (502° F)  in and 412 ° ( 7 72 ° F) out with a flow rate 
of 9.3 x 107 kg/hr (2.04 x 1081bs/hr) divided into twelve loops. 

Using the above parameters a once through steam generator was 
designed by Babcock & Wilcox (l) Because of the high �T in the sodium 
the design is restricted by pinch point considerations to relatively low 
steam temperatures and pressures. As designed the steam generator would 
operate with feed water at 217

° C (400°F) producing steam at 305°C (580°F) 
at a pressure of 39.8 atmospheres (565 psia) with a steam flow of 
7.1 x 105 kg/hr (1.57 x 106 lbs/hr) per steam generator. The pinch point 
�T under these conditions would be 22.8°C (41° F) . 

Using the above steam condition the remainder of the steam cycle 
was designed by Sargent and Lundy (2) . To improve the efficiency of 
the cycle, reheat is performed with main steam. Feed water heating is 
used with the 2 3 7 MW of power from the divertor system being used as the 
source for the first stage of feedwater heating. The resulting efficiency 
of the steam is above 35.7%. The overall plant efficiency is -2 7% when 
the circulating power is extracted. By contemporary standards of fossil 
plants or even light water fission reactor plants this is a rather low 
value for the efficiency. The basic reasons for this low efficiency 
are two fold. First, the outlet temperature of the primary system is 
rather low as compared for example, to an LMFBR. Secondly, and perhaps 
more important, the temperature rise through the lithium is too great. 
This has the consequence of reducing even further the average temperature 
at which heat is transferred, thus lowering the efficiency. A small 
improvement in efficiency could be made by redesigning the intermediate 
heat exchange to yield higher temperatures in the intermediate loop. 
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Such a change, -however, would result in a marginal improvement in 
efficiency and would at the same time have increased costs and would 
lead to a higher tritium leak rate into the steam system. The other 
two possibilities for increasing the efficiency involve raising the 
lithium output temperature and/or reducing the temperature rise in 
the lithium. Recent data on the corrosion of stainless steel in flowing 
lithium C3) indicate that it may well be possible to increase the lithium 
temperature to -600° C (1080 °F). On the other hand, a reduction in the 
lithium temperature rise would be of perhaps greater value . At present , 
the mass flow rate of lithium,and thus the temperature rise, is governed 
by consideration of the amount of power required to pump liquid lithium 
through the magnetic field and by material stress limits in the first 
wall structure . It is an open question as to whether any significant 
improvements in this area are possible. 
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Conclusions 

The maj or conclusions which have been reached from this conceptual 
design study are given in this section by subject area. As is customary , 
the subj ect areas begin with the plasma and work outward , ending with 
conclusions regarding reactor safety. Recommendations based upon these 
conclusions are given in the next chapter. 

A. Plasma 

1. Small aspect ratios , less 
economic Tokamak reactor designs. 
economic incentive to increase the 
approximately 15 meters. 

than 3 if possible , are desirable for 
In addition , there is no strong 
major radius of the torus beyond 

2. There is a serious competition between short start up times 
and the desire to minimize stored energy requirements and costs. Short 
plasma current rise times are desirable for stability of the discharge 
but mean that large stored energy systems would be necessary. For 
example , in UWMAK-I , it is found that a lOOsecond current rise time 
requires an energy storage system of 3.2 MWhr. If this rise 
time can be extended to 200 seconds ,  the energy required can be bought 
directly from existing power utilities. 

3. Neutral beams are a promising means of igniting large Tokamak 
reactors . The use of a low density startup (n -3 x 101 3/cm3) allows 
beam penetration and reduces plasma energy los�es during this phase. 
For the UWMAK-I plasma (a = Sm), a 500 KeV neutral beam penetrates the 
plasma and produces beam power deposition profiles peaked on axis. Such 
penetration is not possible in such large systems ,  even at densities 
like 101 3/cc , with beams under 100 KeV. However ,  if inverted temperature 
profiles are tolerable , the reactor can be ignited using beams of -100 
KeV with beam powers in the 10-100 MW range. 

4. The assumption of either neoclassical or pseudoclassical scaling for 
the electron thermal conductivity leads to the conclusion that ignition 
times of less than 10 seconds can be achieved in large systems at 
moderate beam power levels (15-75 MW) . These conclusions will be modified 
if less favorable scaling laws govern plasma transport for T > 2-3 KeV. 

e 

5. The beam requirements for plasma heating are -300-500 KeV ,  
-1-2 amperes equivalent per beam inj ector , and operation for 1-10 seconds. 
Such beams will heat the plasma and not generate inverted temperature 
profiles. 

6. If neutral beams are required only for plasma heating , beam 
system efficiencies can be low (e.q. , 10%) since burn times are expected 
to be long compared to the time to ignite reactor plasmas. 

7. Fueling by large pellets (-2mm diameter D-T pellets) appears 
formidable if the accelerating velocities required for penetration are 
to be achieved . . On the other hand , if micron sizg pellets will work , 
the technology is at hand � For UWMAK-I , -20 x 10 pellets sec of radius 
40 µm are required. 
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8. Plasma operation requires confinement times that are several 

hundred Bohm times but are -2-3 orders of magnitude shorter than 
neoclassical confinement times. These requirements are for plasma 
operation at quasi-steady state during a burn time. The most 
economical temperature range for the plasma operation in a 8-limited 
plasma is 10-15 KeV. 

9. If the scaling on TE and Tc is basical ly 'classicar' (i . e. 
TE and Tc - Tl/2) then an energy equilibrium in the 10-15 KeV 
range is thermally unstable. Thermally stable operating conditions 
are possible at higher temperatures (Ti > 25 KeV) but require larger 
toroidal magnetic fields to produce the same power. For UWMAK-I, 
thermally stable and unstable equilibria have been calculated. 
Operation at the stable point would require magnets that are 
- $100 x 106 more expensive than for operation at the unstable point 
(still within NbTi superconductor technology.) 

10. From an economic viewpoint, one would like plasma operation 
at as high a 8 and as low a q as possible. For fixed q, all magnet 
costs increase as Be decreases. At fixed Be , only the toroidal 

magnet coil costs increase as q increases. 

11. Extended burn times, up to one hour or longer, are feasible 
for a Tokamak reactor if divertors solve the impurity problem. 

12. Steady state operation of a Tokamak is highly desirable 
because it can 

(1) m1n1m1ze thermal cycling on the first wall 

(2) allow steady power output 
(3) allow for longer plasma current rise times following 

an outage , This latter factor alleviates or eliminates the need for 
energy storage related to startup requirements. 

13. If plasma operation in the 10-15 KeV range is thermal ly 
unstable one will require a feedback control system. A feasible 
strategy is to operate the plasma in a sub-equilibrium state and 
maintain steady-state with an energy source, such as provided by 
neutral beams. 

B. Divertor 

1. Poloidal field divertors which preserve axisymmetry appear 
feasible. 

2. The design of the divertor will determine the shape of the 
plasma cross section. To be consistent with the desire for a small 

aspect ratio and to keep the ratio, B;1
x/B�, around 2, the plasma 

shape should be elongated vertically. The double neutral point divertor 
design on UWMAK-I appears feasible and produces a D-shaped plasma 
cross section. This is also consistent with the shape of the magnetic 
field coils. 
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3 . A divertor will be required to protect the first wall from 
erosion and damage and to protect the plasma from wall initiated 
impurities. In UWMAK-I , the D & T particle fluxes t�

2
the _�all, 

assuming a 90% efficient divertor , are 6. 4  x 1013 cm sec-1. 

4. Collection of escaping ions by wetted lithium collector 
surfaces appears reasonable . It simplifies magnetic field design 
since the particles are collected relatively near the null points. 

5. The neutral points in the double null divertor on UWMAK-I 
can be achieved using divertor coils outside the main toroidal field 
coils, thus reducing the problems of disassembly. 

C. Magnets 

1. If the ratio of the maximum field at the magnets to the field 
on axis can be kep't to about 2 , magnets for Tokamak reactors can be 
superconducting using NbTi. 

2. The magnets designed for UWMAK-I have complete cryogenic 
stability using copper as the stabilizer. 

3. The required fields in Tokamaks can be produced at current 
densities of �1000 A/cm2, a typical cryogenically stabilized value. 
Thus , there is no need for unstable magnets. Unstable magnets achieve 
only a reduction in the amount of stabilizer material, itself a minor 
consideration , at the risk of being highly unreliable. 

4. Large bore , high field magnets required for CTR Tokamaks will 
require large conductors fabricated into a relatively rigid structure. 
Winding such magnets from wire or tape is not possible. 

5. A large conductor design has been developed for UWMAK-I which 
is feasible for large CTR Tokamak magnets. In addition, the schematic 
for construction of the magnets has been developed. Each magnet consists 
of 34 discs which have helical grooves forged, rolled , or machined into 
each surface. There are 60 conductor turns per disc and the conductor 
is NbTi superconductor in copper stabilizer. The conductor is inserted 
into the spiral grooves and bonded with fiberglass reinforced epoxy 
as insulation. 

6. The magnets will be a primary cost of CTR Tokamaks and the 
magnet costs depend primarily on the cost of the structure. It is 
therefore essential that detailed stress analysis guide any realistic 
magnet design. 

7. The costs of the transformer and divertor coils are not small 
compared to the costs of the toroidal field coils. For example , the 
transformer and divertor coils cost approximately $77  x 106 for UWMAK-I, 
while the toroidal field coils cost $82 x 106. 
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8. The cost of refrigeration units is quite modest, on the order 
of 5% of the total magnet costs. 

9. The toroidal field magnet designs are the same as those which 
would be required for energy storage requirements. Thus, design 
advances made on the large bore magnets for Tokamaks will contribute 
to the design solution of large magnetic energy storage systems. 

10. As noted earlier, for short plasma current rise times, energy 
storage requirements are large and expensive. A magnetic energy 
storage system to supply 16 MW-hr in 10 seconds will cost approximately 
$100 X 100, 

D. Neutronic and Photonics 

1. The tritium breeding ratio. is large enough in Li cooled 
blanket of SS, Nb, V, Mo that most conceivable variations in nuclear 
data are unlikely to change the conclusion that fusion reactors can 
produce enough fuel for their own needs, in addition to the excess re� 
quired for an expanding indus·try. This is to be coupled with the fact 
that short doubling times (on the order of months) are possible, even 
at small breeding ratios. 

2. Changes in the percentage of structural material from 5% 
to 20% in the tritium breeding zones lowers the breeding ratio but 
does not prevent breeding in reactors constructed of V,, .Mo, or SS. 
A Nb system, however, is more sensitive to the amount ,.of structtl'l:ba-1 
material and f,or the UWMAK-1 design, the blankets with more thart 15% 
Nb in the lithium zones the breeding ratio is less than one. The r�nge 
0-15% can probably be extended by improved blanket design in that case. 

3. Detailed energy production and deposition calculations using 
the MACK program developed at Wisconsin shows that the total energy 
produced per 1� MeV neutron is lower that previously assumed. For 
the UWMAK-I design, one finds a total energy production of 20 MeV per 
fusion reaction. 

4. Enrichment of natural Li in 6Li does not significantly effect 
energy multiplication and, given that it is an expensive process, such 
enrichment does not produce an economic gain. For UWMAK-I, enrichment 
to 50% 6Li increases the energy multiplication by less than 1% over the 
natural lithium case. 

5. The energy produced can be improved by addition of Be in 
the blanket and appears economical. For example, 4 cm and 10 cm of Be 
increases the total energy production by 9% and 19%, respectively. The 
additional costs appear to be less than half the decrease in cost per 
uait power. 

6 .  A stainless steel reflector (or other iron containing material ) 
is better than graphite. Thus, no graphite is used in the blanket of 
UWMAK-I. A SS reflector improves energy multiplication and energy 
attenuation. It also allows for a thinner reflector zone which allows 
the blanket and shield to be thinner and brings the magnets closer to 
the plasma, thus saving on magnet costs. 
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7 .  Shield optimization produces a thinner blanket and shield 
region than heretofore proposed .  

8 . Intercomparisons of Nb, V and SS show that, for tritium 
breeding, V is best followed by SS and Nb but for energy multiplication, 
Nb produces about 4% more energy than stainless steel or vanadium . 

E . Blanket and Shield 

1 . 20% cold worked 316 stainless steel appears to be a reasonable 
choice for a CTR structural material to construct the first generation 
of Tokamak reactors. This conclusion is based on presently known thermal, 
mechanical, chemical and radiation damage information .  

2 . Lithium can be used as a reactor coolant in a T okamak ·reactor . 
Proper design of flow paths can reduce the pumping power requirements 
to =1 . 5% of the gross plant output . 

3 . The blanket and shield design for UWMA.K.-1 will reduce 
the energy leakage to the magnet to 10-6 of that incident on the first wall. 

4 . The maximum temperature in the 316 SS will have to be limited 
to 500 ° C because of high corrosion rates in flowing lithium .  This 
requirement limits the outlet Li temperature to 4 8 3° C and indicates 
a 2 83

° C inlet temperature . 

5 . High pressure helium will be an effective and safe coolant 
for the UWMA.K.-1 shield . 

6 . The first wall of a Tokamak reactor subj ected to a 300 psia 
Li coolant pressure, an 2 2 . 6 watts/ cm2 surface wall loading and 13 watts/cm3 

nuclear heating rate will have a thickness limited to not less than 0 . 9  mm 
and not more than 3 . 9  mm . 

7 .  The first wall and structural components within the first 
20 cm of the blanket will have to be replaced every 2 years because 
of radiation damage considerations. A replacement mechanism has been 
proposed and it appears that it will take 6 weeks every 2 years to 
replace the entire reactor heat removal cells . 

8 . Mechanisms for absorbing thermal expansion, maintaining 
vacuum during start up and shutdown and supporting the high module 
weights have been proposed .  

F . Radiation Damage 

1 . The most severe limitation on the lifetime of the reactor wall 
is to restrict the uniform elongation to values above 0 . 5% during the 
components lifetime . Such a requirement at the temperature� in UWMAK-1 
limits the exposure to roughly 2 years at the maximum displacement rate 
of 18 . 2 dpa/ year . 
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2 .  The use of 20% cold worked stainless steel will retard 
radiation induced swelling to <1% over the proposed 2 year wall 
lifetime. However, if a 10% swelling design limitation is placed 
on the first wall, it would have to be replaceµ every 5 years because 
of swelling alone. This design limit requires that a first wall made 
of ST 316 SS be replaced every 3 years . 

3. The recycling of the first wall means that almost 2 46, 000 
kg of steel will have to be dis posed of per year. 

4 .  Swelling of some steel components which are farther that 30cm 
from the first wall will exceed 20% over a 30 year lifetime. It is 
possible that some of those components will have to be replaced, further 
increasing the radioactive was te disposal problem. 

5. The production of helium at the rate of 298  appm yr-l and its 
subsequent collection into bubbles will cause less than 1% swelling in 
2 years and less than 7 %  in 30 years . However, the effects of such high 
helium concentrations on the void swelling phenomena are unknown. 

6. Transmutation effects on the properties of 316SS appear to be 
minor provided the walls are changed every 2 years . A thirty year 
exposure would have the maj or effects of in�reasing the Mn content to 
>6%, increasing the Ti to -0 . 2% and the V to -o . 9% while reducing the 
Fe content from 62% to 58%, and Ni from 14% to 13%. 

7. Helium produced swelling in the B4
c of the shield is <2% 

over the lifetime of the reactor. 

8 .  The major contribution to the wall erosion rates is the sputter
ing caused by the 14 MeV neutrons . This effect accounts for 65% of the 
total wall erosion rate which is 0 . 22 mm/ year. Other major mechanisms 
and thei� fractional importance are (D, T) sputtering (5%) , self ion 
sputtering (10%) and back scattered neutron sputtering (10%) , 

9 .  Blistering of 316 SS in UWMAK-I appears to be a serious but not 
prohibiting problem. Pessimistic wall erosion rates are - 0. 02 4 mm/year 
or - 11%. of the total. 

10 . Radiation damage of the superconducting material (NbTi) does 
not appear to be serious over the lifetime of the plant. There will 
probably be less than a 1° K drop in T and <2% change in J of the 

C C 
superconductor. 

11. Radiation in the form of neutrons and gamma rays does not 
appear to be a problem for the Mylar super-insulation in the magnets. 

12. The most severe problem for the superconducting �agnets is the 
increase in resistivity for the Cu stabilizer. However, by increasing 
the C�/Superconductor ratio and periodic annealing to room temperature, 
this problem can be solved . 

-· 
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1. The breeding ratio of UWMAK-I is 1.49. 

2. The release rate of tritium to the external environment is 
-10 Ci/day based on a tritium inventory of -13 kg in the primary lithium 
and 10 kg of externally stored lithium. 

3. The use of yttrium to extract tritium from the pYimary lithium 
circuit appears reasonable enough to warrant further investigation. 

H. Safety 

1. At the present time there appears to be no serious personnel 
problems associated with the failure of superconducting magnets. 

2. The 316 SS  in the UWMAK-I blanket will become quite radioactive 
during operation,  reaching 25% of its 2 year value in less than 2 hours. 

3. The decay of the radioactivity in the 316 S S  blanket is 
dominated by Fe-55 with a half life of -30 years. It will take 
approximately 20 years to reduce the total radioactivity form -310 
curies/MW

th 
to <l curie/MWth " 

4. On the basis of total number of curies generated in 2 years 
of operation ,  316 S S  produces about the same amount as Nb-lZr but twice as 
much as V-20Ti. However , after -2 months of decay , the activities of 
316 SS and Nb-lZr are equal and both are more than 8 times higher than 
V-20Ti. 

5. From the standpoint of biological hazard potential , UWMAK-I has 
a Biological Hazard Potential index which is -100-1000 times lower than 
a fission reactor at times close to shutdown. 

6. The total amount of afterheat generated in the 316 S S  blanket 
is -28 Mw 

h 
after 2 years of operation and -33  megawatts after 30 years. 

Almost 50% of this afterheat is generated within the heat removal cells. 
This afterheat drops by a factor of 30 in -20 years. 

7. The maximum rate of temperature increase was calculated to 
be 0.1° C sec-1 but it appears to be more like 0. 01 °C sec-1 when con
vection and conduction forms of heat loss are considered. It is con
cluded that afterheat represents no serious problem even in the event 
of a loss of flow accident in UWMAK-I. 

8. The total afterheat in UWMAK-I after shutdown and 10 years 
of operation is not particularly sensitive to blanket material. The 
value at shutdown varies from 0. 55% to 0. 1% of the operating power 
for the three metals studies here (316 S S , V-20Ti ,  Nb-lZr) .  However, 
the afterheat in V-20Ti decays faster that the steel and Nb alloy and 
is at half the shutdown level after a month of decay. 
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9 .  A rupture in the lithium containment structure plus a resulting 
fire appears to be the most serious conventional safety problem for 
UWMAK.-1. The conditions for fire are not well specified but it is con
cluded that reasonable safety measures can be instituted to reduce the 
hazard potential of such an accident should it occur. 



xv. Recommendations 

The maj or recommendations which have come from this conceptual 
design of a Tokamak fusion reactor are listed here by subject area. 
These �ecommendations relate to problem areas for reactors of the 
UWMAK-I type and therefore may not include areas of research that 
are important for the technical feasibility of other reactor concepts 
(e. g. mirrors, theta pinches, and laser systems) . This chapter 
also will not include recommendations relevant to the non-nuclear 
aspects of the plant (e. g. steam cycle, economics, environmental 
impact, and unique building requirements) �s these will be included in 
a subsequent report, Volume II of UWFDM-68. This point should be kept 

in mind as the reader examines the fO'.llowing list. 

A� Plasma 

1) It is important to expand our knowledge of burn stability. 
This should include the effects of various transport mechanisms on 
burn stability. Much could ·be learned about this topic from the 
first prototype, D-T burner. 

2 )  Research is required on transport processes in multispecies 
plasmas containing helium and higher Z impurities. 

3) The various aspects of using energetic neutral beams to control 
the thermal burn should be investigated further. 

4) A more detailed analysis is required of the effects of inverted 
temperature profiles that will be produced by only partially penetrating 
neutral beams. If such profiles do not extensively disrupt the discharge, 
neutral beams with energies -100 KeV could be adequate for plasma heating. 

5) Research on negative ion beams is necessary since high energy, 
quasi-steady-state, neutral beams are required either for penetration 
during heatup or for plasma control during the burn phase. 

6) Fueling studies, in particular, the effects of pellet inj ection 
on plasma operation, are required. Analysis is also needed to better 
understand the· physical processes involved as a pellet traverses a 
hot plasma. 

7) Further research is needed on the stability of the plasma during 
the current rise phase with various values of Ip and,  in particular, 
on the pos-sibility of controlled or staged startups to mitigate against 
the need for large energy storage systems. 

B. Divertor 

1) Since divertors may be necessary, an experimental program aimed 
at understanding the basic aspects of divertor operation is required.  
Related directly to this is the need for further theoretical research 
on the transport processes taking place in the scrape-off region and 
on the influence of the neutral point in the poloidal magnetic field on 
the stability of the discharge. 
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The primary goal is to test and understand the efficiency of divertors 
in preventing particles from reaching the wall and the effect of the 
divertor on the confined plasma. 

2) Further investigation is required to determine the energy 
spectrum of plasma particles reaching the walls in a system with a 
divertor. 

3) Research is required to fully establish the viability of 
using liquid lithium as collecting surfaces to trap energetic particles 
(hydrogen isotopes and helium) which diffuse into the divertor and for 
vacuum pumping of cold neutral particles. 

4) Further research is required into plasma-wall interactions, 
the effects of neutral gas in the diverted field zone, the impact of 
neutron sputtering, which may ej ect chunks of first wall material 
into the vacuum chamber, and on the blistering and sputtering caused by 
particles incident at grazing angles. 

C. Magnets 

1) Commercially available, large cross section , cryogenically 
stable conductors sh9uld be developed with provision for internal 
and/or external cooling. 

2) Research programs should be initiated to develop ductile, less 
expensive, composite conductors from materials more generally 
available (preferably not based on Nb). 

3) Research on the mechanical, electrical and thermal properties 
of stabilizer materials such as copper and aluminum at cryogenic 
temperatures should be conducted. These investigations should also 
include the effects of irradiation on the electrical resistivity of 
these metals under large stresses and with periodic warm-up. 

4) Research is required to determine the mechanical and thermal 
properties, at cryogenic temperatures of structural materials such as 
aluminum, stainless steel, reinforced plastics, etc. which are required 
in the construction of large superconducting magnets. 

5) The development of commercially available, inexpensive, load 
bearing insulation capable of spanning the temperature range from 1.8 
to 300°K is required. The design of commercially stable conductors should 
also be studied. 

6) The development of commercially available superfluid helium 
refrigerators in large sizes is needed, as is the development of large, 
commercially available, helium I refrigeration. 
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7 ) The heat transfer problems associated with superfluid helium 
is long hollow cryogenically stable conductors must be understood and 
solved. 

8) Research is required on the minimization of A. C. losses in the 
cryogenically stable conductors of the divertor, transformer and 
toroidal field magnets. 

9) An effective means of providing support for divertor, transformer 
and toroidal field magnets under earthquake loading should be 
investigated. 

10) Development of control circuitry, power supplies and/or 
stored energy transfer equipment for pulsing the divertor and transformer 
magnets is required. 

11) Control circuitry for providing lateral support of the toroidal 
field magnets under partial field failure must be developed to prevent 
severe bending moments which could cause vacuum leaks or pipe fractures 
within the nuclear island. 

D. Neutronics and Photonics 

1) Toroidal geometry transport equations and computer programs 
should be developed to adequately assess the leakage problems associated 
with fueling, heating and vacuum pumping ports in commercial reactors. 

2 ) Charged particle (p, d, T & He) cross sections are inadequately 
known for most isotopes. Many of these cross sections and the energy 
distributions of the resultant particles should be measured and evaluated 
as a function of energy (1-15 MeV)  as soon as possible. 

3 ) Further information on secondary gamma and secondary neutron dis
tributions are needed .  

4) A careful program of integral experiments is required to test 
the validity of existing data and calculational techniques. This 
capability must be developed before the design of the initial power 
reactor is completed. 

E. Blanket and Shield 

1) The problem of periodic access to the first wall and its sub
sequent removal should be continuously examined. If we are not able 
to solve the radiation damage problems imposed on CTR materials, the 
development of the first wall replacement will have a large impact on 
CTR economics. Even if the radiation damage problems are solved, periodic 
access to the blanket will be required to repair routine failures of the 
thousands of welds and joints in a typical CTR which are to be expected 
from statistical considerations. 
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2) Experimental programs are required to verify the lithium 
pumping power requirements in high magnetic fields.  Such facilities 
should be consturcted and operated well before the design for the 
initial power plants is begun. 

3) The corrosion rates of 316 SS in lithium should be studied as 
a function of flow rate, temperature, and coolant purity. The 
development of corrosion inhibitors for this particular system would 
greatly improve the economics of a stainless steel CTR. 

4) The design and operation of very large hot �ell facilities 
must be examined. It now appears that all currently envisioned fuel 
cycles will involve neutrons and hence large amounts of induced radio
activity in t he CTR strucutres . This means that even routine maintenance 
(let alone first wall removal) will have to be accomplished by remote 
means. 

5) Methods of making joints in lithium lines which are both leak 
tight and easy to disconnect remotely must be found. 

6) An investigation of equipment capable of transporting over 
3, 000 metric tons (the weight of one UWMAK-I module) for distances of 
100-500 meters should be init iat ed. 

7) The availability of some prime material components for UWMAK-I 
must be closely examined. In particular, Ni, Cr, Mn and Nb (for magnets) 
reserves must be assess ed relative to projected needs. 

F. Radiation Damage 

1) It is extremely important to assess the combined effect of high 
displacement damage (>30 dpa) and high helium contents (>600 appm) on 
the ductility of 316 SS at 300-650 °C. Alloy development programs may 
have to be initiated to find more ductile but still readily available 
CTR structural materials if one wishes to construct economic CTR' s. 

2) Verification of the beneficial effect of cold working 316 SS 
before irradiation is necessary when examining its s welling behavior. 
In  particular, it is necessary to see if swelling in CW 316 SS proceeds 
at a rate equal to or less than ST 3 16 SS beyond the incubation period 
required to produce voids in the cold worked material. 

3) The syn�rgist ic effects of high helium concentrations on swelling in 
316 SS (or other potential CTR materials for that mat ter) must be 
studied. 

4) Blanket designs s hould be pursued that 
and strains imposed by s tart up and shutdown. 
because of the extremely brittle nature of the 
few months of operation. 

minimize the stresses 
This will be necessary 
CTR st ructure after a 
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5) The effect of high Mn (up to 6 %) ,  high Ti (up to 0. 2 %) , 
and high V (up to 0. 9 %) content on the properties of 316 SS s hould be 
s tudied .  The investigations should extend to swelling, embrittlement 
and corrosion behavior as well as mechanical properties. 

6) Experimental programs should be conducted to evaluate the 
anomalously high s puttering coefficient of 14 MeV neutrons recently 
discovered. The potential of sputtering some of the highly radioactive 
first wall into liquid coolants as well as into the vacuum chamber 
should be clos ely examined. 

7) Much more precise information on the fluxes and energy spectrum 
of the particles leaking from the plasma is required. Particular attention 
should be given to the helium ion energies and the effect of helium 
energy on blistering of 316 SS at temperatures of 300-650 ° C. 

8) Blistering s tudies should be extended to the 1 0
20 

to 10
21 

cm-2 range to es timate the true wall erosion rate. Presently, linear 
extrapolations from low fluence date c-10 18 - 1019) are assumed to 
be valid without any proof. 

9) Gas production cross s ections for the isotopes of Mo are 
required to make a more meaningful comparison to other CTR materials . 

10) The effect of neutron irradiation on the critical current of 
density of NbTi should be studied. The irradiations and testing should 
be carried out at 4. 2

° K and the effect of subsequent annealing at 
room temperature should be s tudied . 

G. Tritium 

1) Thermodynamic data is required for the following s ystems in 
the temperature range of 200-700 ° C. 

a )  L i  - T2 - 316 ss 

b) Na - T2 - 316 ss 

c) Li - T2 
- y 

d) Na - T2 
- y 

e) Li - T
2 

- Zr 

2) The effect of d issolved oxygen or nitrogen on the reactions in 
1) is required. 

3) The diffusion rates and solubility of tritium in 316 SS, Zr and 
Y is required in the range 200-700 °C. It  would also be helpful to know 
the effect of oxide coatings on the above information. 



4) Experimental information on the fabrication and operation of 
yttrium hot traps is needed . Information such as the fabrication of 
yttrium of appropriate thickness, the effect of repeated extractions 
and charging cycles, and the effect of 316 SS corrosion products on the 
operation of the tritium extraction cells is required . 

5) More quantitative information is needed on alternate tritium 
extraction schemes such as fused salt :solvent extraction, electro-diffusion 
through ceramic membranes, etc . 

6) An experimental program to test the reliability and performance 
of oxide or tungsten barrier coatings on stainless steel heat exchangers 
in needed . The compatibility of such coatings with liquid metals in a 
system with a large thermal gradients should be studied . 

7) Experimental information on tritium leakage rates from large 
liquid metal values, pumps and seals is required to assess the potential 
leakage rates . Such studies should also address the problem of how to 
extract the tritium from vacuum pump oil, etc. 

8) There is a need to assess  the modes of tritium release from 
Li during rupture 6f Li piping and/ or Li fires (i. e.  do  such events 
lead to the formation of HT or HTO) . 

9) More d etailed analysis is needed regarding the tritium inven
tory in vacuum pumps, recovery systems, structural met�ls, pellet 
fabrication devices and reserve fuel storage .  Such an inventory is 
absolutely essential before realistic safety ass essments can be made. 

H. Safety 

1) Methods must be developed to collect, store and ship s everal 
metric tonnes per year of radioactive corrosion products from the 
stainless steel. 

2) More detailed calculations are required on the radioactivity 
levels at various maintenance points outside the reactor d ue to the 
deposition of 316 SS corrosion products . 

3) Long term solutions to the concentration and storage of 
s pent reactor components must be addressed . In particular, methods 
of handling -250 metric tonnes of 316 SS heat removal cells per year 
must be developed . On site storage does not look attractive and central 
burial facilities should be investigated . 

4) A detailed and complete analysis of the loss of coolant 
accident (both with the plasma on or off) should be made to insure 
that major damage will not occur in the CTR blanket. 
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5) Research must be continued into finding minimum activity 
materials which can operate at high temperatures , are economical , 
are compatible with CTR coolants , and are readily available to the 
United States . 

6) A more complete analysis of the various ways in which tritium 
could be released in an operating CTR must be made . These �release 
mechanisms should be clearly outlined and , if possible, the probabilities 
for their occurence should be established. 
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Appendix A 

Kerma Factor Results 

Our ef forts in the neutronics area resulted in a theoretical and 
computational algorithm for calculation of fluence-to-kerma factors . ( 1, 2 ) 
The computer program, MACK, which was written based on this algorithm 
to calculate kerma factors from nuclear data in ENDF format is described 
in reference 2 , Since the neutron kerma factors have a wide range of 
application in other fields in addition to CTR, MACK was written as a 
general purpose program. It allows great flexibility in generating 
kerma factors . The energy mesh, group structure, weighting spectra, 
decay energies, and several other parameters are arbitrarily defined 
by input values as appropriate for the use to which the data will be 
applied. 

In order to carry out the neutronics and photonics analysis given 
earlier in Chapter V, the neutron and gamma kerma factors and neutron 
cross sections by reaction were generated for materials of interest in a 
CTR. A list  of these materials is given in Table A . 1 .  The energy 
mesh, group structure, and weighting spectra used in generating this data 
is given next. The validity of the kerma factors calculated in this 
work is d iscussed in detail in reference 1 .  For the sake of completeness, 
a comparison of the neutron kerma factors obtained from present and previous 
work is included in this appendix. 

A.l. Generation of Pointwise and Group Parameters 

Pointwise and group libraries of kerma factors and partial cross 
sections were generated for CTR materials . A list of these materials 
is given in Table A. l with the corresponding ENDF/B MAT numbers which 
are also used as the identification numbers in the libraries . The 
most recent ENDF/B III evaluations were used except for materials with 
MAT numbers 302 3, 31 1 1, and 3000. Flourine was generated f rom the UK 
library data . MAT 302 3 refers to vanadium data calculated from a recent 
ORNL evaluation(3) which included ( n, n 'a )  and (n, n' p) reactions . The present 
ENDF/B evaluation for molybdenum (MAT 1 1 1 1) does not provide any information 
about the (n, charged particles ) reactions. Since the energy deposition 
by these reactions at high energy can be as large as 50% of the total neutron 
heating, it is necessary to include these reactions in kerma calculations . 
The molybdenum (n, p) cross sections in the UK library and the (n,a)  
cross sections given in reference 4 were used as  zero-order approximations 
and added to the evaluation and the complete data s et f or molybdenum was 
given the identification number 31 1 1. 

Reactions considered in kerma factor calculations f or each material 
are listed in Table A . 2 . Several evaluations of the present ENDF/B do not 
provide information about some of the important nuclear data such as the 
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(n,n ' a) and (n,n ' p) reactions. In all but a few evaluations , the 
individual level excitation cross sections are not provided for the 
(n,a) and (n,p) reactions. The total cross sections for these reactions 
are often given with ctn "effective" Q-value. The ef fect of such lack 
of information on the validity of the results has been investigated. 

As explained in the main text, charged particle emission from the 
radioactive decay of residual nuclei should be included in calculating 
neutron kerma factors. The radioactive decay contribution is included 
with an arbitrary cut-of f half-life of 50 days. The radioactive decay 
data such as half-lives , decay schemes , S endpoint kinetic energies, etc. 
given in the latest table of isotopes (5) were used. The average S-
particle kinetic energy was determined from the tables given in the MACK 
report. (2) The calculated decay energies are tabulated in reference 1 for the 
appropriate reactions in each material. 

The energy mesh used for generating the pointwise kerma factors 
is described next followed by a description of the group structure and 
weighting spectra used for calculating group parameters. Generation 
of gamma kerma factors is also discussed. 

a. Pointwise Neutron Kerma Factors 

The pointwise library was generated at 1000 energy points equally 
spaced in lethargy in three energy ranges. The first energy range 
extends from thermal energy to 1 eV with lethargy interval , tu , of 
0. 206 ; the second covers the 1 eV to 1 MeV energy range with tu of 
0.204 , and the third range employs a lethargy interval of 0.0067 7  from 
1 to 15 MeV. The energy mesh emphasizes the 1 to 15 MeV energy 
range because of its importance in blanket and shield calculations. 
Since the neutron cross sections, and hence the kerma factors , show 
strong variation with energy in many nuclides in the 1 ev 1 MeV 
range the energy mesh in this range was chosen such that there are 
at least five energy points within the boundaries of each group of the 
GAM-11 energy group structure defined shortly. The ten energy points 
in the thermal range were found adequate to accurately describe a 
Maxwellian or any other appropriate weighting spectrum in this range. 

The pointwise library was saved for future use such as 1-generating 
neutron energy release parameters and partial cross sections at any 
desired group structure ; and 2-inclusion of pointwise kerma factors in 
nuclear data libraries such as the UK and ENDF/B evaluations. 

b. Energy Group Neutron Kerma Factors and Partial Cross Sections 

The multigroup neutron kerma factors and cross sections by reaction 
were generated from the pointwise data discussed above for the GAM-11 
one hundred group structure shown in Table V.C. l. The group average 
f , of an energy dependent parameter , f (E) , is obtained from 
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where E
1 

and E
02 

are the group energy limits and W (E) is a weighting function. 
A discussion r the weighting spectra appropriate for fusion systems 
follows. 

Weighting Spectrum 

In choosing a weighting spectrum, W (E) , appropriate for fusion systems, 
it is desirable to use a single weighting function which is adequate for 
all materials at all spatial points. In the following, an attempt is 
made to develop a weighting scheme that introduces a minimal error in 
fusion system neutronics calculations. 

In typical CTR systems,nearly monoenergetic neutrons impinge on the 
first wall ; the blanket and shield are source free. As known from 
slowing down theory C6) , in the absence of absorption and inelastic 
scattering, the flux assumes a 1/E behavior below an asymptotic energy, 
Eas' which is roughly equal to a 3 E s where Es is the source energy and 
the parameter a is equal to (A - 1/A + 1) 2. For niobium and lithium, 
the parameter a is equal to . 957 9 and . 5596 and for a 14 MeV source 
energy the asymptotic energy is equal to 12. 4 and 2 , 5  MeV, respectively. 
The behavior of the flux changes significantly in the presence of non
elastic reactions. The presence of absorption has the effect of depressing 
the flux. Although the effect of inelastic scattering can not be treated 
analytically in most cases, its effect in qualitative terms is to change 
the 1/E energy dependence of ¢ (E) to E-n with n roughly a constant 
within the energy limits of an energy group for a fine group structure. 

Figure A. l shows the flux, ¢ (E), versus energy at several spatial 
points in a typical blanket of a D-T fusion system. The blanket consists 
of a 1 cm niobium first wall, 42 cm region of 95% Li plus 5% Nb, a 20 cm 
stainless steel and a 7 cm Li region. The first wall inner radius 
(cylindrical geometry) is three meters and the blanket is followed by 
a one meter mixture of 70% stainless steel plus 30% B4C. The neutron 
group fluxes were obtained from a 100 group transport calculation. 
¢ (E) was obtained at the midpoint energy of each group by dividing the 
group flux by the energy width for the group. This method of calculating 
¢ (E) does not provide accurate information about the exact variation of 
the flux within the groups but it suffices for our purposes here to 
assume a linear variation of the logarithm of the flux with the logarithm 
of energy within each group. 
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The first curve in Figure A.la which covers the energy range 
above 1 KeV shows ¢ (E) versus E in the middle of the first wall. 
Since the mean free path for a 14 MeV neutron in niobium is about 
4.5 cm (typical for other proposed first wall materials) a large 
portion of the source neutrons pass through the 1 cm thick first wall 
without collision. Hence , the flux in the first wall is high at 14 
MeV and decreases very rapidly (faster than E-15) as the energy 
decreases down to about 12 MeV. At lower energies , ¢ (E) varies with 
E as E-n with n approximately 2. 3  from 5 to 3 MeV , 1.8 from 3 to 
1.5 MeV and 0.4 at lower energies. The second curve corresponds to the 
flux at a point 25 cm from the first wal l , i.e. close to the middle 
of the lithium region. The qualitative behavior of this curve is 
the same as that of the first wall. The transition energy below which 
the flux assumes the E-n behavior is , however , considerably lower and 
is approximately 6 MeV. Above the transition energy , the flux 
increases with E as E5 which is more slowly than in the first wall and 
the absolute magnitude of ¢ (E ) varies also with E as E-n with an n 
of about 1.8 from 5 to 1.5 MeV and 0.5 at lower energies. The third 
plot in Figure A.l is for ¢ (E) 50 cm from the first wall which is 
about two mean free paths (for a 14 MeV neutron) deep in the stainless 
steel region. The transition energy is about 6 MeV and the flux varies 
qualitatively with energy as in the lithium region but faster below the 
transition energy and slower above. 

Figure A, l, b  shows ¢ (E) versus E for E less than 1 KeV for the 
three blanket positions of Figure A.l.a The general behavior of 
¢ (E) at such low energies varies considerably with the position in 
the blanket and shield. The strong absorption of lithium-6 affects 
the spectrum markedly at such low energies in the lithium and neighboring 
regions. At these low energies , the fraction of neutrons scattered into 
this energy by inelastic scattering in structural material (5% by 
volume in the example considered here) and lithium decreases rapidly 
and most of the neutrons slowed down to this low energy range came from 
elastic scattering. In addition , because of the 1/v behavior of the 
(n , a) reaction in Li-6 the absorption increases so rapidly that the 
1/E general behavior of ¢ (E) is no longer maintained. In the lithium 
region , flux shown in Ftgure A.l.b, ¢ (E) decreases as the energy 
decreases roughly as El/ Z  from about 100 down to 30 eV then linearly 
at lower energies . Since almost all neutrons in the first wall , at 
these energies come from the lithium region ¢ (E) in the first wall behaves 
roughly as that in the lithium. The third curve is Figure A.lb is for 
¢ (E) 50 cm from the first wal l  which is several mean free paths for 
neutrons of intermediate energies. Because most of the neutrons below 
1 KeV at such a point come from slowing down in iron rather than 
transport from the lithium region the 1/E behavior is maintained down 
to about 10 eV. Below about 2 eV , the flux in theiron region drops as 
the energy decreases because of absorption in iron and the decrease 
in the albedo at the lithium-iron interface. The behavior of cj> (E ) 
with E in the shield region below about 1 KeV ls rou�h ly  the sanw as 



A. 5 

in the lithium region because of the s trong 1/v absorption in B-10 
(the shield in the reference system discussed here employs 30% by volume 
B

4
C) . 

In the energy range zero to 0. 4 eV no information about the energy 
dependence can be obtained from the above calculations because the 
GAM-II group structure employed in thes e calculations has only one 
energy group covering this range. Predictions of the flux s pectrum at 
such low energies is complicated by the presence of upscattering in 
addition to downscattering and strong absorption such as in Li-6 and 
B-10. 

Upscattering is generally important only below a characteristic 
energy, Em, of about 0. 2 eV. In large systems with no sources from 
fast neutrons above Em and no absorption the thermal flux is Maxw ellian. 
In the presence of weak absorption, the heutron flux below E is 
conveniently fitted to a Maxwellian distribution with an emp!rical 
neutron temperature, Tn, which is related to the system thermodynamic 
temperature, T, by the relation (6) 

a 
T = T (l + C _1!2__) 

n �oso 

where C is a constant of approximately 1. 6, � is the average logarithmic 
energy decrement per collision, and cra0 (E) and CTs0 (E) are the absorption 
and scattering cross sections at E = KT. The ratio cra0/�crso must be 
less than about 0. 2 for the concept of the neutron temperature to be 
meaningful, otherwise the energy spectrum of thermal neutrons departs 
too much from Maxwellian. For natural lithium, the ratio cra/�os is about 
260 at 20 ° C. Therefore, in natural or enriched lithium the energy 
spectrum of thermal neutrons is far from Maxw ellian and will vary 
roughly linearly with energy as a result of the strong absorption of 
thermal neutrons in Li-6. The same conclusion is true for any s ystem 
with a large concentration of B-10 or any other strong absorber. In any 
event, the energy range from zero to a few hundred electron volts is 
relatively unimportant in the blankets and shields of a D-T fusion reactor 
as will be seen later in this appendix. 

In summary, the energy dependence of the CTR neutron flux can be 
divided into four energy ranges, thermal, epithermal up to about 1 KeV, 
slowing down or moderating region from about 1 KeV to a transition 
energy (approximately 1 2  MeV in the first wall and roughly 6 MeV in the 
rest of the blanket) , and above the transition energy to 1 5  MeV. At 
thermal energies, the spectrum is not well known at present and ¢ (E) 
is likely to increase linearly with energy. From thermal to about 
1 KeV, the energy spectrum of the neutrons varies with spatial position 
and ¢ (E) increas es with energy in the first wall, the lithium, and 
high boron concentration regions and assumes 1/E behavior in other regions. 
From about 1 KeV to the transition energy, the flux decreases with energy 
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with a piecewise constant power of roughly 0. 4 to 0. 7 up to 1. 5 MeV and 
1. 7 to 3 at higher energies. Above the transition energy, the flux 
increases (with a few exceptions) with energy as En with n between 3 
and 30. Although the neutron energy spectra may be dif ferent for other 
blankets of different composition and configuration, the energy dependence 
is generally within these bounds. 

Since the region above the transition energy is of great importance 
in calculating the various blanket parameters, a more detailed spectrum 
needs to be considered in this energy range. Because of ion motion 
the D-T neutron source has a Gaussian-like distribution of energy 
centered around 14. 06 MeV. Therefore, the spectrum decreases with 
energy above 14. 06 MeV. Again, this effect does not appear in the 
spectrum of Figure A. l because the GAM-II group structure has only one 
energy group in the energy range 13. 5 to 15. 0 MeV. 

A weighting spectrum that accounts for the energy distribution of 
the D-T neutrons was developed at LASL (7). This spectrum is shown in 
Figure A. 2 and has the form : 

W (E) = !_ + B E 
5 (E - E )

2 

jdT f (T) exp {- 4 
E KT

o } 
0 

where f (T) is the fraction of the D-T neutrons which are generated when 

the plasma temperature is between T and T + dT. The broadening of the 
D-T neutron spectrum is taken into account in the expoential term. 
The average energy, E0, of a D-T neutron is 14. 06 and the parameters A 
and B were chosen so as to put 25% of the flux into the 14 MeV peak (7). 
Although the 14 MeV spectrum broadening was derived for Scyllac-type 
reactors (pulsed ) it is fairly typical of all other reactor types. 

The sensitivity of the energy group constants to variations in the 
weighting spectrum determines, to a large extent, the degree of elaboration 
required in spectrum weighting .  Hence, it is necessary here to investigate 
the sensitivity of neutron group kerma factors and partial cross sections 
to changes in the weighting spectrum. Since the blanket and shield 
spectrum varies with energy to a power that varies in several energy 
ranges, the difference between the group constants obtained from flat 
and a 1/E weighting functions will be compared to the Maxwellian 

weighted constants. The effect of the D-T neutron energy distribution 

on high energy group constants will also be discussed. 

Li-6, Li- 7 and vanadium are chosen here for investigating the 
sensitivity of the group constants to variations in weighting spectra. 
Li-6 and Li-7 are chosen because the neutron spectrum in the blanket 
is af fected most by these two materials. Furthermore, about 80% of the 
neutron heating is generated in the lithium region. Although the first 
wall is the most critical section from a heat removal point of view, 
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most of the energy deposit ion in the wall is generated by the 
secondary photons since the wall material is usually of a high atomic 
number. The sensitivity of group kerma factors to the weighting spectrum 
will be examined for vanadium because it has the highest neutron to 
gamma energy deposition ratio and also because the thermal group is 
unusually important in this material. 

Table A. 3 through A. 5 show the kerma factor by group for flat, 
1 /E  and LASL weighting spectra for Li-7, V, and Li-6,  respectively. 
The results are presented for the groups that 

a. have the larges t contributions to heat generation, 
b. have fine cross section structure for these materials, 

and c. show the larges t change in group constants for these 
weighting spectra. 

As seen from Tables A. 3 to A. 5, changing the weighting spectrum, 
W(E) , from cons tant to 1 /E  changes the group kerma factors by less than 
0. 2 %  for groups of energies above 1 MeV. In this energy range, the 
kerma factors gernally increase with energy and hence the 1/E  weighting 
results in lower group average than the flat-weighted. In the KeV 
energy range, the difference between the group constants obtained from 
constant and 1 /E  weighting is higher than in the MeV range because the 
GAM-II group structure employs a wider lethargy range per group in this 
range. However, this diffe.rence is also small and about 0. 5%. 

The LASL weighting spectrum, w1, is 1/E  below 1 2. 5 MeV and therefore, 
it reproduces the same 1/E group averaged constants in all but the first 
two groups. The 14 MeV peak in W1 increases with E up to 14. 06 MeV 
then decreas es. Since 14. 06 is lower than the midpoint energy for 
the first group, the W1-group averaged kerma factors for this group are 
smaller than those produced by 1/E  weighting. The 14 MeV peak in WL 
covers about two thirds of the energy width of the second group and is 
rapidly increasing with energy in this range. The largest difference 
between the WL and 1 /E  weighted group kerma factors occur in this group 
and is about 1. 4%  for Li-7 and 5% for vanadium. 

In contrast to all other energy groups, the thermal group in all 
three materials shows a large change of about 4 3% in group constants 
when the weighting spectrum is changed from constant to 1 /E.  This 
effect is due to the 1 /v behavior of the kerma factors at thermal 
energies for the three materials. This in turn is due to the 1/v 
behavior of the Li7 and V(n,y) and Li6 (n, a) cros s s ections.  Questions 
relating to thermal group weighting are examined below. 

In general, the kerma factors at thermal energies are much smaller 
than at higher energies. In the thermal energy range, elastic scattering 
and radiative capture are the only two mechanisms for energy deposition 
in most materials. The recoil energy from elastic scattering is very 
small because of the low incident energy. Although the binding energy 
for an additional neutron is relatively large in all materials, the 
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nuclide recoil energy from an (n,y) reaction is small because of 
momentum conservation. Therefore, energy deposition by thermal neutron 
interactions is small in most materials. The three materials investigated 
in this section are among the exceptions. The thermal kerma factors is 
large for Li-7 because of S- decay following radiative capture and are 
large for Li-6 because its (n,a) reaction is exothermic and has a large 
1/v cross section at low energy. In these three materials, the energy 
release per reaction is constant at thermal energies (the energy dependence 
is extremely small). Therefore, the pointwise kerma factors vary 
inversely with IE. Thus, the change in the thermal group kerma factor 
due to changing W (E) from constant to 1/E can be easily shown to be 

-
k - � 

cl 
= a = -

� 

E - E 
2 1 

IE
1

E
2 

ln E 
2 

E
l 

where the subscripts a and b denote 1/E and flat-weighted quantities, 
respectively and E1 and E2 are the lower and upper energy limits of 
the group. With E1 equal to . 022 and E2 equal to . 414, C1 is 43%. 
The change in the thermal group factor when the weighting function is 
changed from W (E) = E to W (E) = 1/E can also be obtained for 1/v kerma 
factors as 

k -
c2 

= a 

k 

k 
C 

C 

= 
2 -1 + -
3 

ln E /E 
2 1 

where the subscripts a and c denote 1/E and E-weighted quantities, 
respectively. C2 is equal to 72% for E1 equal to . 022 and E2 equal to 
. 414 eV. 

For 1/v pointwise kerma factors, the average over a Maxwellian dis
tribution is simply 

k 
m 2 

T 
no :  

T 
n 

1/2 

k 0 

where T is the absolute temperature of the neutrons, T is the neutron 
tempera¥ure at reference energy E0 in the energy range i.IBere 1/v behavior 
prevails, and k (R0) is the pointwise kerma factor at Eo. The thermal 
group in the GAM-II group structure extends from . 414 down to an arbitrary 
cut-off of , 022 or lower. In the energy range of 0. 2 to 0. 414 the 
upscattering can usually be ignored and the spectrum closely resembles 
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that at higher energies . The effect of using a Maxwellian weighting 
on the thermal group kerma factor is shown in Table A . 6 for Li-6 
at several neutron temperatures . From the results in this table, the 
following observations can be made. The flat weighting severely under
predicts the group average for a Maxwellian-like flux. The 1/E 
weighting is also unacceptable if the energy spectrum of thermal 
neutrons is Maxwellian with neutron temperature of about 300° K. 
It is also apparent from Table A . 6 that changing the weighting spectrum 
from 1/ E to Maxwellian in the energy range . 2  to . 414 eV has little 
effect on the group average. The group kerma factor averaged over a 
Maxwellian distribution decreases with the neutron temperature 
T-1/ 2 and at about 700° K it is roughly equal to that obtained from 
1/E weighting. For kerma factors and cross s ections that exhibit 1/ ./E 
behavior, the average over 1/ E weighting from E1 to E 2 is equal to 
the average over a Maxwellian weighting from zero to E 2 if E1 satisfies 
the equation 

where T is the Maxwellian neutron temperature in energy units with the 
assumption that very little error is made in extending the upper limit 
of integration over the Maxwellian from E 2 to infinity. The above 
discussion about the thermal group averaging should not overemphasize 
the importance of this group . For the fusion blanket given earlier in 
this appendix the thermal group is of very little importance in calculating 
the neutron heating . However, for a nuclear system with a 1/ E flux 
distribution and thermal neutrons following a Maxwellian distribution 
for 700° K representing only 1% of the integrated flux from thermal to 
15 MeV, the neutron heating by thermal neutrons represents more than 
20% of the total neutron heating in Li-6 and B-10 . The effect of the 
weighting spectrum on the total neutron heating rate in Li-6, Li-7 
and V is shown in Tables A, 3 through A. 5. In these tables, n is the 
neutron heating rate p er unit fluence for uniform (GAM-II) gr8up flux 
and n is the neutron heating rate per unit fluence for the first wall 
flux if the CTR blanket d iscussed earlier in this appendix. From these 
tables, it can be seen that n changes only about . 1% when the weighting 
spectrum is changed from unif�rm to 1/ E .  n ·  changes by . 06% for Li-7, 
3 . 7% for vanadium and 7, 4% for Li-6. The l�rge change in ns for vanadium 
and Li-6 essentially is because of the change in the kerma factor for 
the thermal group . In the uniform GAM-II group flux, the thermal group 
has 1% of the total population of neutrons . In a lithium blanket, 
however, the thermal neutron flux is only 10-10 of the total flux in a 
large portion of the lithium region with a maximum of roughly 10-5 

at the lithium-iron interface in the reference design of Figure A . l. 
Therefore, the thermal group contribution to neutron heating is 
negligible in fusion blankets . The same conclusion is valid for magnet 
shields with high boron concentration. 

From the above results, it is concluded that the group kerma factors 
and partial cross sections are relatively insensitive to weighting spectra 
which lie between W(E) = constant and W(E) = 1/ E for groups  above thermal. 
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This result is for GAM-II one-hundred group structure and is 
different for other group structures . A measure of the adequacy of 
the group s tructure is  the sensitivity of the group constants to the 
weighting spectrum. I n  this context, it can b e  concluded that the 
GAM-II 'group structure is adequate for fusion systems in the energy 
range from 1 eV to about 12 MeV.  Although Li-6, Li-7 and V were 
considered above, similar obs ervations have been noted on other materials 
and it is believed that the results apply, in general, for all other 
materials investigated in this work . 

From the study presented above, it  is concluded that an appropriate 
weighting s pectrum, W(E ) , for D-T fusion systems is  as follows . Above 
1 KeV, the use of LASL weighting function is justified because it does 
reproduce the gross behavior of fusion spectra on one hand and the average 
group constants are relatively insensitive to detailed variations in 
the weighting spectrum on the other hand . This result applies only 
to fine group structures such as GAM-II one hundred group structure. 
Below 1 KeV, W(E)  = E is reasonable because 1 - the most important 
blanket and shield regions have neutron energy spectra that increase 
roughly linearly with energy, 2 - the group constants are relatively 
insensitive to more d etailed variations in the weighting spectrum for 
fine group structures, and 3 - the energy range below 1 KeV is of little 
importance for neutron heating and reaction rates of interest in the 
regions where the neutron spectrum departs too much from � (E) = cE . 
The thermHl group has a negligible effect on the neutronics results for 
the fusion sys tems considered in this work and it s uffices to use 
W (E) = E for thermal neutrons . 

c. Gamma Kerma Factors 

Gamma multigroup cross sections were generated with the MUG code 
for the 4 3  group structure shown in Table V . C . 3. This group structure 
was constructed usi ng an equal energy width of . 75 MeV for groups 
above 8 MeV and . 25 MeV in the 1 to 8 MeV range . The gamma cross 
section variation with energy for the most important CTR materials 
was taken into account in constructing this group structure . 

The gamma kerma factors were generated on the same group structure 
with 1/E weighting. 

A. 2. Comparison with Previous Work 

Theoretical and computational models for calculation of 
fluence-to-kerma factors were developed earlier in this s ection. 
In the previous two subs ections ,  the data libraries generated with 
thes e models were described and samples of the kerma factor results 
were presented earlier in Chapter V.  

The question of the validity of these results is relatively compli
cated .  In the thesis of Abdou(l) it is shown that these results are 

. , 



A . 11 

indeed reliable as to the adequacy of the theoretical model and correctness 
of the computations . In the following, the comparison with previous work 
shows the importance of our study in providing reliable methods and data 
for accurate calculation of nuclear heating in CTR systems. 

Most earlier kerma factor calculations were directed toward cal
culating kerma factors for elements which are major constituents in 
the human body. Several simplifying assumptions were usually employed . 

The most notable of these are the neglect of 
the total contribution of some important reactions, ignoring the 
anisotropy of elastic scattering, failing to include the resonance 
contribution to appropriate reaction cross sections in several cases, 
and inadequate treatment of the partitioning of the energy deposition 
and secondary neutron and photon emission. In addition, none of the 
previous works has a gene.ral format or computational algorithm for 
calculating neutron fluence-to-kerma factors and the same effort had 
to be duplicated for each material or for a revision of the basic 
nuclear data for the same material. 

The present work has the following merits over the previous work : 
1 - development of a complete theoretical model for calculating the neu
tron kerma factors for all significant reactions based on accurate sol
ution of the kinematics equations of nuclear reactions without incorp
orating any significant simplifying assumption, 
2 - based on this theoretical model an efficient computational algorithm 
was developed for calculating neutron kerma factors directly from nuclear 
data in the widely used format ENDF/B. The computer program MACK which 
incorporates this algorithm processes all reactions significant to energy 
deposition and recognizes all of the multiplicity of data formats currently 
allowed by ENDF/B. Given also the fact that most of the other widely 
recognized data libraries such as the United Kingdom (UK) library can 
be converted to ENDF/B format by existing codes (8) the neutron kerma factors 
can be processed with MACK using the most widely used, and in a sense 
the best, nuclear data currently available. 
3 - an efficient treatment of the resonance region was built into the 
MACK program to calculate the contribution to cross sections from the 
resolved and unresolved resonance parameters including the Doppler effect, 
4 - these theoretical and computational models are independent of the 
actual values of nuclear parameters, and as nuclear data is updated or 
new information becomes available the only requirement for calculating 
a new set of kerma factors is a few minutes of machine time, 
5 - the contribution to energy deposition from radioactive decay of the 
residual nucleus of a nuclear reaction is calculated accurately. The 
Fermi theory (see references 1 and 2) of S- decay is used to calculate 
the average kinetic energy of a s- or s+ particle for a given endpoint 
energy, E0 , of the S-spectrum, and atomic number, Z, of the residual 
nucleus. 
6 - the accuracy of the kerma factors calculated with the theoretical 
and computational algorithms of the present work is set only by the 
accuracy of the basic nuclear data used. 



A . 12 

The most recent ENDF/B3 data and in some cases the UK data were 
used for calculating the neutron kerma factors presented here . The 
evaluation of these libraries are far from perfect as will be noted 
but due to the extensive efforts spent on preparing and revising these 
evaluations and their wide usage they represent the most recent and 
presumably the best data available at present . Thus it is fair to 
say that the neutron kerma factors presented in this work are calculated 
to the best of our present knowledge of nuclear data . The evaluations 
for materials of interest for CTR were investigated with particular 
care and revised to ensure that the kerma factors are adequately 
determined . 

The most recent and extensive among the previous works is that of 
Ritts et al reported in references 9 and 10 . They made an attempt to 
include a large number of significant reactions for several materials .  
However, their work has the following drawbacks which greatly affected 
the accuracy of their kerma factor results . 

a - They assumed (9,lO)
the evaporation model to be valid in all cases for 

describing the secondary neutron energy distribution from inelastic 
scattering to continuum and (n,2n) reactions . This assumption is known 
to be invalid in several cases ; e . g .  in the Be9 

(n,2n) reactions . (The 
present work allows for a general format for describing the secondary 
neutron energy spectra . )  

b - They also assumed (9)
that the nuclear temperature for this evaporation 

model can be calculated from the Fermi gas model 

the nuclear temperature 8 as 8 (E) = llOE/A where E and e are in MeV . 
This relation is very approximate, particularly for magic or near magic 
and light nuclei . 

c - The Ritts et al treatment of the inelastic scattering to the continuum 
yields particularly poor results for the fol lowing reasons . They always 
incorporated the evaporation model for representing the secondary neutron 
energy spectra which, if adequate, is valid only for true inelastic 
scattering to continuum, i . e. when the residual nucleus is left 
in the continuum energy range . However, the nuclear data they used com
bines all modes of inelastic scattering (level and continuum) for incident 
energies above certain energy (in rather arbitrary fashion in most cases) 
and the combined cross sections are identified as the cross sections for 
inelastic scattering to the continuum regardless of the state of the 
residual nucleus . Consequently, the secondary neutron energy distribution 
in such cases includes the discrete spectrum from level scattering and 
the use of an evaporation model for this secondary neutron spectrum yields 
poor results for the average energy of the secondary neutron . Furthermore, 
the solution of Ritts et al of the kinematics equation for inelastic 
scattering to the continuum relies on using the quantity Qmin which is 
the Q-value for the minimum excitation energy for the continuum range in 
the residual nucleus. Since the data they used had a different definition 
of inelastic scattering to the continuum, Qmin was given as zero in most 
of their nuclear data . Given the fact that Qmin is typically a few 
MeV it is clear that the neutron kerma factors calculated in Ritts et al 
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were not correct in such cases. (The present work has intentionally 
avoided incorporating any Q-value in the calculations for inelastic 
scattering to the continuum for this reason. Rather, an accurate 
calculation of the known secondary neutron energy spectra was employed.) 

d - In several cases, the anisotropy of the elastic scattering was entirely 
ignored in their work. This resulted in very poor kerma factors, particularly 
in the high energy range, as wil l  be shown shortly. (Here, the anisotropy 
of both elastic and inelastic scattering are treated as accurately as 
the data permits.) 

e - Some evaluations of nuclear data used by Ritts et al (OSR and ENDF/Bl & 
2) provided the resonance parameters for the resonance region and the 
smooth cross sections given in this range were the background cross sections 
only. Due to the lack of a resonance treatment in Ritts technique, the 
contribution of the resonance cross sections was ignored in such cases. 
This affected their kerma factor results for elastic scattering and 
radiative capture in the resonance region. (The MACK program developed 
in the present work has a "built-in" capability for calculating the con
tribution from both the resolved and unresolved regions including the 
effect of Doppler broadening.) 

f - No attempt was made in their work to calculate the excitation energy 
of the residual nucleus from the (n,2n) reaction and the gamma energy emission 
from this reaction was ignored, i.e. it was implicitly assumed to be 
deposited locally. This can be clearly seen from equation 17 in reference 9 
and equation 12 in reference 10. 

From the above discussion it is clear that large differences between 
the neutron kerma factor results obtained in the present work and 
those calculated by Ritts can be expected even if the nuclear data used 
in both works were the same because of the assumptions in the calculationa: 
and processing models. In addition, due to the frequent changes in 
basic nuclear data from one evaluation to another the nuclear data used 
by Ritts (OSR and ENDF/Bl & 2 libraries) several years ago is different 
in many instances from the most recent nuclear data used in the present 
work (ENDF/B3). 

Tables A.8 through A.13 compare the neutron kerma factors obtained 
in the present work with those from Ritts et al for Li6, Li7, cl 2, Nb and 
Fe. The neutron kerma factors in these tables of Ritts et al were obtained 
from the Radiation Shielding Information Center at ORNL. The comparison 
in Tables A.8 through A.13 shows that the difference between their results 
and ours is general ly large, particularly in the 10 to 15 MeV energy range. 
The neutron kerma factors by reaction in their calculations are not 
available which makes it difficult to isolate the differences due to the 
calculational model from the differences arising from using different 
basic nuclear data. However, the sensitivity study of neutron kerma 
factors to variations in input nuclear parameters as discussed in 
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reference 1 shows that, in general, "reasonable" or "realistic" 
changes in nuclear parameters do not produce changes in neutron 
kerma factors as large as the difference between the results compared 
here . By "reasonable" or "realistic" changes in nuclear data, we 
mean changes that are within the "spread" of values reported in 
literature for a particular nuclear parameter . The sensitivity study 
shows, on the other hand, that a combination of assumptions such as ig
noring the contribution of some important reactions, neglecting the 
resonance contribution, not including the anisotropy of elastic scattering, 
and inadequate treatment of the secondary neutron energy spectra do 
indeed produce large changes in neutron kerma factors similar to the 
differences between the results of this work and those of Ritts , While 
some of the differences can be shown to be due to differences in the 
basic nuclear data used in the two studies, differences exceeding 20% 
can generally be attributed to the different calculational model and 
processing techniques used . In the following, some of the large dif
ferences in Tables A . 8  through A. 13 are discussed. 

Table A, 10 shows that the neutron kerma factor for sodium obtained 
by Ritts et al is about 70% smaller than that obtained in this work in 
the energy range 10 to 15 MeV. This is one of a few examples for which 
the reason for the difference is obvious . In calculating the sodium 
kerma factors, they included only elastic and inelastic scattering and 
radiative capture . The present work included, in addition to these 
reactions, the (n,p) , (n,a) and (n,2n) reactions . It is shown in 
reference 1 that the contribution of (n,p) , (n,a) and (n,2n) reactions 
to the neutron kerma factor of sodium is more than 75% of the total from 
10 to 15 MeV .  Subtracting the contribution of these reactions from the 
� obtained with MACK shows that the Ritts result overestimates the kerma 
factor for the reactions which were included. 

It is noted that their results are generally higher than ours in 
the energy range 10 to 15 MeV where the largest difference between 
the two works occur if the reactions included are the same in both cases . 
Further, it was noted that the difference is very large for materials in 
which energy deposition by elastic scattering represents a significant 
fraction of the total energy deposition . For example, the elastic 
scattering contribution to � at 15 MeV is about 16% in 1 16 and 29% in 
Li7. Ritts et al estimate ku at 15 MeV about 13% higher for Li6 and 51% 
higher for 1 17 than the current work. However, it is observed that if 

7 the center-of-mass anisotropy of the elastic scattering is ignored for Li 
in the 10 to 15 MeV energy range (see reference 1) the result is only 
slightly higher than their result. Therefore, it is strongly suspected 
that they may have ignored the anisotropy of the elastic scattering. 

Table A, 11 shows the comparison between the kerma factor ob_tained 
here and that calculated by Ritts et al for niobium . The agreement 
between the two works is "unusually" good at high energy .  That "com
pensation of error" has played an important role in this agreement can 
be seen by noting that the nuclear data used in the two works is 
different in this high energy range . In addition, the difference is 
large in the energy range 10 eV to a few KeV which is the resonance 
region for niobium. For practical reasons , we selected only a few 
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energy points at which to show the comparison in Tables A. 8 through A. 13. 
Table A. 14 shows a detailed comparison between the niobium kerma factors 
of the two works at a finer energy mesh in the neighborhood of 1 KeV. 
These results were obtained directly from the two works without any 
interpolation. The basic nuclear data for niboium used in the present and in 
Ritts work is the same in the resonance energy region. These results 
show clearly that Ritts et al have ignored the resonance contribution entirely 
with the result that their neutron kerma factors are less than 5% of the 
actual values. At 1 KeV, their kn is only about 0. 4% of our value. 
Since the contribution to the neutron kerma factor at 1 KeV comes from 
elastic scattering and radiative capture ; and since elastic scattering 
is isotorpic in this energy range, the results obtained in the present 
work can easily be checked by hand calculations as shown at the end of 
Table A. 14. 

In reference 1, a method was developed for investigating the 
consistency of the neutron kerma factor results by comparing the neutron 
heating rate obtained from these kerma factors with that obtained from 
an energy balance over a finite volume of space for which the neutron 
flux and surface current are known. The method was then used to verify 
the results of the present work. When similar calculations are carried 
out with the neutron kerma factors obtained by Ritts et al, it is found that 
the energy balance is destroyed. 



TABLE A. l 

A lis t of materials of interes t for us e in CTR for which the following lib raries were generated: 

1 .  Pointwise neutron kerma factors and partial cross sections , 
2 .  100 neutron energy group kerma factors and partial cross sections , and 
3. 4 3  gamma energy group kerma factors . 

Material E:.1)F B �T 

He 1088  

Li-6 ll 15 

Li-7 lll6 

N-14 ll33 

0-16 1 1 34 

H-1 ll4 8 

Be-9 ll54 

B-10 ll55 

B-ll ll60 

C-12  1 16 5  

Al-2 7 1 1 35 

Na-2 3 1 156 

V 10 17 

V 30 2 3  

K 1 150 

Material ENDF/B XAT 

Cu-6 3 10 85 

Cu-65 1086 

Cr ll21  

Ni ll2 3  

Fe ll80 

W-182  1060 

W-1 8 3  106 1 

W-1 8 4  106 2 

W-186 106 3 

Mo 1 1 1 1  

Mo 31 1 1  

Ta-18 1  1 1 26 

Ta-182  1 1 2 7  

Pb 1 1 36 

Nb ll64 
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Table A . 2  
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c 3  ' . .  ) 

HT' 

91  
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51- 91 d.t:h Flag LR 
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TABLE A . 3  Sensitivity o f  Lithium-7 Group Kenna Factor* to Weighting 
Spectrum (for GAM-II 100 Group Structure) 

Midpoint W(E) = constant 
Group Energy (eV) A 

1 1 .  350 (+7) 3 . 3350 (+6) 
2 1 . 221 (+7) 3 . 1206 (+6) 
3 1 . 105 (+7) 2 . 9534 (+6 ) 
4 1 . 000 (+7 ) 2 . 7811 (+6) 
5 9 . 048 (+6) 2 . 5689 (+6) 
6 8 . 187  (+6) 2 .  3699 (+6) 
7 7 . 408 (+6) 2 . 2096 (+6) 
8 6 .  703 (+6) 2 . 1480 (+6) 

12 4 . 493 (+6) 1 .  9452 (+6) 
20 2 . 019 (+6) 7 . 6184 (+5 )  
35 4 . 505 (+5 ) 1 .  3049 (+5 ) 
40 2 . 732 (+5) 2 . 7099 (+5) 
61 5 . 531 (+3) 2 . 5279 (+3) 
81 3 . 727 (+!) 8 . 4222 (+3) 
93  1 . 855 (-+-0 ) 3 . 6935 (+4) 
99 4 . 140 (-1) 7 . 8485 (+4) 

100 2 . 180 (-1)  1 .  3664 (+5 ) 

4 . 7472 (+5) 
ns 
nw 7 . 9548 (+5) 

* in units of  electron volt . barn/atom 
, a • same as (B) 

1 W(E) • -
B E 

3 . 3330 (+6) 
3. 1192 (+6) 
2 . 9519 (+6) 
2 .  7 795 (+6) 
2 . 5672 (+6) 
2 . 3684 (+6) 
2 . 2085 (+6 )  
2 . 1479 (+6) 
1 . 9443 (+6) 
7 . 6116 (+5) 
1 . 3042 (+5) 
2 . 7261 (+5 ) 
2 . 5220 (+3) 
8 . 4430 (+3) 
3 .  7034 (-+4) 
7 . 8690 (+4) 
1 . 9468 (+5 ) 

4 . 7503 (+5) 

7 . 9498 (+5 ) 

LASL W(E) 

3 . 3129 (+6) 
3 . 1613 (+6) 

a 
a 
a 
a 
a 
a 
a 
a 
a 
a 
a 
a 
a 
a 
a 

4 . 7525 (+5) 

7 . 9208 (+5) 

% change 
B-A x 100 A 

- 0 . 06010 
- 0 . 04480 
- 0 .05080 
- 0 . 05750 
- 0 .06620 
- 0 . 06 330 
- 0 . 04980 
- 0 . 00467 
- 0 .04630 
- 0 .08900 
- 0 . 05360 
+ 0 . 60000 
- 0 . 23300 
+ 0 . 24700 
+ 0 . 26800 
+ 0 . 26120 
+42 . 50000 

+ 0 . 06530 

- 0 . 06290 

:i> 
I-" 



TABLE A . 4  Sensitivity of Vanadium Group Kerma Factor* to Weighting 
Spectrum ( for GAM-II 100 Group Structure) 

1 Midpoint W(E) • constant W(E) • -
Group Energy (eV) A B E LASL W(E) 

1 1 . 350 (+7 ) 1 . 2692 (+6) 1 . 2671 (+6) 1 . 2459 (+6 ) 

2 1 . 221 (+7 ) 1 . 0264 (+6) 1 . 0246 (+6 ) 1 . 0758 (+6) 

3 1 . 105 (+7 ) 8 . 4191 (+5 )  8 . 4065 (+5) 8 . 4065 (+5) 
4 1 . 000 (+7 ) 7 . 1644 (+5) 7 . 1550 (+5 ) 7 . 1550 (+5)  
5 9 . 048 (+6) 6 . 1716 (+5) 6 . 1646 (+5 ) 6 . 1646 (+5) 
6 8 . 187 (+6) 5 . 4255 (+5) 5 . 4201 (+5 ) 5 . 4201 (+5)  
7 7 . 408 (+6) 4 . 8465 (+5) 4 . 8423 (+5 ) 4 . 8423 (+5) 
8 6 . 703 (+6) 4 . 3868 (+5) 4 . 3834 (+5) 4 .  3834 (+5) 

12 4 . 493 (+6) 3. 1761 (+5) 3 . 1741 (+5 ) 3 . 1741 (+5) 
20 2 . 019 (+6) 1 . 7928 (+5 )  1 . 7908 (+5) 1 . 7908 (+5) 
35 4 . 505 (+5) 5 . 5182 (+4)  5 . 5458 (+4 )  5 . 5458 (+4) 

40 2 . 732 (+5) 5 .4378 (+4) 5 . 4193 (+4)  5 . 4193 (+4) 
61 5 . 531 (+3) 1 . 1487 (+5)  1 . 1258 (+5) 1 . 1258 (+5) 
81 3 . 727 (+1) 1 . 3368 (+5) 1 . 3401 (+5 ) 1 . 3401 (+5)  
93 . 1 . 855 (+o) 5 . 9293 (+5) 5 . 9449 (+5) 5 . 9449 (+5) 
99 4 . 140 (-1) 1 . 2555 (+6) 1 . 2588 (+6 ) 1 . 2588 (+6) 

100 2 . 180 (-1) 2 . 1956 (+6) 3 . 1375 (+6 ) 3 . 1375 (+6) 

ns 2 . 5747 (+5) 2 . 6699 (+5 )  2 . 6729 (+5 )  

nw 
2 . 9305 (+5) 2 . 9 258 (+5) 2 . 8960 (+5 )  

* in units o f  electron volt .  barn/atom 

% change 
B-A x 100 A 

- 0 . 1654 - 0 . 1755 - 0 . 1496 - 0 . 1312 - 0 . 1134 - 0 .0995 - 0 .086 7 - 0 . 0775 - 0 . 0630 - 0 . 1115 
+ 0 . 5000 - 0 . 3402 - 1 . 9935 
+ 0 . 2470 
+ 0 . 2631 
+ 0 . 2630 
+ 42 . 8994 

+ 3 . 6975 
- 0 . 1604 

> . 
...... 
I.C 



TABLE A . 5 

Energy 
Group 

1 

2 

3 

4 

5 

6 

7 

8 

12 

20 

35 

40 

61  

81 

93 

99 

100 

A . 20 

Sensitivity of Lithium-6 Energy Group Kenna Factor to 
Weighting Spectrum (for GAM-II Group Structure) 

Midpoint W(E) • constant LASL W(E) 
Energy (eV) A B 

1 . 350 (+7) 4 . 4111 (+6) 4 . 4003 (+6 )  

1 . 221 (+7) 4 . 2642 (+6) 4 . 2925 (+6 )  

1 . 105 (+7) 4 . 1545 (+6) 4 . 1537 (+6 )  

1 . 000 (+7 ) 4 . 0258 (+6) 4 . 0246 (+6 )  

9 . 048 (+6 )  3 . 89 81 (+6 )  3. 89 72 (+6 )  

8 . 187 (+6) 3 . 7 756 (+6 )  3 . 7 743 (+6 )  

7 . 408 (+6 )  3 . 6184 (+6 )  3 . 6171  (+6 )  

6 . 703 (+6 )  3 . 4670 (+6 )  3 . 4658 (+6 )  

4 . 493 (+6 )  2 . 9809 (+6 )  2 . 9802 (+6 )  

2 . 019 (+6 )  2 . 00 76 (+6 )  2 . 0068 (+6 )  

4 . 505 (+5) 2 . 1352 (+6 )  2 . 1378 (+6 )  

2 . 732 (+5) 1 . 0099 (+7) 1 .  0137 (+7) 

5 . 531 (+3) 9 . 0078 (+6) 9 .  0310 (+6) 

3 . 727  (+l) 1 . 0982 (+8) 1 . 1011 (+8) 

1 . 855 (+o) 4 . 9245 (+8) 4 . 9375 (+8) 

4 . 140 (-1) 1 . 0429 (+9) 1 . 0457 (+9) 

2 . 180 (-1) 1 . 8239 (+9) 2 . 6063 (+9) 

ns 1 . 08,78 (+8) 1 . 1684 (+8) 

4 . 9424 (+6) 4 . 9455 (+6) 

%change 
B-A x 100 A 

- 0 . 24480 

+ 0 . 66 360 

- 0 . 01920 

- 0 . 02980 

- 0 . 02308 

- 0 . 03443 

- 0 . 35920 

- 0 . 03460 

- 0 . 02348 

- 0 . 03985 

+ 0 . 12170 

+ 0 ,  37630 

+ 0 . 25750 

+ 0 . 26400 

+ 0 . 26400 

+ 0 . 26850 

+ 42 . 90000 

+ 7 . 40900 

+ 0 . 06272 
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TABLE A.6 Lithium-6 Thermal Group Kenna Factor for Various 

Weighting Spectra 

Energy Range W (E) k ( thennal group kenna 

.022 < E <,414 cons tant 1 . 8239 (+9 ) 

.022 < E < . 414 1/E 2 . 6063 (+9 ) 

.001 < E < , 200 Maxwellian ( 3000K) 

3 . 9 140 (+9 ) 
. 200 < E < . 414 1/E 

0 < E < • 414 Maxwellian ( 300°K) 3 . 9609 (+9 ) 

0 < E < . 4 14 Maxwellian (600°K) 2 . 8008 (+9 ) 

0 < E .::._ . 414 Maxwellian ( 1000°K) 2 . 1695 (+9 ) 

factor) 
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TABLE A. 7 
* 

Comparison of  Neutron Kenna Factors Ob tained from 
Present Work and from Rit ts e t  al . Data for Lithiurn-6 

ENERGY MACK 
(eV) (A) 

15 . 00 (+6) 7 . 17 79 (-6 )  

13. 74 (+6 ) 6 . 9865 (-6 ) 

12 . 58  (+6 ) 6 . 7908 (-6 ) 

11 . 5 2 (+6) 6 . 6443 (-6 ) 

10 . 06 (+6 ) 6 . 3442 (-6 ) 

9 . 08 (+6) 6 . 1675 (-6 ) 

8 . 10 (+6 )  5 . 8950 (-6 ) 

7 . 19 (+6) 5 . 5890 (-6 ) 

6 . 05 (+6) 5 . 1959 (-6 ) 

5 . 16 (+6 ) 4 . 9160 (-6 ) 

4 . 08  (+6) 4 . 5948 (-6 ) 

3 . 18 (+6 ) 3 . 8316 (-6 ) 

2 . 01 (+6) 3 . 1263 (-6 ) 

1 . 55 (+6) 2 . 9606 (-6 ) 

1 . 07 (+6) 2 . 8308 (-6 ) 

7 . 88 (+5 ) 2 . 7697 (-6 ) 

2 . 57 (+5 ) 2 . 5420 (-5 ) 

1 . 17 (+5 ) 5 . 5352  (-6 ) 

5 . 7 3 (+4 ) 5 . 3700 (-6 ) 

1 . 37 (+4) . 98464 (-5 )  

1 . 02 (+3) 3 .  5715 (-5) 

5 . 46 (+1) 1 . 5488 (-4 ) 

9 . 16 (+o )  3 . 7861 (-4 ) 

1 . 00 (+o) 1 . 1465 (-3) 

* in units o f  erg • barn/atom 

RITTS 
(B) 

8 . 1176 (-6 ) 

7 . 5881 ( -6 ) 
7 . 1611 (-6 ) 
6 . 8483 (-6 ) 

6 .  3711 (-6 ) 
6 . 1610 (-6 ) 
5 . 9 246 (-6 ) 

5 . 8186 (-6 ) 
5·. 6248 (-6 ) 

5 . 0907 (-6 ) 

4 . 565 3 ( -6 ) 
3 . 80 70 (-6 ) 
3 . 0693 (-6 ) 

2 . 9596 (-6 ) 
3 . 1239 (-6 ) 
3 . 2987  (-6 ) 
2 . 2755 (-5 ) 
6 . 6 766 (-6 ) 
7 . 0333  (-6 ) 

1 . 179 7 (-5 ) 
3 . 6355 (-5 ) 
1 .  5570 (-4 ) 

3 . 8432 (-4) 

1 . 1492 (-3) 

% difference 
B-A x 100 A 

+ 13 .09 

+ 8 . 61 

+ 5 . 45 

+ 3 . 0 7  

+ 0 . 42 
- 0 . 10 

+ 0 .50 

+ 4 . 10 

+ 8 . 25 

+ 3 . 55 
- 0 . 64 
- 0 . 64 
- 1 . 82 
- 0 . 03 

+ 10 . 35 

+ 19 . 09 

- 10 . 48 

+ 20 . 62 

+ 30 . 9 7  

+ 19 . 79 

+ 1 .  79 

+ 0 . 53 

+ 1 . 50 

+ 0 . 23 
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* TABLE A. 8 Comparison of Neutron Kerma Factors Obtained from 
Present Work and from Ritts et al . Data for Lithium-7 

ENERGY MACK 
(eV) (A) 

15 .00 (+6) 5 . 5610 (-6) 
13 . 74 (+6) 5 . 2127 (-6 ) 
12 . 58 (+6) 4 . 9426 (-6) 
11 . 52 (+6)  4 .  7118 (-6 )  
10 . 06 (+6) 4 . 3100 (-6) 

9 . 08 (+6) 3 . 9599 (-6) 
8 . 10 (+6) 3 . 6 304 (-6) 
7 . 19 (+6) 3. 4451 (-6) 
6 . 05 (+6) 3 . 5092 (-6) 
5 . 16 (+6)  3 . 2791 (-6) 
4 . 08 (+6)  2 . 8070 (-6) 
3 . 18 (+6) 1 . 9212 (-6) 
2 . 01 (+6) 1 . 1483 (-6 )  
1 . 55 (+6) 8 . 7685 (-7 )  
1 . 07 (+6) 6 . 05 70 (-7 )  
7 . 88 (+5) 4 . 1466 (-7) 
2 . 57 (+5 ) 9 . 2739 (-7) 
1 . 17 (+5) 3 . 1988 (-8) 
5 . 73 (+4 )  1 . 8157 (-8) 
1 . 37 (+4) 6 . 1561 (-9 ) 
1 . 02 (+3) 3 . 3403 (-9 )  
5 . 46 (+1) 1 . 1955 (-8) 
9 . 16 (+o) 2 . 8068 (-8) 
1 . 00 (+o) 8. 6508 (-8) 

* in units of erg • barn/atom 

RITTS 
(B) 

8 . 4077  (-6) 
8 . 1303  (-6) 

7 . 7682 (-6 ) 

7 . 4047 (-6 )  

6 . 6240 (-6 )  

5 . 9849 (-6 ) 

5 . 3451 (-6 )  

4 . 7421 (-6 ) 

4 . 0888 (-6) 
3 . 6657 (-6 ) 

2 . 8084 (-6 )  

1 .  9025 (-6 ) 

1 . 1252 (-6 ) 
8 . 6984 (-7) 

5 . 9150 (-7 )  

4 . 0516 (-7) 

9 . 3050 (-7 ) 
2 .  7903 (-8)  

1 . 5379 (-8 ) 
4 .  7871 (-9 ) 
3 . 7655 (-10) 

1 . 9531 (-8) 
4 . 59 71 (-8) 
1 . 4156 (-7 )  

% difference 
B-A x 100 A 

+ 51 . 19 

+ 55 . 9 7  

+ 57 . 17 

+ 57 . 15 

+ 53 . 69 

+ 51 . 14 

+ 47 . 23 

+ 37 . 64 

+ 16 .51  

+ 11 .  79 

+ . OS 
. 9 7  

- 2 .01 

• 79 
- 2 . 34 
- 2 . 29 

+ . 33 

- 12 . 77 

- 15 . 29 

- 22 . 24 

- 88 . 72 

+ 63 . 37  

+ 63 . 78 

+ 6 3 . 63 
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* 
TABLE A . 9 Compar lson o f  Neut ron Kerma Factors Obtained from 

Present Work and from Ritts et al . Data for Carbon 

ENERGY MACK 
(eV) (A) 

15 . 00 (+6) 6 . 1465 (-6 ) 

13 . 74 (+6 )  5 . 0155 (-6 ) 

12 . 58 (+6 )  4 . 3233 (-6 ) 

11 . 52 (+6) 3 . 6849 (-6 ) 

10 . 06 (+6 ) 1 . 9683 (-6 ) 

9 . 08 (+6) 2 . 1572 (-6 ) 

8 . 10 (+6) 2 . 3454 (-6 ) 

7 . 19 (+6) . 9 7 34 (-6 )  

6 . 05 (+6 ) 1 .  2718 (-6 ) 

5 . 16 (+6) 1 . 1282 (-6 ) 

4 . 08 (+6 )  1 . 6244 (-6 ) 

3 . 18 (+6) 1 .  3670 (-6) 

2 . 01 (+6 )  7 . 5542 (-7 ) 

1 . 55 (+6 )  6 . 6223 (-7) 

1 . 07 (+6 )  5. 6210 (-7) 

7 . 88 (+5 ) 4 . 8137 (-7)  

2 . 57 (+5 ) 2 . 2506 (-7) 

1 . 17 (+5 ) 1 . 1477  (-7) 

5 . 73 (+4 ) 5 .  9139 (-8) 

1 . 37 (+4 )  1 .  4709 (-8) 

1 . 02 (+3 ) 1 . 1085 (-9 ) 

5 . 46 (+1) 5 . 9389 (-11 ) 

9 . 16 (+o) 1 . 0222 (-11 ) 

1 . 00 (+o) 1 .  9662 (-12 ) 

* in units of erg • barn/atom 

RITTS 
(B) 

6 . 5561 (-6) 
5 . 0326 (-6 ) 

3 . 9690 (-6 ) 
3 . 0202 (-6) 
1 .  7594 (-6 ) 

1 . 6 399 (-6 )  

2 . 1192  (-6 ) 

1 . 0411 (-6 ) 
1 .  2718 (-6 )  

1 . 1038 (-6) 

1 . 6637 (-6 )  

1 .  2754 (-6 ) 
7 . 6059 (-7 ) 
6 . 6836 (-7) 
5 . 7267 (-7) 
4 . 9239 (-7) 
2 . 2980 (-7 ) 
1 . 1659 (-7) 
5 . 9989 (-8) 

1 . 4919 (-8) 
1 . 1289 (-9 ) 
6 . 0507 (-11 ) 
1 .  0098 (-11 ) 
1 . 1039 (-12) 

% difference 
B-A x 100 A 

+ 6 . 66 

+ o .  34 
- 8 . 19 

- 18 . 04 

- 10 . 61 

- 23 .  98  
- 9 . 64 

+ 6 . 95 

o . oo 
- 2 . 16 

+ 2 . 42 
- 6 . 70 

+ 0 . 68 
+ 0 .92  

+ 1 . 88 
+ 2 . 28 

+ 2 . 10 

+ 1 . 58 
+ 1 . 44 
+ 1 . 42 
+ 1 . 84 
+ 1 . 88 - 1 . 21 

- 43 . 85 
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* 
TABLE A . 10 Comparison of  Neutron Kenna Factors Obtained from 

Present Work and from Ritts et al . Data for Sodium 

ENERGY MACK 
(eV) (A) 

15 . 00 (+6) 4 . 8781 (-6) 

13 . 74 (+6) 4 . 9535 (-6 ) 
12 . 58 (+6) 4 .  9 771 (-6 ) 

11. 52 (+6) 4 . 5227  (-6 ) 
10 . 06 (+6) 3. 8837 (-6 ) 

9 . 08 (+6) 2 . 4656 (-6 ) 

8 . 10 (+6) 2 . 0279 (-6) 
7 . 19 (+6) 1 .  3328 (-6) 
6 . 05 (+6) 1 . 0607 (-6) 

5 . 16 (+6) 8 . 3001 (-7) 

4 . 08 (+6)  7 . 2651 (-7) 

3 . 18 (+6) 6 . 1180 (-7)  

2 . 01 (+6) 4 . 7496 (-7 )  

1 . 55 (+6) 3 . 1112 (-7) 
1 . 07 (+6) 4 . 529 (-7 )  

7 . 88 (+5 ) 4 .  3213 (-7) 
2 . 57 (+5 ) 1 . 1632 (-7) 
1 . 17 (+5 ) 5 . 3342 (-8) 
5 . 7 3 (+4) 3 .  3171 (-8) 
1 . 3 7 (+4 )  8 . 1779 (-9 ) 
1 . 02 (+3) 8 . 5143 (-9 ) 
5 . 46 (+1) 10 . 5491 (-9 ) 
9 . 16 (+o) 2 . 5090 (-8) 
1 . 00 (+o ) 7 . 5943 (-8) 

* in units of  erg • barn/atom 

RITTS 
(B) 

1 . 3787 (-6 )  

1 . 3001 (-6 ) 

1 . 1905 (-6 )  

1 . 1133 (-6) 

9 . 9110 (-7) 

8 . 6723 (-7 )  

8 . 2005 (-7 )  

7 . 6774 (-7 )  

7 .  7151 (-7 )  

7 . 7395 (-7 )  

6 . 6941 (-7 )  

5 . 6253 (-7 ) 

5 . 4073 (-7 )  

3 .  7786 (-7 )  

4 . 9608 (-7) 

5 . 0191 (-7) 

. 1 . 0345 (-7) 

4. 9424 (-8) 

4 . 4720 (-8) 

9 . 2012 (-9 ) 

4 . 2942 (-9 ) 
7 . 5355 (-9 )  

1 . 8581 (-8)  

5 . 6 718 (-8 ) 

% difference 
B-A x 100 A 

- 72 . 00 

- 74 .00 

- 76 . 00 

- 75 . 00 

- 74 . 00 

- 65 . 00 

- 59 . 00 

- 42 . 00 

- 2 7 . 00 
- 6 . 75 
- 7 . 86 
- 8 . 05 

+ 13 . 84 

+ 2 1 . 45 

+ 9 . 53 

+ 16 . 15 

- 11 . 06 
- 7 . 34 

+ 34 . 81 

+ 12 . 50 

- 49 . 56 

- 28 . 56 

- 25 .90 

- 25 . 31 
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TABLE * A.11 Comparison of Neutron Kerma Factors Obtained from 
Present Work and from Ritts  et al . Data for Niobium 

% difference 
ENERGY MACK RITTS B-A 

(eV) (A) (B) A x 100 

15 . 00 (+6) 1. 7772 (-6) 1 . 7531 (-6)  - 1 .  35 

13. 74 (+6 ) 1 . 6317 (-6) 1 . 6219 (-6) . 60 

12 .58 (+6) 1 .4356 (-6) 1 .4315 (-6 ) • 30 

11 . 52 (+6) 1 . 2498 (-6) 1 .2469 (-6 ) . 24 

10 .06 (+6 ) 9 . 8998 (-7) 9 . 8203 (-7 ) . 80 

9 .08 (+6) 8 . 3228 (-7) 8 . 2467 (-7) . 91 

8 . 10 (+6) 6 .  7931 (-7) 6 . 6569 (-7) - 2 .00 

7 . 19 (+6) 5 . 4666 (-7) 5 . 3838 (-7) - 1 . 51 

6 . 05 (+6) 4 . 2712 (-7 ) 4 . 6278 (-7) + 8 . 34 

5 . 16 (+6 ) 3. 5191 (-7) 3 . 7405 (-7 ) + 6 . 29 

4 .08 (+6) 2 . 7143 (-7) 2 .  8913 (-7) + 6 . 52 

3. 18 (+6 ) 2 . 1575 (-7) 2 . 3167 (-7) + 7 . 37 

2 .01 (+6) 1 .  8243 (-7) 1 .9505 (-7) + 6 .91 

1 . 55 (+6 ) 1 . 5944 (-7)  1 . 6412 (-7) + 2 .93  

1 .07 (+6) 1. 4511 (-7 ) 1 . 4413 (- 7) - 0 . 67 

7 . 88 {+5) 1 .  3251 (-7) 1. 3125 (-7) . 95 

2 . 57 (+S) 4 . 3537 (-8) 6 . 0453 (-8) + 38 . 86 

1 . 17 (+5) 2 . 3153 (-8) 3 .0315 (-8 ) + 30 .93  

5 . 73 (+4 ) 1 .2249 (-8 ) 1 . 5008 (-8 ) + 22 . 52 

1 . 37 (+4 ) 3 . 3501 (-9 ) 3 .0714 (-9 ) - 8 . 32 

1 .02 (+3) 10 .0080 (-10 ) 2 . 8076 (-12 ) - 99 . 72 

5 . 46 (+l) 2 . 4066 (-11) 1 . 1725 (-11) - 51.27  

9 . 16 (+o) 3 . 1067 (-11) 2 . 8655 (-11) - 7 . 76 

1 .00 (+o) 8 . 8335 (-11) 8 . 6642 (-11) - 1 .91 

* in units of erg • barn/atom 
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* 
TABLE A , 12 Comparison of Neutron Kerma Factors Obtained from 

Present Work and from Ritts et al .  Data for Iron 

ENERGY MACK 
(eV) (A) 

15 . 00 (+6) 5 . 3687 (-6 ) 

13 . 74 (+6) 4 . 9265 (-6 ) 

12 . 58 (+6 ) 4 . 2257 (-6 ) 

11 . 52 (+6 ) 3 . 4529 (-6 ) 

10 . 06 (+6 )  2 . 5111 (-6 ) 

9 . 08 (+6) 1 .  9 7 16 (-6) 

8 . 10 (+6) 14 . 5 796 (-7) 

7 . 19 (+6 ) 11 .  2692 (-7) 

6 . 05  (+6) 7 . 8779 (-7) 

5 . 16 (+6 ) 6 . 0528 (-7) 

4 . 0 8 .  (+6) 4 . 5956 (-7) 

3 . 18 (+6) 3 . 6801 (-7) 

2 . 01  (+6) 2 .  5213 (-7)  

1 . 55 (+6) 2 . 0984 (-7) 

1 . 0 7 (+6 )  10 . 641:2 (-8) 

7 . 88 (+5) 2 . 7814 (-7) 

2 . 5 7 (+5) 3 . 6043 (-8 ) 

1 . 17 (+5 ) 1 .  2461 (-8) 
5 . 73 (+4)  1 . 4445 (-8) 

1 . 37 (+4 )  2 . 3094 (-9 ) 
1 . 02 (+3) 5 . 3061 (-10) 
5 . 46 (+1) 8 .  6046 (-11) 
9 . 16 (+o) 1 . 3083 (-10 ) 
1 . 00 (+o) 3 . 7890 (-10) 

* in units of erg • barn/atom 

RITTS 
(B) 

4 .  3778 (-6 ) 
3 . 7608 (-6 ) 

2 .  8277 (-6 ) 

2 . 1430 (-6 ) 

1 .  3942 (-6 ) 

1 . 1217 (-6 ) 

8 . 7463 (-7 ) 

6 .  8986 (-7) 

6 . 1223  (-7) 

4.  39 38 (-7 ) 

4 . 8268 (-7 ) 

2 . 0940 (-7) 
1 .  7642 (-7) 

1 .  7399 (-7 ) 

9 .  3105 (-8) 

1 .  2859 (-7) 

3 . 3166 (-8) 

2 . 2335 (-8) 
1 .  3377 (-8) 
3 . 3023 (-9 ) 

5 . 2481 (-10) 
8 . 9645 (-11) 
1 . 1687 (-10 ) 

3 . 4598 (-10 ) 

% difference 
B-A x 100 A 

- 18 . 45 

- 23 . 66 

- 33 . 08 

- 37 . 94 

- 44 . 47 

- 43 . 11 

- 39 . 99 

- 38 . 78 

- 22 . 28 

-. 27 . 41 

+ 5 . 03 

- 43 . 09 

- 30 . 0 2  

- 17 .08  

- 12 . 50 

- 53 .  77  
- 7 . 98 

+ 79 . 24 
- 7 . 39 

+ 42 . 99 
- 1 .09 

+ 4 . 18 

- 10 . 68 
- 8 . 68 
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* 
TABLE A.13 Comparison of Neutron Kerma Factors Ob tained from 

Present Work and from Ritts et al. Data for Beryllium 

ENERGY MACK 
(eV) (A) 

15.00 (+6) 6.205 3 (-6) 

13.74 (+6) .54154 (-5 ) 

12.58 (+6) .48806 (-5) 

11.52 (+6) .4334 (-5 ) 

10.06 (+6 ) 3 . 8381 (-6 ) 

9.08 (+6 ) 3.5878 (-6 ) 

8.10 (+6)  3 . 3678 (-6 ) 

7.19 (+6) 3 . 1346 (-6 ) 

6.05 (+6) 2. 903-1 (-6 ) 

5.16 (+6)  2 . 6148 (-6 ) 

4.08 (+6) 2. 3722 (-6 ) 

3 . 18 (+6) 2 . 3402 (-6 ) 

2.01 (+6) 1.1102 (-6 ) 

1.55 (+6) 8.1354 (-7) 

1.07 (+6 )  8.2838 (-7) 

7.88 (+5 ) 7. 4371 (-7) 

2.57 (+5 ) 3.1838 (-7) 

1.17 (+5 ) 1 .  7944 (-7) 

5.73 (+4 ) 9 . 5500 (-8) 

1.37 (+4) 2.3833 (-8) 

1 . 02 (+3) 1 . 7825 (-9 ) 

5.46 (+1) 9.6003 (-11) 

9 . 16 (+o )  1 .  7957 (-11) 

1 . 00 (+o )  7. 8243 (-12) 

* in units of erg . barn/atom 

RITTS 
(B) 

1.19 18 (-5 ) 

1.1609 (-5 ) 

1.0955 (-5 ) 

1.0369 (-5 ) 

9. 2613 (-6) 

8.5437 (-6) 

7. 8777 (-6) 

6.9825 (-6 ) 

5·. 9 107 (-6 ) 

5. 0177 (-6 ) 

3.8639 ( -6) 

3.2239 (-6 ) 

1. 0273 (-6 ) 

7.6024 (-7) 

8.6286 (-7) 

7 . 5710 (-7) 

3.2 117 (-7) 

1.7622 (-7) 

9.2990 (-8) 

2.3022 (-8) 

1. 7159 (-9 ) 

9.2855 (-11 )  

1. 7778 (-11) 

9.0808 (-12) 

% difference 
B-A x 100 A 

+ 92 .06 

+114. 30 

+124.40 

+139.30 

+141. 30 

+138. 10 

+133.90 

+122 . 70 

+103.50 

+ 91.89 

+ 62.88 

+ 37 . 76 
- 7 . 46 
- 6.55 

+ 4 . 16 

+ 1.80 

+ . 87 
- 1 .  79 
- 2 . 62 
- 3.40 
- 3.73 
- 3.27 

.99 

+ 16 . 05 

-· 

-
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Table A . 14 Detailed Coaparison of Niobium Kerma Factors obtained 

in the Preecnt Work vith that by Jitta ct al 

Present Work llitte et al Work 

E (eV) kn (E) E (eV) kn (E) 
eV -barn/atom eV-barn/atom 

8 . 8772 (+2) 98.87 8. 7800 (+2) 2 . 84 
9 .0912 (+2) . 22 .49 (+1) 9 . 1490 (+2) 1 . 85 
9 . 5348 (+2) 59 .47 (+1) 9 . 5169 (+2) l .8i 
9 . 7646 (+2 ) 16.01 (+1) 9 . 8847 (+2) 1 . 78 
1 .0000 (+3) 425 . 20 (+1) 
1 .0241 (+3) 62 .47 (+1) 1 .0252 (+3) 1 . 75 
1 .0488 (+3) 18 . 71 (+1) 1 .0620 (+3) 1 . 72 
1 .0741 (+3) 17 . 33 (+1) 1 .0988 (+3) 1 . 70 
1 . 100 (+3) 37 .69 (+1) 1 . 1356 (+3) 0 . 71 

Note : 

At 1 JteV the following paraaetera are given as can be calculated 

from ENDF/B (the values are the same in version II and version iII) 

Elastic scattering: 

at 300°K Oresonance • 36 . 489 barn, Obackground • 0 .0 

COB 0c .m. • 0.0 

Er • 21. 250 eV kelastic • 775 .4  eV •barn/atom 

Radiative capture 

at 300°K, Oresonace • 11.082 barn, Obackground • . 1013 barn 

Q • 7 . 2139 MeV , Er • 310 . 86 eV , k • 3476 . 6  eV •barn/atom 
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Appendix B 

Neutron flux spectra are given in the following table for 
three positions in UWMAK-1 blanket and shield. The first position 
is at l mm depth from the inner surface of the first wall (first 
wall thickness in neutronics calculations is 4 mm) . The second 
position is 25 cm from the first wall, i. e. about the mid point of 
the lithium region (mid point of zone 5 in Figure V-B-13) . The 
third position is in the outer region of the shield and lies inside 
zone 18 (90% Pb plus 10% SS) of Figure V-B-13 at about 140 cm from 
the first wall. 

The fluxes are given for 4 6 neutron energy groups.  The energy 
group boundaries are also given s o that differential fluxes (� (E))  
can be easily derived if d esired. 



Neutron Flux Spectrum at Three Positions in 
UWMAK-1 Blanket and Shield 2 

(neutron wall loading = 1.25 MW/m ) 
Flux in the Flux in outer 
middle of the region of the 
primary lithium shield (140 cm 

Upper Flux in First Wall r�gion (25 cm from the first 
GrouE No . Energy {eV2 {l mm from inner surface) from first wall2 wall2 

1 1.4918 (+7) 1. 02213 +14 9.83993 +12 6. 62715 +7 
2 1.3499 (+7) 5. 71820 +12 5.70295 +12 5.49278 +7 
3 1. 2214 (+7) 3.80135 +12 2.98739 +12 4.00829 +7 
4 1.1052 (+7) 5.48941 +12 2.56123 +12 3.16662 +7 
5 1.0000 (+7) 4.69964 +12 2.17718 +12 2.57225 +7 
6 9.0484 (+6) 3.82653 +12 1.82353 +12 2.18966 +7 
7 8.1873 (+6) 3.11143 +12 1.61462 +12 1. 73834 +7 
8 7, 4082 (+6) 2.69767 +12 1. 43955 +12 1.80589 +7 
9 6.7032 (+6) 2.42107 +12 1. 27724 +12 1.50987 +7 

10 6.0653 (+6) 2.32419 +12 1.20624 +12 1.52173 +7 
11 5.4881 (+6) 2.22100 +12 1.14026 +12 1.42409 +7 
12 4. 9659 (+6) 2.21289 +12 1.11277 +12 1.56637 +7 
13 4.4933 (+6) 2.26542 +12 1.13842 +12 2.01804 +7 
14 4.0657 (+6) 2.42901 +12 1.20611 +12 2.42804 +7 
15 3.6788 (+6) 2.63525 +12 1. 30976 +12 3.01858 +7 
16 3.3287 (+6) 2.90263 +12 1. 45668 +12 4.36128 +7 
17 3.0119 (+6) 3 . 29001 +12 1. 63389 +12 5.59405 +7 
18 2. 7253 (+6) 3.81248 +12 1.80854 +12 7.38495 +7 
19 2.4 660 (+6) 1.32089 +13 6.25939 +12 4.90319 +8 
20 1. 8268 (+6) 1. 57116 +13 7.39396 +12 8.30737 +8 
21 1. 3534 (+6) 1. 68548 +13 8.15028 +12 1. 37398 +9 
22 1.0026 (+6) 1.81145 +13 9.36440 +12 2.27956 +9 
23 7.4274 (+5) 2.12012 +13 1.19366 +13 3.22083 +9 
24 5.5023 (+5) 2. 04969 +13 1. 26897 +13 2.52429 +9 
25 4.0762 (+5) 1. 60409 +13 9.31201 +12 3.99929 +9 
26 3.0197 (+5) 5 , 70661 +12 2. 97706 +12 4.10519 +9 
27 2. 2371 (+5) 1. 92206 +13 1.33260 +13 4. 21262 +9 
28 1.6573 (+5) 2.56284 +13 1. 96858 +13 4.40452 +9 
29 1. 2277 (+5) 4.10730 +13 3.48089 +13 8.58064 +9 
30 6.7379 (+4) 3.14386 +13 2.87672 +13 8.66369 +9 
31 3.1828 (+4) 2.34361 +13 2 .14113 +13 6.52663 +9 
32 1. 5034 (+4) 1. 77938 +13 1. 61259 +13 4.65802 +9 
33 7.1017 (+3) 1. 40619 +13 1.25051 +13 2.89565 +9 
34 3.3546 (+3) 9.08034 +12 8.40879 +12 1.33097 +10 
35 1. 5846 (+3) 4.840% +12 4.66020 +12 4.47701 +9 
36 7.4852 (+2) 2.37074 +12 2.25055 +12 1.35254 +8 
37 3.5358 (+2) 9.61259 +11 8.97951 +11 3.49475 +7 
38 1. 6702 (+2) 3.11505 +11 2.87076 +11 7.90038 +6 
39 7.8893 (+l) 7.87407 +10 7.16153 +10 1.60853 +6 
40 3. 7267 (+l) 1. 53249 +10 1.36041 +10 3.03628 +5 
41 1. 7603 (+l) 2.29795 + 9 1. 90567 + 9 5.42471 +4 
42 8.3153 (+O) 2.68982 + 8 1. 87862 + 8 9.28483 +3 
43 3. 9279 (+O) 2.52431 + 7 1.25240 + 7 1.53939 +3 
44 1.8554 (+O) 2.00425 + 6 6 . 11660 + 5 2.47391 +2 ,_, 
45 8.7643 (-1) 1. 62317 + 5 5.03177 + 4 3.83356 +l 
46 4.1399 (-1) 1. 58 639 + 4 1. 01745 + 4 5.03167 +O 



C. Standard free energies of formation of some oxides, carbides, 
nitrides and sulfides. a 

ll.F/ kcal/g- atom 0 ll.F r° kcal/g- atom 0 

Compound 800°K 1500°K Compound 800°K 1 500°C 

Oxides C arbides Continued 
Li20 - 17 7  - 92 Mo2C - 1 3. 1  - 1 4 .4 

Cr2o3 
-7 2 - 5 9  TiC -42 .0 - 3 9 .9 

FeO - 5 0  - 38 ZrC - 4 6.1 -44 .7 
NiO - 4 1  - 27 HfC -5 3 .2 - 5 1 .5 

Ta2o5 -80 .7 - 66 ,9 ThC2 -2 3.0 - 2 1 .8 

NbO - 80 .7 - 6 6 .7 Nitrides 
W02 -52 ,8 - 38 . 6  . Li

3
N - 2 0 .1 +3 ,8 

Re02 - 35 - 22 CrN - 1 3 .2 +0 .1 
Mo2 - 5 2 ,8 - 38 .5 Fe4N + 6 .7 + 1 6  
TiO - 1 0 6 .9 - 92 . 9 Ta2N -48 .5 - 36 . 1 
Zr02 - 1 1 2 .5 - 97 .0  Nb2N -43 .3 - 2 9 .2 
Hf02 - 1 1 5 . 1 - 1 00 .3 W2N -0.2 + 1 4 .5 ,  
Th02 - 1 2 8  - 1 1 2 M o2N +0.2 + 1 4 . 9 

Carbides TiN - 62 .5 -47 .o 

Li2C2 - 1 2 .2 - 1 0 .4 ZrN - 69 .2 -5 3 .6 

Cr4C - 17 .6 - 1 8 .6 HfN -70 .1 - 54 .8 

F e
3
C + 1 .8 - 0 .6 Th

3
N4 - 5 9 ,7 -44 .0 

Ni
3
C +5 . 2  +4.5  Sulfides 

Tac - 33 , 9  - 34 .0 ws2 - 2 3 .5 - 1 0 .2 

Nb2C -44 . 1 - 42 .3 ReS2 - 3 1 .0 - 5 .1 
W C  2 - 1 4 .5 - 2 1 .6 Mo2s

3 
- 28 .0 - 1 5 .5 

�--· --- . - ---� 

�ata sunnnarized by J , O . Cowles and A . D . Pasternak, UCRL- 50 64 7, 
April 1969. 
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Appendix C 

A. Enthalpies and free energies o f  lithium reac tionsa 

lili 0298 LiF0298 
Reaction kcal kcal 

2 Li (c) + 1/2 o2 + Li20 (c ) -142.750 -133.950 

2 Li (c) + o2 (g) + Li2o2 (c ) -151. 9 -138.1 

Li (c ) + 1/2 H2 (g) + 1/2 o2 (g) + LiOH (c ) -116.589 -105.676 

Li (c) + 3/2 H2 (g) + o2 (g) + LiOH • H20 (c ) -188.926 -163.437 

Li (c) + H20 (t) + LiOH (c ) + 1/2 H2 (g) -48.7 -48.99 

Li (c) + H20 (t) + LiOH (in H20) + 1/2 H2 (g) -53.142 

Li (c) + 1/2 F2 (g) + LiF (c ) -146.300 -139.650 

Li (c) + 1/2 Cl2 (g) + LiCl (c ) -97.700 -92.500 

Li (c ) + 1/2 I2 (g) + Lil (c ) -64.790 (-62.200) 

3 Li (c) + 1/2 N2 (g) + Li3N (c ) -47.500 -37.300 

Li (c ) + 1/2 H2 (g) + LiH (c ) -21.61 -16. 72 

2 Li (c) + 3/2 co2 (g) + Li2co3 (c ) + 1/2 C (c ) -148 . 6 -128.4 

2 Li (c) + 3 CO (g) + Li2co3 (c )  + 2 C (c ) -210.45 -171.38 

Li (c) + NH3 (g) + LiNH2 (c ) + 1/2 H2 (g) -32.46 

2 Li (c ) + 2 C (c) + Li2c2 (c) -14.2 

B, Free enerfies o f formation o f oxides in kilo calories per gram mole 
o f oxygen , c 

Temperature 
oc 

520 
722 
927 

1128 

6 F 

-117 
-110 
-10 3 
- 96 

for 1/2 Zr02 6 F  for 1/3 Y2o3 

-113 -120 
-108 -116 
-104 -111 
- 99  -106 

+"1'! 

a. Dat a summarized by J. 0. Cmdes and A. D. Pasternak ,  UCIU.-5064 7 ,  April , 1969. 

b. Data summarized by W. M. Phillips , Corrosion by Liquid Metals , Ed .  Draley 
and Weeks , Plenum Press , New York , 1970 , p. 22 3 f f. 

c. Data from J. P. Coughl in ,  "Contributions to the Dat a on Theoreti cal 
Metallurgy , "  Vol. XII ,  Inorgani c Oxides , Burea.u o f Mines Bulletin 
542 , U .  S. Printing Of fice , 1954. 
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Prefac e 

The purpose of this report is to present a compr�hensive view of the 

• Power cycle 

• Site and structure design 

• Environmental impact 
. Resource Requirements 

and . Economic considerations 

of the hypothetical fusion power plant UWMAK.-I which was described in Volume 
I of UWFDM-68. We have also included some new ideas which occurred to us 
after Volume I was written. Even though every attempt was made  to correct 
any discrepencies between the two volumes that may have resulted as a result 
of these ideas, some may still persist and we appologize for those errors.  

It is quite possible that some of the numbers or ideas expressed here 
may have to be changed in the tirst few months after this issue. Therefore, 
we have tried to make each chapter as s elf-consistent as possible so that 
pages can be removed and inserted without disrupting an orderly numbering 
sequence of tables, figures, references, etc. in other chapters.  The reader 
will note that each copy of this report is numbered and p eriodically replacement 
pages will be sent to the owner to update this report. 

The preparation of this report represented no small task and we must 
commend several people for their skill , patience and dedication in the assembly 
of this document. Mrs.  Connie Linehan did a remarkable job of typing the 
report and coordinating the secretarial activities. She was ably assisted 
by Mrs .  Suzan Steindorf and Mrs. Debby Kamperschroer.  

We enthusiastically acknowl edge the financial support received from the 
Wisconsin Electric Utilities Res earch Foundation and the US Energy Research 
and l)evelopment Administration Division of Controlled Thermonuclear Research. 
Without their h elp and encouragement we would not have been aule tc pursue 
this very important study. 

G. L. Ku lcinski 

R. W. Conn 



Summary 

The details of the balance of plant studies (power cycle, plant layout, 
environmental impact, resource requirement s and economics) for t he D-T Tokamak 
fusion power plant UWMAK-I are given in this volume. A previous document, 
University of Wisconsin Fusion Design Memo-6 8, Volume I , contains the details 
of the nuclear island part of this plant. Volume I includes the plasma physics, 
divertor design, magnet dei= dgn ,  blanket and shield characteristics, neutronic 
and photonic calculations, radiation damage and tritium extraction considerat ions. 

The reactor is a lithium cooled stainless steel structure which produces 
5000 MWt for a 90 minuce burn time and requires approximately 6 1/ 2 minut es 
to recharge the transformer coils. The fusion energy is deposited in a 
primary lithium coolant (Tmax 

= 4 89 °C) and then transferred to the steam 
generator (pressure = 2000 psia.  T = 40 4 °C) via a secondary sodium loop 
(Truax = 456 °C) . The design of intermediate Li-Na heat exchangers , Croloy-2 1/4 
steam generators is given along with a complete turbine generator cycle design. 
The gros s electrical output of the plant is maintained at a constant level of 
1681 MWe by diverting -7 %  of the secondary sodium into storage ta-riks during 
the 90 minute burn. This sodium is then used during the recharge cycle to 
generate steam while the lithium flow in the primary circuit removes the decay 
heat from the blanket . I t  has been determined that - 20 8  MWe of the plant 
output is required to maintain the plant components which means that 1473  MWe 
are available for sale. This is overall efficiency of 3 2%. 

The d esign of a building which provides a vacuum of 1 torr around the reactor 
is described along with the plant layout for lithium loops , sodium loops, s team 
generat ing equipment, tritium extraction facilities, turbine-generator unit s, 
cooling towers, etc. Other special building considerations such as supe,·conducting 
stored energy facility, harmonic filt er building, switch ;ards, gas st orage and 
cooling towers are also outlined. 

The pot ential problems of siting a reactor like UWMAK-I ha,.re been considered. 
Such problems as plant size, stray magnetic fields , radioactive isotopes 
or the potential for large "conventional" accident s have been given preliminary 
consideration and the conclusion is dre wn that the rele2se of tritium is still 
the most serious problem to be faced . Various senarios show that the 
equilibrium release rates of tritium t o  the environment should be within current 
regulatory limits but that such limit s may be exceeded following a release of 1% 
of the tritium at ground level  under the worst climat ic conditions. No 
accident which would actually result in such a release has been envisioned. The 
use of 100 m hi gh stacks can considerably reduce the magnitude of �his problem. 

It was s hown that the materials resource demands of a UWMAK-I t ype reactor 
may be q1.1ite severe, especia lly for Cr. Approximately 14 4  metric t onnes of 
metal are required per elec tical megawatt. Roughly 6 0% of t his demand i s for 
Fe, 10�� for Pb, 8% for Na, 7 %  for Cr, 6% for Ni, 5% for Cu and 1% each for 
Mn, Li and B. 



The cost of the UWMAK-1 power plant was es timated following standard procedures 
for economic evaluation of nuclear power plants. It was found that the capital cost 
of the present plant would be $971 per MWe and that the operating costs 
were, - 21 mills per kW-hr. 

It was concluded that since the UWMAK-I reactor represents a first attempt 
at a detailed and self consistent reactor, the operating conditions, power output 
and economic costs were within reason. Several areas of further work were 
clearly outlined including such items as a auperconducting stored energy facility 
design , methods for reducing tritium leakage , need for evacuated buildings, 
sh:i_c!lding requirements for personnel ,  need for reduced reliance · on Cr containing 
aI J oys , and research into finding blanket materials whicli will have longer 
re&ctor lifet imes . 

· --� 
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I .  Introduct ion 

1 

The recent advances in magnetic confinement of hot plasmas have 
generated considerable optimism regarding the prospects of generating electrical 
power from the controlled fusion process. Much of this optimism is based on the 
success of the Tokamak confinement concept. Given these steps forward, it is 
proper and timely to begin serious studies of the technological aspects of 
power gene�ation from the fusion process. In 1972, a group of scientists 
and engineers at the University of Wisconsin with cooperation from various 
industrial organizations initiated a design study of a large electrical 
power generating station based on the Tokamak concept and fueled with 
deuterium and tritium. The goal has been to develop a self consistent study 
from the standpoint of plasma physics, neutronics, materials, magnets, 
power cycle, environment, resources, and cost. The design details of the 
"nuclear island" portion of a 5000 MWth D-T Tokamak conceptual power reactor 
called UWMAK-1 (University of Wisconsin Tokamak) have been given in Volume I 
of the UWFDM-68. - The purpose of Volume II  is to present the "balancer of plant" 

considerations for UWMAK-I. After a brief summary of the overall plant design , 
successive sections in this overview will be devoted to; 

power cycle, 
overall containment structure , 
environmental impact, 
resource requirements, 

and economic considerations. 

Finally, a few general and important conclusions will be presented for tr.e 
design of this reactor . 

II. Review of UWMAK- I Reactor Operating Characteristics 

The UWMAK-I is based on the Tokamak confinement concept and has been 
designed with the philosophy that decisions should be made, whenever possible, 
on present-day technology , This means invoking as little extrapolation 
of nresent-day capabilities as is possible . The goal has been to perform a 
scoping study in sufficient detail to uncover potential techuological problems 
that may be important as the CTR effort increases and the goal of fusion power 
comes closer. 

The basic operating characteristics of the. UWMAK-1 reactor are given in 
Table 1 ,  and for a more detailed discussiJn, the reader is referred to 
Volume I of this report . The reactor operated on a D-1 (Li) cycle with an 
instantaneous power output of 5000 MWth and a time averaged electr�cal 
output of �1473 MWe , The cro3s section of the nuclear island is given in 
Figures 1 and 2 where the double-null axisymmetric poloicl.dl divertor is 
plainly evident . The operating cycle is give,1. in Table 2 and the important 
poin t to note is that the reactor runs for 90 minutes followed by a 6 1/2 
minute recycle period in which no power is being generated from D-T reactions. 
Such a down period is peculiar to Tokamak type reactors an.J r,.ust be properly 
treated to avoid large fluctuations in the power output of the reactor 
(see Section III) . 
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TABLE 2 

START UP ,  BURN, AND SHUT DOWN 
SEQU ENCE FOR UWMAK • I 

!:VENT 

GAS BREAKDOWN, CURRENT RI SE PHASE 
OHMI C H EATI NG 
HEATI NG  BY NEUTRAL BEAM I NJ ECTI ON TO I GNI TI ON 
I NCREASE TO FULL POWER FROM I GNI TI ON  
THERMONUCLEAR BURN, PELLET FUELI NG  
PLASMA COOL DOWN BY I MPURI TY I NJ ECTI ON 
SHUTDOWN PLASMA CURRENl. AND REVERSE  
TRANSFORMER AND DI VERTOR COI LS 
EXHAUST CHAMBER 
COMPLETE CURRENT REVERSAL I N  TRANSFORMER 
;: URGE RESI DUAL GAS · P.EFI LL WI TH FRESH 
( D + T ) FUEL 
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N EUTRON I C  CHARACTER I ST I CS OF 

UWMAK -I BLAN KET AND SH IELD  

TOTA L  E NERGY PE R N E U T RON 20. 08 Mev 

t-----·----·---------+---·-------

B R E E D I N G  RAT I O I .  49 

-·------·----·------·-·--------··- -�-----

D OU8L ! NG T I ME 2 - 3  M ON THS 

--.. ---·-·---------· ----.. ··----------

EN E RGY AMPL I F I CAT I ON 17. 8 °/o 

i----------------+---·-------1 
ENERGY LEAK AGE TO M AGNETS 

PER M ev TO F IRST WALL 

HEAT TO F I RST WAL L 

4. 1 7  x ,o -6 Mev 

1 . 77 MW / m2 

----··---------�_........ ______ ......., 
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The struct ural material is 316 stainless steel and it is cooled by 
flowing Li at a maximum temperature of 489 °C .  The 1 4  MeV neutron wall loading 
is 1 . 25 MW/ m2 which produces damage at a s ufficiently high rate so as to 
require the first 2 0 cm of blanket to be changed every two years . The breeding 
ratio is 1. 49 implying a doubling time of 2 -3 months . The final neutron 
protection is ac�omplished by a 7 8  cm shield which consists of alternate layers 
of 316 SS, Pb, and B4c which are cooled with helium. The neutronic characteristics 
of the blanket and shield are given in Table 3. 

There are 12 toroidal field magnets composed of su�erconducting NbTi 
filaments,  cryogenically stabilized with copper.  These coils are reinforced 
with 316 stainless steel. One such coil, along with the blanket and shield 
(i. e .  one module) is shown in Figure 3.  Each of these modules weighs 3500 
tons and must be removed at least every 2 years to replace the firs t wall. 
Three spare units are ready at all times to replace damaged modules such 
that the repair can actually be done in hot cells while the reactor is 
running. 

Finally, the reader is referred to Volume I of this report for mor� 
details on the plasma physics, divertor design and operation, blanket and shield 
design, n2utronics and photonics, radiation damage, wagnet design, tritium 
production and handling, and preliminary safety considerations .  



1-· Front motorised caterpillar 

2- Lithium inlet or outlet 

3- Front magnet dewar support 

4- Front blanket support bar 

5- Magnet support shear beam 

6- Vacuum port shield 

7- Torcidal magnet in it s dewar 

8- Vacuum connection 
9- Shield 
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10-· Rear blanket support rods 
11- Heat removal cel l :3 
12- Blanket seal fl ange 
13- Neutral beam inJ ection port 
14- Part icle collection plate 
15- Rear motorised caterp ilar 

FIGURE 12 
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Ill Pow er Cycle -----�--
An overall systems d iagram of the UWMAK-1 reactor is given in figure 4 ,  

while figur e 5 is a simplified schematic of the power cycle"  The distri�ution 

of power is giv2n in table 4 and the coolant temperature and flow rates in 

Table 5. The instantaneous pow er generated during the
.
burn is . SOOO · MW

tft 
of 

which 4700 MW is deposited in the blanket, 250 MWth is deposited in e 

divertor regi�R and 50 MWth in the shield. The temperature of the heliu m  

coolant in t he shield is s o  low (200
°

C) that it is not efficient to attempt 

to recc.,ver that heat. Therefore the entire 50 MWth is dumped direc tl y  to 

cooling tow ers .  

The heat collected in the blanket modules is transferred to a sodium loop 
in an intermediate heat exchanger (IHX) and finally from the sodium to the 
stE:am .  There c:.re 12 individual loops, one for each module of the reac tor . 
There are three main reasons for having a sodium secondary loop: 

1. ) To isolate the radioactive c orrosion products in the primary Li 
circuit from the steam c ycle in the event of a tub·� faill're in 
the steam generator. 

2 .)  Tn  r educe the tritium leakage from the lithium loop into the 
st ,�2m c ycle by low ering the partial pressure of tritium in the steam generator . 

3. )  To provide a mechanism by w hich the steam fed to the turbine can 
be kept a t  constant conditions d espite the fact that the power is 
generated only 93 . 3% cf a given operating c ycle. 

ThP. n ecessity i: or the first two reasons w as covered previously in Volume I,  but 
it is worthwhile to expand on the third reason at this time. It is not d esirable, 
from a utilities standpoint , to generate - 1600 MWe for 90 minutes and then gen
erate no electricity for 6 . 5 minutes . Suc h  a variation is also  undesirabl e for 
the turbine as well.  Therefor e some method of storing energy during the burn 
cycle must be d eveloped and that energy recovered during the down cycl e. 
We have chos en to accompl ish this w ith the conc ept of "thermal flyw heels" . This 
concept means that a small amount of the secondary sodium (- 7 %) is bled off t he 
sodium loop during the burn cycle and stored in an insulated tank. (See figure 
6a. ) At the end of t he burn cycle,  the stored Na is fed into the secondar y  loop, 
passed through the steam generator and the cooler Na stored in another tank. 
(Figure 6b) This sodium is slowly fed back into the secondary stream during the 
burn cycle. The important feature is that the steam conditions from the s�eam 
generator are constant w ith time. 

The use of the thermal flywheel is unique to the Tokamak s ys tem and requires 
that reactor power ratings be quoted in at least t wo different ways: 1) in
stantaneous the rmal power generated and 2) time averaged electrical power output . 

Both the primary s ystem and divertor c oll ection system arc given in instan
taneous and time averaged thermal outputs in table 4 . The time average thermal 
imput from the primary lithium to the steam is 4 383 MWth and the divertor adds 
another 2 33 }IDth to the feed wnter heaters . 

The s tPam generator for %MAK-I utilizes a proprietary c ombination of the 
latest steam generator tecl:m(Jlogy from Babcock and WiJ cox to: 
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Table 4 

Distribution of Power from the 5000 MWt UWMAK-I 

Numb er of MW th 
LOO ES per LooE* 

Li Primary Loop 1 2  392 

Na Secondary Loop 1 2  392 

Steam Loop 1 2  392 

Li Primary 1 2 50 

Na Secondary Loop 1 250 

Feedwater Loo p  1 250 

He Coolant 1 2  4 . 2  

Coolant Ha' · r, ,_ 1 2  4 . 2 

Total 
MWrb* 
4 700 

4 700 

4 700 

2 50 

2 50 

2 50 

50 

50 

Time Average 
MW.th-

4 38 3  

2 33 

)': Ins t a 1.i :�aneous value s during burn cycle . Time averaged 
values ( t :, account for down t ime) are 13 . 3% of that ·,· alue 
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Table 5 

Summary of Coolant Parameters for UWMAK-I 

ITEM Temperature 

Li reactor outlet 489 

Li reactor inlet 3 59 

Na inlet IHX 336 

Na outlet IHX 456  

Na to storage tank 4 56 

Na to steam generator 4 56 

Na from steam generator 336 

H
2
o to steam generator 218 

H2o from steam generator 404  

a) 
Per module , Xl2 for tntal reactor 

o c  
:inow Rate (a) 

�/sec. x 106 

2. 7  

2 . 7  

9. 8 

9. 8 

0 , 7  

9. 0 

9. 0 

0. 63 

0. 63 

Pressure 
104 :kg/cm2 X 

2. 8 

47 

4. 9 

2 . 5 

2 . 9 

1. 8 

1 . 4 

148 

140  
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1 .) Minimize the tritium diffusion into the steam .  

2.) Avoid the characteristic problems of liquid metal to water 
heat exchangers. 

3.) Provide safety and high reliability. 

4.) Facilitate inservice inspection and maintenance. 

One key feature of this design is that both the Na and steam are in 
indi-lridual tubes s eparated by a O. 0 25mm helium gap. A trace amount of 
oxygen is included in the helium to scavenge any tritium leaking from the 
sodium tubes . The result of this total design is to reduce �he tritium 
leakage rate to 10 curies per day, a factor of - 107 reduction from the 
inventory in the primary lithium. 

The output from the 1 2  steam generators is fed into two identicle 
1800 RPM tandem compound generating units for the UWMAK-I reactor. The 
steam GOnditions delivered to e,ich of the two high pressure turbines are 

Steam flow 3, 78 7 , 100 kg/ hr. 

Temperature 399 ° c 

Pressure 6 2 1900psi (1.3 x 10  kg/cm ) 

The details of the turbine generat or cyc le d�s i gn are given in Fig· rre 7. 
6 .  The continuous output from _each of the two generator units is 

Gross generation 84 0, 680 kW (e) 

required Au:xillary po wer in plant 104 , 000 kW
(e) 

net electrical po wer sent out 7 3 6, 680 kW ( e) ---- -----------------------
Total net electrical power 1 , 473, 360 kW (e ) 

The t otal ovecall efficiency for UWMAK-1 is then over the entire burn cycle. 
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IV. Overall Plant Layout 

The UWMAK-I nuclear power plant will resemble light water nuclear fission 
plants in its overall appearance. There will be a large reactor building as well 
as turbine, auxiliary, and service buildings, and cooling tcwers for the 
heat sink.  Unique to this fusion plant will be the large hot cells required 
to replace the inner wall of the torus-magnet modules and the energy storage 
building to house the inductive coils fot' supplying power to the transformer 
and divertor coils during the ignition and burning. While the large electrical 
switch yard is also conventional, the invertor and harmonic filter areas are 
provided due to special requirements associated with the magnetic energy 
storage E,ys tem. The other major building, housing the diesel-generators and 
<liesel oil tanks , contains the emergency power supply for the equipment that is 
felt to be essential for maintaining the safety of the plant. A smaller helium 
storage building for the helium gas cylinders is also  required. 

The location of these buildings and structures that comprise the complete 
plant are shown on the property plot Figure 8. The source of make up water, 
(lake or river) is not shown, but is assumed to be in the direction of the 
main cooling towers .  A more detailed description of the plant is found in the 
general arrangement drawings, Figures 9 thru 11. 

The reactor building will be a large cyli ndrical buildi�g approximately 
120 meters in diameter and 102 meters high . It comprises four floors :  the 
main floor containing the prinury containment structure and access 1:unnel; .:he 
lithium and sodium floors containing the processing equipm'�nt for these __.,., 
respective coolant loops ; and the fourth floor for heating, ventillation, air 
conditioning and miscellaneous equipment. The specific location of the maj or 
balance-of-plant equipment is shoi;..'U on the general arrangement drawing, Figure 11 . 

One unique feature of this reactor des ign is the fact that the enclosure 
inurediately a 1�otmd the nuclear island will be evacuated to 1 torr vacuum. This 
is desirable from three standpoints: 

1. To collect tritium leaking from the nuclear is land and prevent it from 
reaching the nutside environment. 

2 . To eliminate the possih ility of a liquid metL1 l Li fire -i n the event of 
a pipe breakage. 

3. 'i'r, reduce the in-leakage of air from the outs ide of the reactor into 
the vacuum vessel. 

The walls of the primary containment will be lined Nith 1 . 2 7 cm thick, non
magnetic s teel to help protect against tritium leakage in the event  of an 
accident.  Finally, the concrete walls of the primary cont,: inment are 2 .  44  meters 
thick primarily to attenuate the neutron flux , leaking from the reactor , to 
acceptable levels. 

-
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V • .Enviro:1mental lwEact 

The first thing to make clear is that the numbers and ideas in this chapter 
only apply tu the UWMAK-I facility and cannot be blindly generalized to other 
reactor types (i . e .  mirrors , pulsed systems, etc . )  or even other tokamak 
designs . It is also worth noting that a distinction is made in this report 
between the environmental impact resulting from radiological effects and the 
environmental impact resulting from other effects such as ,,,aste heat 
rej ection and siting . 

The siting of a facility like UWHAK- 1 (�102 m tall and -300 m long) may 
be undesirable from aesthetic effects but no serious non-nuclear impact could 
be de termined . Noise , land requirements , and magnetic field effects seem to 
be manageab le . The waste heat rejection from a plant wTuich has - 30% ¢fficiency 
(excluding auxiliary power requirements) is comparable to LWR ' s (33%) 
and lower than PTGR ' s (38%) and LMFBR ' s (40%) . The W"aste heat from UWMAK-I 
is put into tha atmosphere via mechanically forced draft cooling towers and 
about the only serious problems associated with this scheme might be local 
fogging by the evaporation of -20, 000 gpm of wateY . 

The tritium inventory (Table 6) and potent ial radioactive effluents during 
no1 mal r lant operation have also been analyzed (Figure 12) .  The conclusion is that 
thE. tritium is still the maj or isotope which could be released despite the 
inventory of some 13. 5 kg (excluding storage ) of tritium (1 . 35 x 10Bcuries) , only 
1 0 . 1  cur�_2r; per day is released via the Li-Na-steam route . Such a release rate 
into 12 , 00\l gpm blow down wa ter from the conde:nser cooling water discharge .-,ould 
result j n  a discharge of 15 x 10-5 µCi/m3 . ·-"his amount of tritiun is only 6% 
of the curren t regulatory limit and wou ld result in a dose of 6 x 10- \ rem/week 
to a person obtaining his entire daily intake of water fr om this source . This 
could be reduced even further if we 1c sed the blow down water to rr.ake concrete 
whi ch could be storr:d until the tritium dee2yed to a reaso:1able value . (The half 
life of tritium is 12 . 4  years . )  

The very difficult problem of pla'.1.t ac:'idents was considered .for UvJMAK-I 
and some preliminary calculations were made . There were 7 potential hazards 
identified in UWHAK-1 . 

1 .  
2. 
3 .  
4 ,  
5. 
6 . 
7 .  

Energy stored in the superconduct ing magne L �  (350  GJ) 
Kinetic energy of t;1e plasma (3 GJ) 
Stored energy in the liquid helium (8-+ G.J) 
The stored energy L1 Li and Na and the potential Cc,. fires 
Trit ium inventory (at least 13 . 5 kg) 
Stnctural materials wit:h indu ced activity (5 x 109 curies) 
Corrosion products in the J ith ium coolant (-5 x 10 7cm:ies ) 

E2ch of the ·:· otential hazards were considered and the: ret·ults summarized below .  

The failure o f  a toroidal f ield magnet could cause considerable harm t o  the magnet 
and st· n.'.ctural members if not propt. rly sta.Dilized and structurally braced . 
For tunately in UWMAK-I ,  the failure of a single TF coil can be accomodated by 
the other coils in the set and suitable energy dumping arrangements made . 

The deposition of 3 G.T of:  plasma thermal energy uniformally on the 3000 m2 of 
surface area would amount to 1 MJ frn2 or '.;;00 watt-hr-m2 . Assuming a 1 sec::>nd deposi
tion time , this is equivalent to -1 lififJ/m2, a level that the first walls are designed 
to withstand under normal conditions. However, if the plasma energy were deposited 



Table 6 

Summary of Tritium Extraction S ystem Characteristics ( a) 

Coolcmt Te3p. Extraction 
]_Ls t em Range ° C Method 

Primary Yttriu� Metal 
Li : hium 283- 489 B'.d 

Ser.ondary Y ttrium Metal 
Sodium 201-4-11 Bed 

Dive:r tor Yt '.: ,:ium Met :,.l 
L:!, _ �.:. i:-�;.m 20C-3 2 5  Bed 
Sod ium 190-265 

D� \1 :2 rto:- Charcoal-cooled 
""t,·nc�uru 25  with liq. He 

Heliu:n 50-200 Metal gett.::r 

Tritium 
Accum-:.ilation 
Per Day (kg) 

1 . 05 (b) 

-0 

7. 4 '.T'+ S . O D  

0 . 3 T + 0 . 2 D 

-6 1 . 1 X 10 

Total 

Tritium 
Le<1kage 
Cl� 

10 . 1  

-4 
2xl0 

lxl0
-4 

low 

10 . ]_ 

( :.: Based upon th·:r.modynamic calculations ; no kinectic considerations 
(.b  Lt  maximum breeding ratio of 1 . 49  

l 

Total Na 
or Li (kg) 

1 . 73xl06 

5 7. 6xl0 

L. 
3 . l:x10 
6xlOZ+ 

Tritium Con-
Centration i� Li 
or Na ppm (wt. ) 

5 

-5 
8. 7xl0 

0. 24_
4 3xl0 

Not applicable 

Not applicable 

Total 

T:::-i !:iu:!'. in
,\: r. c -:, c'.'Y 
(k.g) 

in Li 8 , 7 

in beds 1 . 0  

in Na 6 . 7 xl0-J 
in beds -0 

-1  
.,_,; Li  SxlO --
in beds 3. 5 
in �:a 6xlo-6 N � 

0 . 3 

low 

13 . 5  

( 
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locally in times shorter than 1 second, the firs t wr:11 may be pur ctured and 
lithium released into the vacuurn chamber. This would involve a costly shut
down but n o  serious danger to those outside the plant. 

The liquid helium represents a potentially large source. of stored energy if 
it could ::ie vaporized at one time. I!owever, pressure release valves and normal 
safety precautions should minimize this hazard . 

The potential damage due to a liquid metal lithium fire can be reduced 
by surrounding the liquid metal systems with double wall piping, inert gas or 
by evacuating the reactor environment. The last two concepts were used in UWMAK-I 
because of the increased costs involved in double walled tubes . 

The accidental release of tritium from UWMAK-I remains the major credible 
accident. The release of 1% (100 g) of the total inventory at ground level 
under the worst rnc t erological conditions would result in a radiation exposure 
level of 7 times the maximum allowable dose if the exclusion radius were 600 
meters. Su�h a release would result in an exposure equal to the maximum allowable 
dose if the exclusion radius were 2100 meters. On the other hand , if release 
were made through a 100 meter stack, then the exposure level would be 1/10 of 
the present guidelines . 

Before one can asses3 the potential hazard involved i.n the radioactive 
structura! material it is necessary to have an extensiv� inventcry of specific 
radioactive isotope (Table 7 ) and a good idea for their potential r elease into 
the atmosphere . Even though a large number of curies are p :::-ese-rit ;_n the structural 
meta] s . this does not me2.n that it will all be released to the Hi.vironment. 
Preliminary assessment of this prohlem reveals that the possibility of rele9se 
of sucb isotopes in metalli ,  s 1:ructures is very low and the:'. haz ard far less than 
that for the release of tritium which is more volatile. 

Finally , the release of radioisotopes from the corrosion products in the 
coolant is plausible during a lithiuT. fire , but it :i.s diffic,tlt  =o antici�ate 
all of the Li burning and many of ti.1. :e corrosion product oxides and nitri .. des 
would plat e out on the reactor 1:ontainment walls , Again, ':be hazard iG e:,,;:pected 
to be fa, Jess than the tritiu::n release problen . 

Loss of  cooling 2 ccidents and afterheat probler"s w ·-c ex2.mined and b0.ca:ine 
of the low specific heat generation were shown to bl':! manageable . 

The shipment and storage of long term radioactive wastes w ·.1s also analyzed. 
Figure 13 summari:,:es the decay of such waste from uWMAK-I after a 1. 4 year 
opearting cycle and compares it to a LHFBR fission reactor. One can see that on 
the crude basis of curie per thermal wat t , PWMAK-I is a factor of - 7  better thar, 
the Li"\fFBR at shutdown but loses that ad·uantage after , few weeks of decay , 
After that the ac tivi�_y of 316 SS is c0mparable to  or exceeds that of the LMFBR 
up to a few hundred ye,irs . However , considering the biological hazard potential 
(BHP) , which is the source amount divided by the MPC in c tcries/cm3 of dilutant, 
.:>'le finds the situat:::.on somewhat improved (Figure 14) . Now fus:i.on reac tors 
are a factor of 1 000 better than fissicn systems at shutdown :ind remain s0 out 
to a year or two. 



Isotope 

V-1+9  

Mn-54 

Mn-56 

Fe-55 

Co-58 

Co-60 

Ni-57  

0tal ( a) 

? 7  _ ,  

Table 7 

First Wall Radioactive Inventory at 
Shut down After 10 Years of Op�ration of Uwi'.1.AJ:-I 

Specific  Activity 
�cm3 -·--- -· -�---

1.1 

!+ . 0 

6 . 9 
J ,, 

�:. " .;, 

i . • 7 

7 . 7  

1 .  8 

X 

l{ 

X 

X 

X 

X 

X 

11) ( 6) 

10 (10) 

lC ( ll) 

10 ( 12) 

10 ( 11) 

lG ( lO )  

10 ( 10) 

Activity 
__ _ ci hw _tJ, 

]16 ss -·-'·· ·--

0. 6 7  

24  

42 
140 

'::9 

4 . 7  

-, . 1 
- 3 10 

"Biological Ha"?:ard 
MPC 3 Potential" 

itc!i�cm 3 km of air/kwtb 

l X 10 (-10) 6 . 7 

1 ,, 10 (-9 )  24  

2 X 10 (-8) 2 . 1  

3 X 10 (-f; i 4 . 6 

2 y 10 (--9 ) 14 . 5  

3 X 10 (-10) 15. 6 

1 ,.  10 (-10) 11 

, . ,  f, ') 

( a) Inc 1 uding those isotopes not list eel here 

t l/ 2  

3 31 days 

313 days 

2 . 58  hours 

2 . 7  years 

71 . 4 years 

5 . 26 years 

36 . 1  hours 
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The volume of radicactive material generated in lJT.iMAK-I was analyzed and is 
summarized in Table 8 .  The surprising thing to note is that the volume of 
radioactive material generated per year is actually greater in UWMAK-I than in 
similar sized fission plants . This stems from the necessity to change the first 
wall due to neutron damage. Approximately 250, 000 kg/year is generated and, 
at theoretical density, represents some 1100 ft3 of high level waste per year .  
In addition to this amount an average of 4 88, 000 kg is generated per year by 
having to change out the rest of the blanket and reflector region . When 
this amount of corrosion and sputtering products is added to the above numbers, 
we find that a minimum of - 3300 ft3 of highly radioactive material is generated 
per year.  This is about half of the low level was tes and more than 10 
times the high level waste from a fission plant . 

It is difficult to translate the numbers in Table 8 into the number of truck 
or rail shipments required per year because the low afterheat d ensity in fusion 
reactor materials would dictate a much different cas k design than for fuel elements . 
However, if we use the current numbers of 500 kg of irradiated fuel per cask for 
truck and 3, 200 kg of irradiated fission fuel for a single rail shipment, we find 
that- - 1 470 truck shipments or - 230 rail shipments would be required per year . 
Again, one might expect to get more irradiated structural material per cas k 
than for fuel so that these numbers may be high for fusion s�rs tems like UWMAK-I .  
Finally, there is no urgency to ship or reprocess  the CTR material s as 
there is for fuel. This may allow the option of storing all the used 
cc mponents until the end of the plant lifetime , or allow on site burial. Such 
p3ssibilities need further investigation. 
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Table 8 

Solid Wast es from UWY..AK-1 (1500 MWe) and a 1500 MWe LWR 

UWMAK- I (with 3 16 SS First Wall) 

Firs t Wall 
Reflector Region 
Corrosion Products 
Sputtering 

3 Total Volume (7 . 8 gm/cm ) - 9 4  m3 

Low Level Solid from Power Plant 

Cubic Feet /yr 
Kilograms /yr 
Number 55 gal. Drums /yr 
Burial Ground Area Used Square Feet /yr 

Produced at Reprocessing Plant Site 

High Level Solid 

Cubic Feet /yr 
Kilograms /yr 
Number 6" x 10 ' Containers / yr 
Repos itory Space Required , 

Square Feet/ yr 

Cladding Hulls 

Cubic Fee t /yr 
Kilograms /yr 
Number 30 gal. Drums /yr 

Area/yr 

Low-Level Solids 

Cubic Feet/yr 
Kilograms /yr 
Number 55 gal. Drums /yr 
Burial Ground Square Feet/yr 

2 45 , 000 kg/yr 
4 88, 000 

2, 500 
250 

-73 6, 000 

3 , 000-6, 000 
90 , 000-150, 000 

400-800 
2 , 700-5, 400 

135 
7, 250 

90 

18 , 000 

90 
11 , 400 

2 2 
Depends on whether storage is 

required at a commercial burial 
ground or Federal Repos itory 

900-6 , 000 
45 , 000- 100 , 000 

120- 800 
1, 500-7 , 250 
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VI Materials Resources Considerations 

The construction of large scale 
severe demands on critical elements. 
tokamak fusion power plants. 

Tokamak fusion power plants will place 
This stems from two basic features of 

1. Low power density (i. e. 1 MW/m3 vs - 100 JJM/m3 for fission reactors) 

2. Use of relatively scarce materials in some designs (i.e. Nb, Cr, 
Mn, Sn, Be, etc.) 

Therefore i t  is important at this stage of reactor design to estimate the 
materials required for each reactor concept to make sure that such systems 
do not strain the materials reserves of a particular country or even the 
world. 

We have attempted to estimate the materials requirements for the m.JMAK-I 
"nuclear island" (Table 9) and, as much as possible , for the balance of plant 
(Table 10) .  The numbers quoted here are probably underestimates and do not 
take into acount losses during fabrication and/or p�ocessing. However, the 
values should be within 50% of the ultimate amount and therefore represent 
minimum requirements. 

The requirements are given by element and by alloy in Tables 9 & 10 
and we h :we calculated the materials requirements in metric tonr..es 
per MWe . The total materials requirements are sunnnarized in Tabl e  1. 

There are a few points worth noting for UWMAi.Z-I. The total amount 
of metal (including B & C but excluding concrete) is -144 tonnes/MWe 
in UWMAK-1 .  Roughly 60% of this need is for iron, 10% for Pb ,  8% for Na , 
7% for Cr, 6% for Ni, 5% for Cu , and 1% each for Mn, Li and B. Approximately 
60% of the metal mass is required for the balance of plant with 80% of this 
amount going into iron . 

A breakdown of the fractional requirements for some of the critical 
elements such as Cr , Ni, Mn and Nb is given in Table 12 . The requirements 
are broken up into those of the nuclear island, those parts of UWMAK-I 
peculiar to fusion power plants and those requirements from the balance 
of plant. Let us examine the requirements for Cr & Ni  first , It can be 
seen that -60% of the demand for these two metals is associated with the 
nuclear island, �12-16% with the auxiliary components peculiar to the 
tokamak UWMAK-I and only 24- 27% in the balance of plant . ::econdly only 
about 10% of the total Cr & Ni requirement is associated witl:: the initial 
blanket structure, 3% with che init ial shield while almost 1/4 of the total 
requirement comes from the initial magnet structure. The replacement of the 
first 20 cm fourteen times during the lifetime of the plant only accounts 
for -8% of the total requirement of a UWMAK-I type reactor while replacing 
the rest of the blanket and reflector region every 10 years a ccounts for 
another -17%. Finally it should be noticed that even if we made the 
ero itre blanket cut of ano her material (Al , V , Nb ,Mo) the total requirement 



Blanke � - 316 SS  
Element Initial 1st wall replace- Reflec tor & 

Structure Ca) ment ll, timei; (b) Header replac .  
Twice 

Al 79 69  146 
B 

C 

Cr 1406 1236 2636 
Nb 
Cu 79 69 146 
He 
Fe 4844 4253 9081 
Pb 

Li 1159 
Mn 156 137 293 
Hg 
Mo 156 137 293 
Ni 1094 962 2051 
Ti 

To tal 
Weight- 8973 6868· 14647 

Component: 
Wt 

316SS 7814 686B 14647 
Li 1159 
Bt,C 
Pb 
He 

Cu S tabiliz.,r 
hb-T:l 

Hg 
304SS 

(a) 12 regular modules plus 3 spare units 
(b) first 20 cm onlv, 491 MT each time 
(c) 304 SS 

TABLE 9 
Haterinls Pc;_,�Jrer.1_': :c c ·; - !.;,,!MAK-I Nucl2ar Island 

Metr 1 ·:  ;onnP.s 

�n_t'? i.sl l·ia · ·. n. c• t s  
S t r ui.: tt .v  ..... 'l.';;roida:. T. F .  \·2 ;� :.. icul 

6. Absorbers Ficl<l GoiL Bracing (c, i. � _ �,, !�oils 

I•icl . Dewar 
-------------

2:,  123  l .i 3  

158 ,l 
446 
457 1221 91 2126 

86 15 
26 6163 1198 

l 13 19 
1573 li206 299 7322  

20.:;oo 

5 .i. 1 %  :; '.2 36 

5 1. 136 236 
355 950 54 1J� ., - '. 

44 s 
25066 13078 453 12931 

? S Y• 6fl95 l ,  ')<.j 

.::o :i . 
205C 

l 13  , 9 

(040 1080 
130 23 

4�3 

'- er  t i. cal Vacuum 
Fielc.'. C:oil Pumps 
Support Cc) (c) 

181 9 

599 29 

18 1 
3 

109 .:; 

907 47 

3 
907 44 

Misc.  Total --

562  
1580 
446 

9363 
101 

7681 
25 58 

(storage)J22 l  1 
20500 

c ?.4bi >
1100 

11 pes 
103 7  

3 
1009 
7233  

52 

566 83534 

51122 
541 1700 

2026 
20500 

25 58 
7120 
153 

3 
1404 

Tonnes 
Mwe 

(ll. 7 5  }:..'e ) 

O .  :JS  
1 . 07 
O. JO 

6 . 35 
0 . 07 
5 . 21 
0 . 04 

21 . 84  
13 .  90  

.l .  J. _, 

o .  7 0  

u �  u , 1.L  

o.  � ti  

4 . 90 
0 . 04 w w 

56 . 63  



__ �:ea t:__ii ,r:ha�r ___ _ 
Elt.:lilCH� i.i-/ia t-ia-S team Re;;encr

� (b) ative(c) 

fu . .. 
: , r  
:-:'._) 
Cl! 

1 1 ,-. 
.i.="l! 

�, ' '  

:; i 
; . .  1 

� l 

Zr  
To tal 

76 

2514 
7 6  

457  

3 809 

C n r n  ... )_oi_:_L� n t s  

J ! h � 3809 
Jl  6:;; s  
r: ; o i oy-2 1/4 

- 1 . 

1__.'.u >, 1· ..i.Oilizer 
A L  

1 : 0  

1.61 

4912 
9 

.:..1 
8l.i. 

5923  

lQi, 5  

C . 1  r : n1n S t c�cl 3833  
l , .co. icl-600 1C45 

8 

27 
1 

5 

l l 
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l'ABLE 10 
Nater ials RcquiremC'n tn r <:1.f__�;ince of  Plt.1.i1t-L�·-'>!,\ :\.-I 

!1e tr i c  Tonnes 

_ _ _R_i;-- ��--·- Thc r, ... ,l D1 mp 
11. t-:a S team Fly1.hccl Tanks 
316 304 (Croley) :,a 'Ln;�_hl t,a+Li(a) 
.&. &_ ____ _ 

8 2  

5 

283  
0 

9 
6i1 

4 J 7  

457  

184 

6J7  
lG 

110 

9 1 9  

'./19 

4 

150 
l 
2 

157 

157  

1606 1305 

5]J L, 4 306 

161 130 

96.'.' 783  

3040 6524 

f '  ' �  I r"> 

v v�+u 6'.i2l, 

Building Rei n :  , : .: in;; Tur�, �  .. . � 
Pump:., Linc.:- & Rod r, ,, � rue GC'nera tor 
Na+.;, .:. ; ,. ,_ Revol . Door_ �". � i,; ) l,nl.t (c) 

100 1  487  t, J 

454 

':, J 6 5  1 6 0 $  6tJq57 414 9 
.J. ·.., J 4 9  

C ', J 2 9 2  86  

2434 GG:151  473 .... 

.l �, 1- � 
2./:,34  

l.;::,4 

66957  

i, 2 7 7  i,v.,., A l  l f'y S t .:ci 
Con c r e t e-m3 (34 C J�O) 

( . 1 )  1 1, ,mi l s  (12 reg,;la r ,  l cl i .,erto:- , l spa.::t.) 

Energy 
S tor,;,;;e 
Uni t  .� 

4 4 5  
4 5 5  

3 9  
2800 

80 
1502 

4 6  

2 7 3  
17826 (f)  

2 0  
5 - ( g )  
J rQ- (h) 

5660  17929  

2276  

5 9  
2800 
445 
80 

l782C• 
5 

To t_�; 

1f 4 5 6 1  � ·; 
:s 'l 

3 2 5 ,  

8 0  
95924 

608 
n 

4 4 '14 
17826  

20  
s � ...... � ·-·�-

1Zd9K2  

2 9 4 0) 
493  

1202 
59 

3251, 
4 4 5  

80  
17826  

5 

7 0 7 9 0  
1045 
4277  

(l,, ·• � v. : ;  
___L.t} � 

_}��-

0 . 3 0  

t, ,  2 0  
(\ ,  0 3  
"1 ) '  L . l 

n . os 
65 . 03 

O .  l l 
c . u:. 
::. .  05  

l.i. . 99 
0 . 01 
O . G83 
.. : . .J.Jll 

.6 7 , 4 ,, 

( b )  1 7 , u7. Croloy-2 l/4 ; (Fc-9b . 25 :t ;  c::'.:2 , 25 ... ; r-'.'.l-1 . 0� ;  Mn-u , 5 io ) , 17 . 6�; Incou .c-6vJ  ( 7 7 , 65% Ni,  15% C1.o , i %  Fe , 0 . 35:t Mn) , 64 , 7% carbon s teel ( c )  28 units 
(d)  1%  Hn S t eel 
(e) I o;. Alloy S teel-24 Ni,  1% Cr 
( [ )  Second ary Loop 
�g)  Tri cium Ex �ra · t ion Bed 
(h) Liquid me tal clean up �ys te� 

*approximate number due to roundvif 

( - --( 
---- · ···---- ---·4 

w 
_.:;, 



Elemerit 

Al 

B 

C 
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Cu 

He 

Fe 

Pb 

Li 

Mn 

Hg 

Mo 

Ni 

Na 

Ti 

y 

Zr 

35 

-- ------------ ------------------

TABLE 19 

Sununary of Elemental Requirements for UWMAK··I 

Metric Tonnes 
Tonnes 

Nuclea-r 
·-
MWe 

Island Balance of Plant Totr:il (1475 MWe) -----
562 445 1,007 O. ES 

1,580 1,580 1. 07 

446 446 0.30 

9,363 6,199 15,562 ]0.55 

101 39 _;_40 0.09 

7,631 3,259 10,940 7.42 

58 80 138 0.09 

32,211 95,924 128,135 86.87 

20,500 20,500 13. 90 

1,700 1,700 1.15 

1,037 608 1,645 1.13 

3 ? 0.002 

1,009 22 1,C31 0.70 

7,233 4,484 ::_1, 727 :.95 

17,826 17, :3?6 12.13 

52 20 7'2 0.05 

5 5 (). ()03 

rnri _11)0 0.07 
--·- ···-

83,534 128,982 212,s.,6 1�4.2 



Element Initial 
Structure 

Cr 9 

Nb 

Mn 9 

Ni 10 
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Table 12 

Source of the Need for Critical Elements in the UWMAK-I 

Reactor Facility* 

% of Total Requirements 

Nuclear Island Components Peculiar 
to UWMAK-I 

Energy Thermal Line� 
hit wall Balance .:;hie1d Magnets Storage Fly- + 
Repl. of Blanket "ti lit Wheel Rev. 

Repl. Tau ks 
- - --- ----- -----

8 17 3 23 3 10 3 

72 28 

8 18 3 24 2 10 3 

8 l"l 3 24 2 8 2 

*As compared to a Liquid m,ctal cc ,):i. d f.i..ssion rca: t.or 

Balance 
of 

Door Plant 

24 

r: 
._./ 

27 



TABLE 13. 'W. 'I'OKi\MAK REACTOR 

Data Relating to Metal Availability (All Quantities 

1xU 3x.V 

in 106 m.t.) 
Wor.J.d - Ex - U.S.A. 

Reserves 
Metal 

Reg. For 
105 MWe LJ. S. Reserves 

lJ.S 1974 U.S. 1Q7Ll 
Prgcluction3/ Co�_umption.�V __ ....,1"""X:1:: .... 1 __ 1 3xY 1974 Prod. 

304 & 316SS.!/ 

Fe 

Fe Ore (1973) 

Cr 

Ni 

Mo 

Mn 

Pb 

Cu 

Li 

B 

Nb 

Ti 

56.89 

86.87 2000 

10.55 

7.95 0.2 

0.70 5. lj 

1.13 (). 0 

13.90 59.0 

7.42 )90. 0 

1.15 0.50 

1. 07 10.1 

0.09 .0054 

0.05 >34. 0 

>10,000 

1.53 

"""lf,. 0 

>2.08 

>HJ, U 

>100.n 

::L9 

Large 

.06 9 

-..1 29.0 

0.68 ,._,?..o .)_;_uuu.u ,-,2. 0 

!/ Reserves at present prices 

'.H.49 

88.0 

0.0 

0.015 

0.06 

o.n 

0.68 

l. 70 

0. 003 

-0.18. 

0.0 

8/ 
ca O. 29-

0.40�/ 

t'i-l 91. 0 2L1r),ooo.o 413.0 

1112. U 725.0 

0. L�S 370.0 890.0 -2.0 

0.20 -.J2L�. 0 ?9UG.O .67 

0.027 ,vq. 0 ,v 13. 0 .021 

ca 0.:U -9.0 

0.82 160.0 >SUO.O 2.81 

1. 79 >300.0 .)500.0 5.7S 

0.003 1.3 7/ U.2 .002 

0.15 10.l >0.15 

0.001 7.00 17.2 -.0060' 

o.200Y 147.0 _,. 02sn/ 

4.86 2000.0 13.4 

£1 Reserves at 3X present pric�s. 
3/ Primary metal only. 
4/ 316 SS taken as Cr - 18%; Ni - 14%; Mo - 2%; Mn - 2%; Si - 1.0%; Cu-1.0'5; Fe-62%; 304SS as Cr-20':',; 
Y Primary metal from domestic bavxite. Ni-12%; Mn-2% and Fe-66%. 
£1 Free World only. Ti metals only. 
7 / Of this runcnmt 1.1 x 106 tons is Li estimated in brines of the Salar de Atacama; the validity of this 

estimate is in questioa. 
�/ Titanium content of titanium minerals produced and consumed. 

..... 
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for Cr or Ni in a Li cooled UWMAK.-1 reactor would be reduced by only �-33%. 

The requirements for Nb in UWMAK-1 stem from two sources, the magnets 
associated with the nuclear island, (72%) and the magnets associated with 
the energy storage system (28%), The absolute amounts required at 0.14 
tonnes/MWe are modest but the 212 tonnes of Nb-Ti alloy required for one 
UWMA.K-I type plant represents an amount 38 time£ the present (1973) produc
tion of that alloy. 

The reserves and resources of various elements (Li, Cr,Ni, Cu, Ti, Al, 
V, Mo, and Nb) have been investigated as a function of the present 
price, 3 times the present price, and 10 times the present price. 
A summary of the results is given in table 13, along with the amount of 
elemental metal which would be required to provide 106 MWe from UWMA.K-I 
type :reacto1s. 

From the table we can categorize the needs of a UWMAK-I type reactor 
as fellows;* 

1.) Those elements for which there are amplE� US r0serves at presert 
rrices and production capacity to absorb a move toward fusion 
po\,-2r with UWMAK-I ty,h3 reactors. (Fe, Mo, Cu, Ti� Al) 

2.) Those elemer:ts for which the US has ample reserves et p��sent 
or 3X present prices but where significant increase in mine and 
mill producti0n would be required. (Ni, Mn, Pb, Li, Nb, Il) 

3.) 1hose eler111:nts for which the US has n·-0 ither Lhe reserves, 
reso�rces or productioa capability. (Cr). 

We w�ll not address the first category here (the rc?der is refe�red 
to the deu:dled report) and would only connnent that the demand, for Ni, Mn, Pb, 
Li, Nb of CWMAK-I type reactors would produce serious strains on the produc
tion capabilities of the US mi:'i.:1.g and industria1 community. Such largP 
demands at 3 times present pr.ices will also have the effect of increasing 
the capital and (to some degree) the operating costs of a reactor like 
UWMAK-1. 

Finally, v:e have identL'i.2d that the large demand for Cr in UWMAK·-I 
(-16,000 tonnes) as the reost critical resource problem to be face:d, The 
US has essentially no Cr at current world prices and could ,,atisfy only 
10% of the needs of a 10 6 HWe econoray at 3 times the preG,'.Pt prj_ce. There 
are considerable reserves of Cr in the world but the US would have to rely 
on foreign sources for its supply just as it is now somewhat reliant on 
foreign oil sources. Such a c::ituation must be examined very closely. 

* 6 
Here we assume that the material required for 10  MWe would be produr:::ed 
over a 20 year time period so the re'}uired amounts must be divided by 20 
to compar," to current producti0r, rates. 



VII I:conomics 

The primary measures of the practicality of a power plant design are 
the reliability and cost of the electricity produced. Reliability is 
primarily a function of the plant design and the dependability of the fuel 
supply but will not be discussed in detail here because the design and 
operating details of UWMAK-1 are not knovm well enough. We can only assume 
that the plant will be designed, built and operated such that it has 
adequate reliability. The reliability of the fuel supply is essentially 
100 perc-:,nt since it depends on purchase of relatively small amounts of 
readily-availal,le deuterium and proper design and operation of the tritium 
recovery systems within the plant. 

The cost of electricity produced in a poweL plant is determined primarily 
by the operating costs, the fueling costs, the capital costs, tPe amount 
of electricity generated, and the financial conditions for the utility operating 
the plant. Each of these primary factors is addressed in the bulk of the report. 
Before we can summarize those resultE, we must briefly review a few of the 
definitions used in this study. 

The plant factor for a pow0r plant is defined as the ratio between t-h� 
actual power generation and the power generation that would occur if the 
plant operated 100 percent of the time at the design power lev2l. Tr.' plant 
factor is always less than 100 percent because of (1) outage time f'Jr 
maintenance (and refueling, in some cases) and (2) operation at less ::han the 
detdgn level during startup periods and periods of time when there i2 not a 
need for all the electricity' wld ch could be generated. 

The plant factor for the lfutffiK-I is determined pri�arily by four f��tors: 

1. rhe time required for wall replacemer:t outag(·s, 

2. The amo1tnt of unscheduJ ,_, ..; outage time iu:� to miscellaneous equipment 
failures and transmissjon system abnormal conditions, 

3. 

4. 

The 
necessary 
in ea.:h c• 

The average length o� the plasma burn, and 

The length of the react,1r rcj uvenation time between plasma burns. 

inner wall is designed t·� last two years before 1ep LacemPnt is 
to prevent failure. During each two year perind, the inner wall 

the 12 reactor segmeuts will be replaced. 

The optimum schedule for replacing the wall segments is determined by making 
an economic balance of 

1. the ,::osts for keephP; E1pare wall segments in inv, ,1to,..-y, 

2. the .:os-:.:s for replacement of the segments, and 

3. loss of income from sale of electricity during ..:he ou-:age period. 

Ille cost of keeping spare segments in inventory i3 quitL, large and is directly 
proportional to the number repla,::ed per outage. This cost decreases as the interval 
between outages decreases. Both the costs due to replacement of the segments 
and the loss of income from sale of electricity increases as the interval 
between c ut.1ges decrE.ases because the amount of outage time increases. (More 
time is required to prepare for the replacement and to prt..t>are th2 reacLor for 
operation after the replacements nre completed.) 
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An economic balance for UWMAK-1 shows that the optimum wall replacement 
interval is between 4 and 6 months. This interval would result in an outage 
during the spring and fall of each year when most utilities have minimum 
demand for electricity. Therefore, a 6 month replacement time was chosen for 
UWMAK-1. 

During the wall replacement outages, all routine outage maintenance would 
be done. This includes such items as periodic inspection and maintenance of 
the turbine-generators, inspection and maintenance of large motors and pumps, etc. 
Also maj or equipment modifications would be done. 

The unscheduled outage time was estimated to be 4 weeks per year due 
to minor equipment failures, loss of transmission systems, etc. This would 
alE:o cover the replacement of a blanket module due to a statistical failure of 
one of the first walls. 

We have already described the burn time as 90 minutes and the down time 
as 6 1/2 minutes. The sensltivity of the plant factor to these two parameters 
is shown in Figures 15 to 17. Note that with the above decisions, we find 
that the plant factor for UWMAK-1 is 78-80%. Such a number is comparable 
to current plant factors for fossil and fission power plants and if no major 
unexpected outages occur, should be acceptable to electric utilities. 

The capital costs for UWMAK-1 were estimated by use of standard preliminary 
capital cost estimating procedures. The primary guide for estimation of the 
capital cost was the document NUS-531 "Guide for Econ0mic Evaluation of Nuclear 
Reactor Plant Design." That document presents the general philosophy, 
procedures, and record tables for estimating all costs for a power plant. 

A conservative approach was used in estimating the capital costs. Past 
experience has demonstrated that advocates of new facilities frequently under
estimate the capital costs because of optimism in design and failure to include 
sufficient contingency for unforeseen difficulties. In this enalysis, the 
construction costs were deliberately overestimated whenever uncertainties 
existed. An an example, current maximum equipment sizes were used whenever 
there was any doubt that larger equipment could be produced. This eliminated 
the economies-of-scale that might be realized by use of larger equipment or 
increases in quantities manufactured. 

No attempt was made to develop detailed designs for the numerous small 
support systems. It became apparent early in the effort that order-of-magnitude 
costs for such items would be adequate. Large errors in these costs would 
have no significant effect on the total capital costs because they cause a 
small fraction of the total costs. 

Most of the costs were estimated by use of standard costs per unit of 
ma,:erial, After development of a general design for a facility, the quantities 
of material needed for construction of that facility wen: estimated and then· 
multiplied by the standard cost per unit of material to obtain the installed 
cost. 
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----------- - - - --------

of the estimated capital costs is given in Table 14. Much 
provided in the body of this report. The considerations have 
a UWMAK-1 type reactor may cost in the neighborhood of $1000/kw . 
not too unreasonable when compared to fast breeder costs of e 

We feel the most important point about the present costs is 
within a factor of 50% of fission facilities and in the future 

more detailed studies may provide closer correlations especially if large 
additional costs result from the disposal of high level wastes and the 
prevention of diversion of weapons grade material. 

It is also o� interest to note that 74% of the costs are direct costs and 
26% are indirect. The indirect costs are dominated (60%) by the 8% interest 
costs for the assumed 5 year construction time. Taxes and insurance (part of 
the "Other Costs") amounts to 21% of the indirect costs while items such as 
engineering services, construction facilities, equipment and services amount 
to anothe1 19�[ of the indirect costs. 

Another way to look at the numbers in Table 14 is to distribute the 
indirect c,Jsts to the direct costs and determine how much is involved in the 

Nuclear Island 
Power Generating Equipment 
Balance of Plant (structure, etc.) 

On this basis, we find 51% of CTWt,IAK-I costs are associated with the nuclear 
island, :8% 1,ith the electrical generating facilities, and -20% for the 
ba 1_a,v�' of plani:. This says that approximately 1/2 of the costs of UWMAK.-1 
are -L,,;uciatEd with the "conventional" part of the plant while the other half 
is associated with the fusion reactor itself. 

A breakdown of nuclear island costs is given in Table 15. Roughly 1/3 of 
the nuclear island costs and 17% of the total plant costs are involved in the 
reac::or magnets while the corresponding numbers for the blanket and shield 
are ).8% and 14% respectively. The he1t tra::isfer system, which includes the 
Li a,1d Na, piping, pumps, intermediate he&t exchangers, rniscellaneous 
dump tanks and heating equipment, amounts to -Lf0% of the nuclear island costs 
and 20% of th2 overall plant costs. The importance of such comparisons shows 
that cnly -30% of the total UWMAK-1 costs are involved with really new 
technologies (magnets, injectors, vacuum systems, Tz extraction, blanket and 
shield construction, etc. ). Therefore, a major effort to reduce thnse costs 
must also be coupled with a reduction of the balance of plant and "conventional" 
technology costs. 

Finally, we have calculated the electricity produ.-:'tion costs which include 

1. The operation and maintena11ce costs 
2. The fuel cost 
3. The dnnual return on capital . 

The operation and m&intenance cos+:.s e.re <lescribed :'en detail in the body of the 
repurt but the conclusion is that they will run -12 million dollars a yea:::-, 
over 60% of which results from c:1anging the first waJ 1 eveLy two yP.ars. 
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TABLE V-3 

Cost Data 

(Prices are Present Day and Based on a 40 Hour Work Week) 

Account 
Number Account Title 

DIRECT COSTS: 

Nondepreciating Assets: 

20 Land and Land Rights 

Depreciating Assets: 

26 

21 

22 

23 

24 

25 

91 

92 

93 

94 

Special Materials 

Physical Plant 

Structures and Site Facilities 

Reactor Plant Equipment 

Turbine Plant Equipment 

Electric Plant Equipment 

Miscellaneous Plant Equipment 

SUB-TOTAL Physical Plant 

INDIRECT COSTS (All Depreciating Assests): 

Construction Facilities, Equipment 
and Services 

Engineering Services 

Other Costs 

Interest During Construction 

SUB--TOTAL 

SUB-TOTAL (Total Depreciating Assets) 

TOTAL PLANT CA�ITAL INVESTIMENT: 

COST PER KILOWATT GENERATED 

Total 

$1,200,000 

28,290,000 

139,807,000 

573,636,000 

170,580,000 

142,859,000 

1,036,292,000 

24,300,000 

48,500,000 

75,600,000 

218,618,000 

367,018,000 

1,413,600,000 

1,432,800,000 

971 
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Table 15 

Summary of UW:.vlAK-I Nuclear Is_,_and Costs 

Nuclear I�_Jand Component � of Nuclear Island % of UWMAK-1 

Reactor Magnets 33 

Blanket and Shield 28 

Heat Transfer Syst�m 39 

Table 16 

U- ."!AF'.-1 Electricity Costs 

CJst Item Annual Cost ---··---

Operations and Maintenance $12,0)0,000 

Fuel 127,000 

Return on Capital 

Total 227,047,000 

Unit Cost 
(mills/kwh) 

J. l 

0.01 

20.1 ---

21.2 

17 

14 

20 
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The fuel costs are truly negligible amounting to annual costs for D
2 

of 
$123,000 per year and $4,000 per year for the lithium. 

Finally, annual return on capital was assumed to be 15% per year which is 
typical of private utilities. 

A summary of the electricity costs is given in Table 16. It is obvious that 
both fuel and O & M costs are rather insignificant compared to the total costs 
of v'.H mills per kW-hr. It is also important to note that even if the frequency 
of first wall replacement doubled, from once every 2 years to once every year, 
the total operating costs would only increase by about 3% due to direct material 
costs and "8% because of increased downtime. This indicates the relative insen
sitivity to the two year lifetime decision. 

VII. Concli..;s:i.ons 

The detailed design of a t,Jkamak fusion reactor has uncovered many new 
p 1.0blems :md shown that some previously troublesome areas may be subject to 
engineering solutions. Particularly encouraging is that the costs of fusion 
powd' may b,, ,,vithin reasonable limits of proj ected energy costs and future 
ingenui ·y i;!Joul.d help tc improve this picture. However, it is hard to see 
how fusic-.i1 power from Tokamaks will ever be much cheaper than that from fission 
redctors because of the low energy density of the energy extracting units. 

The demand on U.S. reserves and resources of critical elements is sev2re 
(as it js for other energy sources) and of particular concern is the requirement 
for lan.:e amount,,, of chromium. Self sufficiency in this el.ement appears tn be 
very dlff1cult evsn if the present pr:ce were to he raised by a factor of three 
or ;.1on:. 

A first look at the environrncntal impact of a D-T fusion reactor like UWMAK-I 
reveals that it will have many of the same problems as are currently facing 
fission reactors. These areas of concern include the generation of large 
amounts of radioactive waste and the potential for release of volatile radio
active tritium both during routine operation and in the event of an accident. 
Th,• sou1ce and conseq11ences of a major accident seem to be much smaller for a 
fusion reactor like UWMAK-I than for a fission reactor, but it must be recognized 
that such a possibility exists. 

Tne design of the "balance of plant" and power cycles has revealed only a 
few new prnblems but they must be thoroughly analyzed to see how much they tend 
to increase t:he cost of fusion power. The 11thermal flywheel" concept (or some
thing similar) will present a challenge to power engineers that they have not had 
to face previously. The design of large, partially evacuated buildings for the 
nuclear island will also test the skills of architect engineers as well as 
the design a�d construction of heat exchangers which limit the release of 
tritium to the environment. 

We feel that the present design effort is only a beginning and that many . 
more reactor concepts need to be investigated before definitive broad statements 
can be made. It is only by the continuous "shifting and winnowing" of new 
ideas that we hope to eventu3lly be nble to provide large amounts of electricity 
by fusion power. 
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I. Power Cycle 

I-A Introduction and General Philosophy of Coolant System 

The main purpose of a reactor like UWMAK-I is to produce electric power 
as safely and cheaply as possible. Such a goal sounds simple in principle, 
but in fact is quite complex in practice. Not only does such a goal involve 
the choice of coolants which are compatible with structural materials and 
tritium containment schemes, but it involves a complex balance of flow rates, 
temperatures, pressure drops and pumping power. 

The basic power cycle for UWMAK-I is shown in Figure I-1. It utilizes 
a lithium primary coolant which transfers its heat in an intermediate heat 
exchanger to a sodium secondary fluid. The sodium in turn transfers its heat 
to a double walled steam generator. . ·� r 

The main purpose for the sodium intermediate loop is to reduce the 
amount of tritium and corrosion product leakage from the lithium primary 
loop to the steam cycle both during normal operation and in the event of a 
leak in the steam generator (see Chapter 8 in Volume I of this report for 
more details). The main constraint on the Li loop is that the maximum Li-SS 
contact temperature not exceed S00° C due to corrosion considerations (see 
Section IV-C in Volume I). 

It was decided to have twelve reactor loops in UWMAK-I, one each for the 
twelve reactor modules. This was done in order to reduce the potential for 
tritium leakage in the event of a catastrophic accident in any one of the 
primary coolant streruns and to reduce the amount.oft:coolant chinnels that must 
be opened and rewelded during module change out. The distribution of the 5000 MWt output from the pland it shown in Table I-1. 

Before going into more detail on the specific coolant loops, there are two 
further points which need to be made. First, while the instantaneous reactor output 
is 5000 MWt during the plasma burn, there is a 6.7% down time in which no power 
is being produced (see Chapter II of main report). Therefore, the time averaged 
output is 5000 MWt x 0.933 or 4663 MWth (4383 MWth of which is in the blanket coolant 
circuit). The second point is to note that a "thermal flywheel" concept be used in 
conjunction with the secondary sodium system. This concept involves the diversion 
of a small amount (-7%) of the hot sodium into a well insulated std'rage tank. This 
Na is accumulated during the 5400 second burn time and then fed back into the Na loop 
during the 390 sec down time beteen burns. This maintains a constant power output 
to the electrical network which is a fundamental requirement for a practical 
power plant. 

I-B Blanket Cooling System 

I-B-1 Primary Lithium Loop 

It was stated previously that there are 12 primary reactor coolant loops; 
each one of which feeds into an intermediate heat exchanger which in turn is connected 
to its own sodium loop. The twelve sodium loops then circulate the sodium 
through twelve steam generators where the steam is generated to feed into a 
common set of steam headers, and eventually into the turbine cycle. 
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Table I -l 

Distribution of Power from the 5000 MWt 
UWMAK-I 

Number of MW th Total Time Average ---
Loops per Loop* MW th* MW th 

Li Pri.mary Loop 12 392 4700 

Na Secondary Loop 12 392 4 700 

Steam Loop 12 392 L,700 4 383 

Li Primary lna;:i 1 250 250 

Na Secondar, Loop 1 2SO 250 

Feedwat,�r Loop 1 250 �50 233 

He Coo.l ant 12 L; .• 2 50 

Coolant Water 12 4.2 50 

,� Ir,star.taneous values d:1:.:-ing burn cycle. Time averaged values 
(to account for down time) are 93. 3% of that value 
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A sche�atic of a typical lithium coolant system is dhown in Figure I-2 
and Table I- 2 lists the pertinent tetr.peratures, pressures and flow rates for 
that system. There are six maj or s ubsystems in this loop and they are 
l isted below. 

. Li cleanup 

• Intermediate heat exchanger 

. Li make-up loop 

• Tritium extraction beds 

• Maj or lithium circulation pump 

• Li dump tank and stcrage 

The lithium comes £row the reactor at a temperature of 489°C and a pressure 
of � 40 psi (2 . 8 x 104 kg/m�). It then passes the cleanup s ystem where 1% 
of the main flow (2 .7 x 104 kg/ hr) is diverted for purification. 

The primary purpose of the cleanup s ystem is to remove corrosion products 
and oxygen that may have leaked into the s ystem. This requires that a small 
amount of the lithi�m be heated from the reactor outlet temperature (4 89° C) 
to 645° C in order to reduce the s olubility of these elements. (Figure I-3) 
After the lithium has been purified, it is passed into a regenerative heat 
exchanger and fed back into the main lithium stream . The regenerative heat 
exchanger raises 2 . 7  x 104 kg of lithium/ hr from 4 89° C to 64 5° c on the entry 
side and lowers it from 662 to 519° C on the return side. It utilizes 91 -
2 . 54 cm OD by 0 . 08 9  cm thick wall tubes, 7.93 meters long on a 3.34 cm triangular 
pitch. Therefore, under equilibrium conditions, only -30 °C of thermal energy _�er 
unit of mass need be added to the Li for cleanup purposes . 

The entire assembly of tubes, tube s heet, baffles and s hrouds is attached 
to an upper shield plug to facilitate remote replacement if necessary. (Figure I-3) 
The tube side and shell side pressure losses are less than 0 . 1  and 0.3 psi, 
( 70 t o  211 kg/m2) ,  respectively (excluding entrance and exit losses of con-
nected piping). 

The next step is to pass the lithium through the intermediate heat exchanger 
which is shown in Figure I-- 4. Figure I-4 also lists the rertinent data on flow 
rates , temperatures and pressures. This particular IHX design is one which 
is currently being considered for LMFBR ' s  and represents state of the art 
technology. It has been modified to accomodate a lower Li flow rate ( 2 . 7  x 106 

kg/hr) per unit in the primary s ystem �s compared to the higher sodium flow 
rate in the secondary s ystem (9.1 x 10 kg/hr). The general configuration 
shown in Figure I-4 contains 4982-304 stainless steel tubes whic h are 2.06cm 
in diameter and 0 . 089cm thick. Tube length between tube s heets is 9.53 meters 
and the tubes are on a 2.69 cm triangular pitch. The lithium inlet temper
ature is 4 89° C and the outlet is 359° C.  

Thi s  design is typical of t hose developed for LMFBR applications where 
the primary side fluid is highly radioactive. It is designed to permit tube 
bund le replacemen :: through a s hielded plug. Lit hium with entrained and/or 
deposited quantities of activated corrosion products would be on the shell 
side cf this design. 
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TABLE I-2 

DATA SUMMARY FOR FIGURES I-2 an� I-3 

,�;STEM LOCATION DESCRIPTION 
j Posi-

I j tion 

NORMAL OPERATION 

Lithium System : (Fig . I-2) 
Outlet From Reactor 1 
To Li Reg . Heat Exchanger 2 
To Li Clean-Up Equip . 3 
From Li Reg .  Heat Exchanger 4 

To IHX 5 

From IHX 6 

To Tritium Extraction Bc:l 8 
From Tritium Extraction Bed 10 
Inlet to Reactor 11 

Sodium System : (Fig .  I-5 ) 
From IHX 1 
To Na Hot Storage 2 
To Na Reg . Heat Exchanger 4 

To Na Clean-Up Equip . 5 

From Na Reg .  Heat Exchanger 6 

To Steam Generator (Na Side) 8 
From Steam Generator (Na Side) 11 

a) To Steam Generator (H O Side) 10 
b) From Steam Generator tH20 Side) 9 

To Tritium Extraction Bed 12 
From Tritium Extraction Bed 13 

From Na Gire .  Pump 15 

From Sodium Dump Tank 17 

To IHX 

RECHARGING OPERATION 

Sodium System : (Fig.  I-5) 
From IHX 
From Na Hot Storage Tank 3 
To Na Reg . Heat Exchanger 4 

To Na Clean-Up Equipment 5 
From Na Reg . Heat Exchanger 6 

a) To Steam Generator (Na Side) 8 
b)From Steam Generator (Na Side) 11 

To Steam Generator (H20 Side) 10 
From Steam Generator (H20 Side) 9 
To tritium Extraction Bed 12 
From Tritium Extraction Bed 13 

From Na Gire . Pump 15 
To Na Dump Tank 16 

a) Feedwater b)  Steam 

Temperature Flow Pressure 

-

· 

--·· ---·- - --� °F j ° C  . . . . LB/HR ' KG/HR Psi kg m4 

6 6 
912 489 6 . 0xlO 2 . 7xl04 

40 2 . 8 
912 4 89 6 . 0xl04 2 . 7x10

4 
40 2 . 8 

1193 645 6 . 0x104 2 . 7xl04 35 2 . 5  
96 6  519 6 . 0x1ot 2 . 7 xl0

6 
40 2 . 8 

912 489 6 . 0xl0
6 

2 . 7 xl06 35 2 . 5  
67 8 359 6 . 0x!0

5 
2 . 7xl0

5 
30 2 . 1  

678 359 6 . 0x!0
5 

2 . 7xl0
5 

20 1 .4 
678 359 6 . 0x106 2 . 7xl0

6 
20 1 . 4 

678 359 6 . 0xlO 2 . 7xl0 6 7 0 47 

2.lxJ07

6 

6 853 4 5 6  9 . 8xl0
5 

35 2 . 5  
853 456 l . 44xlg 7 . lxl0

4 
30 2 . 1  

853 456 2 . 0xl0
5 

9 . lxlo
4 

28 2 . 0  
1119 604 2 . 0xl0

5 
9 . lxlO 23 1. 

90 7 486 2 . 0xl0
7 

9.lxlO� 28 2 . lr  
853 4 5 6  1. 9:x:10

7 
8.6xl0

6 
25 1 . 8 

637 336 1. 9xl0 
6 

8.6xl0
5 

20 1 . 4 

425 218 1 .  39xl0
6 

6 . 3xl0
5 

2100 148 
7 60 404 1 .  39xl0 6 . 3xl0

5 
2000 140 

637 336 2 . 0xloi 9 . l·xl0
5 

20 1 . 4 
637 336 2.0xl0

7 
9 . lxl0

6 
20 1 . 4  

637 336 2 . 0xlO 
6 

9. lxl0
5 

7 0 4 . 9  
637 336 1 .  44xl0 7 . lx!0

6 
40 2 . 8 

637 336 2.lxl07 9. 8xl0 

-0 
6 

853 456 2 . 0xl0 7 9 . lxlO 
853 456 2 . 0xlO� 9 . lxl04 28 2 . 0  

1119 604 2.0xlO 9 . lxl04 23 1 . 6 

879 4 71 2 . ox105 9 . lxl04 28 2 . 0  
853 456 1 .  9x107 6 25 1 . 8 8. 6xl0

6 637 336 1. 9x10 7 8.6x10 20 1 .4 
425 218 1 . 4xl06 6 . 3xl05 2100 148 
7 60 404 1 . 4xlo6 6 .3xl05 2000 140 
637 336 2 . ox106 9. lxl.05 20 1 . 4 

637 336 2 . ox106 9 . lxl05 20 1 . 4 

637 336 2 . ox107
7 9 . lxl06 70 4 . ,.  

637 336 2 . 0xlO 9 . lxl06 ___ __,,,,,, 
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The lithium makeup system represents a minor part of the overall power 
cycle and will not be treated in detail here. Basically , it would be used 
to supplement Li lost through leaks or it could be used to inj ect Li-6 to 
replace that burned up to produce tritium. 

The operations of the triti.um extraction beds have been described previously 
(see Chapter VIII in Volume I). The only point to note here is that approximately 
10% of the main Li flow is passed through the extraction beds (via regenerative 
heat exchangers) and there is essentially no temperature change involved 
with this operation. 

The main liquid Li pump is assumed to handle 2. 7xl06kg of Li per hour 
per loof (2 2 , 500 fPm) 'nd it increases the Li pressure from 30 to - 6 70 psi 
(2 . lxlO to 4 7x10 kg/m ). It is assumed that liquid metal pump technology 
from the LMFBR will be applicable in this area. 

Finally , provisions have been made to hold all of the lithium from the 
primary coolant loop in the event that the reactor module needs to be withdrawn 
for repair. The capacity of the tank is roughly 142, 000 kg (-37, 400 gallons) 
It should also be noted that since Li melts at -190° C ,  special heaters will 
have to be installed in all makeup and storage tanks to keep the Li from freezing. 

I-B-2 Secondary Sodium Loop 

The main features of the sodium coolant for a reactor module are shown 
in Figure I-5 and the specific data on flow rates , temperatures and pressures 
are given in Table I-2. The sodium system is essentially the same as the 
lithium system except f or the inclusion of the thermal " fly wheel. " One key 
property of sodium is the fact that it has a heat capacity which is -2. 7  times 
smaller than that of Li . This means that roughly 2-3 times more Na is required 
to transfer the same amount of heat. Actually more than that is required to 
comply with the thermal fly wheel concept. 

The sodium comes from the IHX at a temperature of -456
° C and a pressure 

of -35 psi ( 2 . 5  x 104 kg/m2). Approximately 7% of the Na is bled off into 
the hot sodium storage tank where it is held until needed curing the recharge cycle. 
Heaters need to be installed in this system to offset thermal leakage from the 
storage tanks and to keep the Na from freezing since its melting point is -100° C. 
The tank must hold �-1,000, 000kg of Na, or 2 50, 000 gallons. This requires a 
cylindrical tank 41 feet (12. 6m) in diameter and 35 feet (10 . 7m) tall. (Table I-3) 

The sodium cleanup system has the main function of removing oxygen and 
corrosion products from the secondary loop . Approximately 1% of the Na 
(9. 1 x 104 kg/ hr) is passed through a regenerative heat exchanger, heated from 
456 to 6 04

° C, purified, and then passed back through the regenerative heat 
exchanger on its way back to the main coolant stream. The temperature drop 
on the return leg of the regenerative heat exchanger is from 64 9 to 486 °C 
The tube bundle design is the same as for the lithium regenerative heat exc hanger 
except that the tube and shell side pressure losses are 0.3 and 3 psi (211 to 
2110 kg/m2) respectively. Approximately 581 kW of electrical energy per loop 
is required to perform this operation. 
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After passing the sodium make up system, the sodium is passed through the 
steam generator which will be described in more detail later. It enters the 
steam generator at 456 ° C and leaves at -33 6 ° C. 

Tritium extraction beds are also included on the secondary loops, but it 
is not expected that large amounts of tritium will have to be handled. (See 
Chapter VIII in Volume I. )  The output from the tritium extraction beds will 
be fed into the main tritium handling stream. 

The sodium circulation pgmps will have to be capable of handling flow 
rates of 53, 000 gpm (9.8 x 10 kg/ hr) of !a at 336 ° C and increasing the pressure 
from 20 to 70 psi (1.4 to 4. 9 x 104 kg/ m  ). 

Finally , provisions have been made to hold all of the Na in a given 
secondary loop in the event that either the IHX or steam generator has to be 
repaired. These tanks must hold -1,210, 000 kg or -320, 000 gallons of Na. 
This corresponds to a cylindrical tank -45 ft. (13.8m) in diameter and -35 ft. 
(10. 7m) tall . (Table I-3) 

I-B-3 S team System 

I-B-3-a Sodium to Water Steam Generator Design 

The steam generator for UWJvLAK-I utilizes a proprietary combination of 
the latest steam generator technology from Babcock and Wilcox* to : 

1) Minimize tritium diffusion into the steam 

2) Avoid the characteristic problems of liquid metal to water heat exchangers 

3) Provide safety and high reliability 

and 4) Facilitate in-service inspection and maintenance. 

It is expected that these characteristics would also tr.'lke this generator 
suitable for application in LMFBR or MSR facilities. 

Some eagineering drawings of the steam generator are given in Figures l-6a-d 
and Table I-4 lists some of the important parameters. The design utilizes once 
thru steam ger�erato-.:- modules with vertical 0. 635cm OD. 0 . 089 cm thick Inconel-600 
tube s  which fit into semicircular grooves on the sides of horizontal rectangular 
(cross 3ection) sodium platens (see Figs. I-6-a and I-6-b) made of Croloy 2 1/ 4 

steel. The small dimensions of this geometry were chosen so that the thermal 
conductivity o f Croloy 2 1/4  was adequate to satisfactorily transfer heat from 
sodium to the steam generator tubes across a 25.4 micron helium filled gap. Heat 
path temperature distribu tion is shown in Fig . I-6-c for average nucleate boiling 
section conditions. Figure I-6-d shows the overall steam generator arrangement. 
A trace amount of oxygen is maintained in the helium to getter tritium diffusing 
through the C roloy 2 1/4 walls. The exchanger equipment is contained within a 
1. 27 cm thick ca-::-bon steel vessel with a 195 inch OD (5 . 95 meters) diameter and 
an overall le� g th of 478 inches (14. 6 meters). It is expected that the unit 
would be mounted horizontally . 

* D. Schluderberg, to be publi8hed .  
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TABLE I-3 

SODIUM HOT STORAGE AND DU11P TANKS 

ITEM DESCRIPTION PARAMETER 

Na Hot Storage Tanl:: (24 required) 

Siz e (Per module) 
Diameter m 
Height m • 
Weight kg 
Weight (When Full) kg 

Na Dump Tank : (12 required ) 

Siz2  (Per module) 
L.'. ameter m 
Heigi.1t m 
Weight kg 
Weight (When Full) kg 

9 
10 

335,000 
968 , 000 

J 3 . 8 
10 . 7 

382,000 
1,732,000 
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FIG. I-6- b 
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A total of twelve (12) steam generators are required to handle the time 
averaged 4 383 MWt heat load. This particular system has used Na as the 
secondary heat fluid because : 

1) The above design was tailored to Na corrosion characteristics. 

2) To use Li would increase the cost of the heat transfer fluid as 
well as adversely effect the world reserves of Li if such a practive 
became wide spread. 

However, if lithium had been used, the size of the secondary loop could 
have been reduced. 

The sodium flow rates (Table I-4 ) have been adj usted to give a favorable 
balance of  log mean temperature difference between the steam generator and 
intermediate heat exchanger and thus produce the highest practical steam 
pressure. 
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Table I-4 

Principal Design Parameters of UWMAK-I Steam 

Generators as Described in Figure I-5 

Total Intermediate Flow Rate (12 units) kg/hr 

S odium Flow Rate for each B oiler kg/hr 

Na Temperature Drop in B oiler ° C  

Na Inlet/ outlet Temperature, ° C  

Heat load, each Boiler, kW 

Steam Flow, each B oiler, kg/hr 

Total Steam Flow kg/hr 

Steam Pressure at B oiler Ontlet Header psia 
2 

kg/cm 

Steam Temperature at Boiler Outlet Header, ° C  

Feedwater temperature at 100% Power, ° C  
2 

Steam Generator Tube Heating Surface per B oiler, m 

Dry Weight of Steam Generator, kg/unit 

Na Inventory at Operating Temperature, kg/ unit 

H
20 Inventory at Full Power, kg/unit 

Total Weight/unit, kg 

Sodium Inlet and Outlet pipe, OD/ID, cm 

Steam Outlet Pipe Size, OD cm 

Feed Water Pipe Size, cm 

S odium Inlet Pipe Location, cm above Vessel <t.. 

Sod t um Outlet Pipe Location, cm below Vessel ,t 
Steam Pipe Location, cm above Vessel cf::: 
Feed Pipe Location , cm below Vessel Cf: 

Na Pressure Drop Through Unit - psi 
2 Na Pressure Drop Through kg/m 

1. 028 X 10
8 

8.567 X 106 

120 

456/3 36 

365, 302 

630 , 000 

7, 543 , 000 

2, 000 

1.41 X 10
2 

404 

218 

3088 

149,300 

21, 7 80 

2970 

171 , 150 

107/102 

30.5 

20.3 Sch 40 

93.7 

101. 9 

200.3 

208 .3 

11 

7.73 X 103 
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I-B-3-b Turbine-Generator System 

i) Turbine 

Engineers at Sargent and Lundy Corporation have taken the steam conditions 
from the previous section and designed two identical 1800 RPM tandem compound 
generating units for the UWMAK-I reactor. Each unit utilizes one double flow 
high pressure turbine (Figure r- n followed by one moisture removal stage, 
two reheat stages and a four (4) flow (96. 5cm last stage buckets) low pressure 
turbine with two (2) moisture removal stages. The steam conditions delivered 
to each of the two HP turbines are: 

a. ) steam flow 

b. ) temperature 

c. ) pressure 

3,787, 100 kg/ hr 

399° C 

1900 psi (1. 3 x 10'
6
kg/m

2) 

Once the steam has expanded through the HP turbin2 the excess moisture 
in the steam is removed via the moisture removal equipment and the steam 
is then reheated first by extraction steam from the HP turbune and then with 
a quantity of throttle steam. This intermediate process im,roves cycle 
efficiency and also increases the quality of the steam delivered to the LP 
turbines. 

ii) Condenser 

After steam is expanded through the low pressure turbine, it is exhausted 
to the condenser. In the condenser, the latent heat of the steam is transferred 
to the circulating water. The design parameters used for the condenser are : 

3 2 
a. ) operating backpressure 1. 72 psi (1. 19 x 10 kg/ m ) 

b. ) cooling water flow rate 4. 135 x 10
5GPM (9. 4xl07kg/hr) 

c.) cooling water temperature 
rise 13, 3 ° C 

d. ) heat rej ection rate 9 9 
4.96 x 10 BTU/ hr (1. 45 x 10 watts) 

The circulating water will then transfer the heat to the atmosphere via mechanical 
draft cooling to be described later. 

iii) Generator 

?reliminary design calculations show each of the two generators will 
operate at the following conditions : 

a.) gross generation 

b.) auxiliary power 

c.) net sent out 

d.) rated KVA 

840,680 kW(e) 

103 , 951  kW (e) 

736,729 kW (e) 

934 ,089 
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iv) Condensate and Feedwater Systems 

A diagrammatic representation of the condensate and feedwater system is 
given in Figure I-8. The next two sub-sectj ons discuss briefly the operation 
of these systems relative to each of the twin turbine generator sets. 

Condensate 

Four 1/3 capacity condensate pumps (one supplied as a backup for emergencies )  
take the water from the main condenser hot well and pump the condensate 
through the steam jet air ej ectors, steam packing exhausters and the condensate 
dimineralizer to the condensate booster pumps. The purpose of the steam j et 
air ejectors is to draw air and other non-condensable gases from the condenser 
shell. 

The steam packing exhausters are used during normal operation to draw 
seal steam from the turbine gland seals. The gland seals are provided to prevent 
steam from escaping the HP turbine and to prevent air from entering the LP sections. 

Before the condensate is pas sed to the feedwater heaters, it will be 
processed by circulating it through the condensate demineralizers. This is done 
to prevent impurities from building up in the feedwater system and, more 
importantly, in the steam generators where high purity is essential for the once
through steam generator design used. The effectivenes s  of the once-through steam 
generator coupled with full f low dimineralization has been effectively demonstrated 
to provide minimal tube leakage problems (See Nuclear News, Feb. 1975, p. 30). 

Feedwater System 

The turbine cycle has been designed to deliver 425° F (218° C) feedwater at 
2100 psia (1. 45 x 106kg/m2) to the main steam generators. This is accomplished 
in two steps. First, the four 1/3 capacity condensate booster pumps (one supplied 
as a spare) pas s  the condensate through two 1/ 2 capacity strings of low pressure 
feedwater heaters supplying a portion of the required amount of water to the two 
1/ 2 capacity turbine-driven reactor feed pumps. (A spare motor-driven reactor 
feed pump is provided for startup and emergency situations. ) The reactor feed 
pumps then increase the pressure of the condensate through one stage of high 
pressure heating and on to the main steam generators. 

During normal operation, each of the feedwater heaters (refer to the heat 
balance diagram, Figure I-7 ) ,  excluding the Heater F in both strings, is fed 
with extraction steam from the high and low pressure turbines. The steam is 
condensed on the tubes through which the feedwater is passing, thereby adding 
heat to the feedwater and raising its temperature. To improve efficiency of 
the cycle, all of the heaters, excluding Heater D, are provided with drain 
cooling sections. This allows additional heat from the condensed extraction 
steam to be utilized in heating up the feedwater. 

Rather than dumping the heater drains to the condenser as is done for 
Heater E, the drains from Heaters A through D (which cascade back to Heater D) 
are collected in a heater drain storage located beneath Heater D and are pumped 
forward back into the feedwater line to further improve cycle efficiency by 
raising the temperature of the feedwater stream. ---l 

The steam supply for the first feedwater, Heater F, is taken from the steam 
generator which utilizes the 233 MWt produced in the divertor lithium cooling system . 
This becomes an independent loop since the drains must return to the divertor steam 
generator, Each turbine generator unit will utilize one-half of the steam supply 
from the divertor cooling system ' s steam generator in Heater F. 
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C. Divertor Cooling System 

The 250 MW of energy which is deposited during the burn in the divertor system 
appears at· rathtr low outlet temperature (325

°C)because of Li vapor pressure consider
ations (see Chapter III of Volume I). Hence, it is only suitable for feedwater 
heating. The energy is transferred from Li to Na via the same type of heat 
exchanger described in I-B-1 although at much different temperatures and flow 
rates. An additional feature of the divertor lithium stream is its high 
tritium content. However, since the temperature is much lower than in the 
primary blanket circuit (325

°C vs 489°C) the rate of tritium loss due to diffusion 
is actually less than in the other 12 major loops. 

The total flow rate of lithium from the divertor is 14, 400 gallons/ miR (3.3x10 
kg/hr) , Th.e pressure in the divextor liquid lithium loop is 20 psi (l.38xl0 kg/ m2) 
and the same type of liquid lithium and sodium cleanup, make up, storage and 

4 

T2 extraction equipment is used as described earlier (see Figures 1-2 thru I-5). 

Steam is generated from the same type of steam g5nerator as described 
in Figure I-6. The steam generation rate is 3. 2 x 10 kg/hr at 188 °C and one half 
is condensed and exits as water at 57 °C to be fed back into the divertor steam 
generator .  The use of this energy contributes 1-2 perc�ntage points to the 
overall plant efficiency .  

D. Shield Coo_ling System 

Approxima,tely 1%  of the heat generated in UWMAK-I ends up either as gamma 
rays or neutrons in the reactor shield. This heat (-50 MWt instantaneous1 2 
is removed by c irculating helium through the shield at 73 5 psi (5. 07 x 10  kg/ m ). 
The flow rate of the helium is 2. 3xl05kg/ hr and it is raised from 50°C to 200°C 
The upper temperature limit is determined by the desire to keep below the melting 
point of lead (327 °C).  

The low grade heat cannot be efficiently used in the steam cycle so it 
is dumped directly to the atmosphere in a wet mechanical draft. 

E. Cooling Tower Requirements 

The heat rejected from the main condenser of each turbine-generator unit 
(3055 MWth) is released to the atmosphere by circulation of cooling water through 
mechanical draft cooling towers. Each cooling tower is provided with 21 cooling 
cells in two structures 10 and 11 cells each (see Figure 1-9). The location of 
these main coolant towers on the site is depicted in Fig. II-1. The design basis for 
these cooling cells was established using Madison, Wisconsin weather data. 
Table I-5 sununarizes the conditions used for this study. 

Normal operat ion of the cooling towers will require 26,200 GPM (6xl0
4

kg/ hr) 
due to losses such as drift. The calculated blowdown rate (an additional 12,000 gpm) 
is based on an assumed total dissolved solids level of 1000 ppm. 

Cooling of the water will be performed by drawing air up through the 
towers while circulating water, pumped from the main condenser, cascades 
down through the cell along a series of splash bars. The cells will be positioned 
at 45

° to the prevailing wind direction in order to minimize the interference 
between cell plumes which are discharged upward from each cell. There will · 
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Table I-5 

Cooling Tower Data 

Main Towers 

5 4. 5 X 10 kg/hr 

13° C 

7 ° C 

23° C 

12 . 2 X 15. 9 X 18.3 

26 

150 

S hield Waste Heat 

5 2. 9xl0 kg/ hr 

7. 5° C 

8.9° C 

23° C 

12.9 X 12 . 2 X 18. 4  

1 

1 50 
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be 4 main cooling tower arrangements, although 3 are needed at any one time. 
This tower will be designed for sesmic category I construction .  

The 47 MWt (ave.) of waste heat from the shield will be dumped directly 
to the atmosphere by a separate set of cooling towers. Since this cooling 
loop is als o essential for safe plant shutdown in the event of an accident, 
a redundant system has been employed which includes three 50% capacity cooling 
loops, each designed for sesmic category I construction. A diagram of the tower 
is shown in Figure I-10 and pertinent data is als o lis ted in Table I-5. 

The normal operation of this cooling tower will require a water make up 
of 447 GPM (1 x 105 kg/ hr) due to  losses such as drift, evaporation and blowdown. 
The calculated blowdown rate is als o based on an assumed total diss olved s olids 
level of 1000 ppm. 

In addition, as these towers are essential for s afe shutdown of the 
react or, a 30 day supply of water must be on reserve for emergency use at all 
times . The 30 day supply shich amounts to 5. 18 x 105 gallons (2 x 106 kg) can 
be st ored in a reservoir beneath the tower basins. 

I-F Auxiliary Electrical Requirements for UWMAK-I 

A portion of the gross electrical output from UWMAK-I (16 81 MWe) must  
be used for the operation of auxiliary plant equipment such as pumps, ventilation 
systems, cryogenerators, etc. We summarize in this section, to the best of our 
ability, the major identifiable components that require large amounts of power 
during (and after) plant operation.  

The power requirements for UWMAK-1 can be divided into 10 major sect ors 
which are listed in Table I-6 . A summary of this data is given in Table 1-7. 

The largest amount of power in UWMAK-1 is consumed by the liquid metal 
pumps (110 MWe). Other requirements, in descending order, are water system 
(37 MWe) , miscellaneous such as heating, lighting, A/C, etc., (19 MWe), fans 
(14 MWe) , heaters (13 MWe) , divertor and transformer power supply (6 MWe), 
cryogenerat or (4 MWe), vacuum pumps (3 MWe), others such as inj ectors, fueling 
device and tritium purification sys tems (2.4 MWe) and finally the s hield coolant 
pumps ( . ,0. 2 MWe) . The total auxiliary power required, a llowing an efficiency of 
95% is 208 MWe. This only amounts to 12% of the gross electrical output and 
� 14% of the net electrical output . 

1-G Electrical Equipment 

The generator electrical out put is fed to  the main trans former and thence 
to  transmission lines. However, a portion of the generated p ower is used for 
operation of auxili ary equipment, i . e. ,  pumps, ventilation systems, lighting, etc. 

The auxiliary power is taken from the generator leads through a current 
limiting reactor in order to allow use of conventional oil circuit breakers in 
the auxiliary power subs tation. The use of generat or switches will allow the 
plant to be started up backfeeding power from the transmission system through 
the main power trans f ormer. 
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Table I-6 

Maj or Energy Consuming Equipment in UWMAK-I 

System 

1.) Liquid Metal Pumps 
Main Lithium Pumps 
Main Sodium Pumps 
Divertor Lithium Pump 
Divertor Na Pump 
480 Volt Transformer 

2.) Water System 
Condensate Pumps 
Condensate Booster Pumps 
Heater Drain Pump 
Cooling Water Pump 
Service Water Pump 
Auxillary Feed Pump 
Service Water Pump 
Component Cooling Water Pump 
480 Volt Transformer 

3.) Shield Cooling 
Helium Pump 

4.) Fans (includes Cooling Tower) 
Main Cooling Tower 
Helium Coolant Cooling Tower 
Building Exhaust Fan 
Cooling 

5.) Vacuum Pumps 
Torus Vacuum Pumps 
Inner Bldg. Vacuum Pump 

6.) Cryogenerators 
Refrigerators 

7.) Heaters 
Lithium Cleanup Heaters 
Sodi•.1m Cleanup Heaters 
Sodium Hot Storage & Dump Tank 
Li Cleanup Pump 
Na Cleanup Pumps 

8.) Divertor and Transformer Power 
Supply 

9. ) Other 
Tritium Purification System 
Fueling 

Motor 
Size 

8300 Hp 
3750 Hp 

675 
575 

(1000 KVA) 

600 Hp 
1400 Hp 
1000 Hp 
6000 Hp 
1750 Hp 

500 Hp 
900 Hp 
500 Hp 

(1000 KVA) 

2 Hp 

200 Hp 
200 Hp 
300 Hp 

( 7 .  5 MW) 

3000 Hp 
1500 Hp 

4.5 MWe 

348 kWe 
388 kWe 
164 kWe 

77 kWe 
63 kWe 

6 MWe 

Quantity 

12 
12 
1 
1 

2/3(13 total) 

6 + 2 spares 
6 + 2 spares 
6 + 2 spares 

3 
2 
2 
2 
2 

2/3(13 total) 

12 

, .. 2 
2 + spare 

2 
1 

1 
1 

13 
13 
13 
13 
13 

1 

1 kWe 22 
2.4 MWe 

Required 
Horse Power 

99, 600 
45 , 000 

675 
575 

10, 460 

3, 600 
8 , 400 
4 , 000 

18,000 
3, 500 
1 , 000 
1 , 800 
1,000 

10 , 4 60 

24 

8,400 
400 
600 

10,000 

3, 000 
1 , 500 

6, 100 

6, 000 
6, 700 
2,750 
1 ,340 
1, 100 

8, 000 

Neutral Beam Inj ectors 15 MWe (20 sec out of 5790) 

30 
3, 250 ' 

69 

10.) Miscellaneous Plant Equipment 
(Heating, A/C, Lighting, etc.) 

Total 
10% of total 

Auxillary Power 294173 X 0.746  X 0.9 = 231, 003 KVA 
0.9 X 0.95 

231, 003 X 0.9 = 207, 903 kWe 

26,743 
294, 173 Horse 

Power 

, :  

--
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Table I-7 

Sunnnary of Auxillary Power Requirements - UWMAK-I 

System 

Liquid Metal Pumps 

Water System 

Shield Cooling 

Fans 

Vacuum Pumps 

Refrigerators 

Heaters 

Divertor and Transformer 
Power s,..1pply 

Other 

Miscellaneous 

Power Required 
(Mwe) * 
110. 47 

36.5 8  

0 .17  

13. 71 

3 . 18 

4 .31 

12. 73  

6 

2.37 

18. 90 -

·

-· 
208 

% of Gross 
% of Total Plant Out put 

53. 1 6. 6 

17. 6 2. 4 

0. 1 0 . 01 

6. 6 0. 8 

1. 5 0. 2  

2. 1 0. 3 

6 . 1  0. 8 

2. 9 0. 4 

1. 1 0. 1 

9. 1 1. 1 

12. 7 
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By using a cryogenic inductive storage unit and two inverters, the large 
amount of energy required to energize the divertor and transformer coils can 
be built up at a slow rate (6 MW) and transferred into and out of the coils 
rapidly (at a maximum rate of approximately 580 MW). Since this large 
transfer will be between the storage coil and the divertor and transformer 
coils, the power drawn from the power system will only be 6 MW to make up losses . 
The inverters will generate harmonic currents which are not allowable on the power 
system and therefore, harmonic filters are included in the design. It is not known 
whether a second off-site power supply will be required for a fusion reactor as it 
is for a fission reactor; therefore, only one off-site supply is included. 
However, four diesel engine-driven generators (one spare) are included for safe 
operation of all systems, and for keeping the liquid metals in a liquid state 
when off-site power is not available. 

Single Line Diagram, Figure I-11 shows the principal features of the plant 
electrical system. 

I-H Conclusions 

The cycle net heat rate for the UWMAK-I reactor turbine generator unit 
is estimated to be 9,356 BTU/ KW-HR and the conversion efficiency 
is estimated to be 32%. The calculated overall efficiency from the UWMAK-I 
reactor power plant is, however, based on preliminary estimates of the 
auxiliary power requirements which are in the range of 12% of the total generator 
electrical power output. For the UWMAK- I fusion reactor, the auxiliary power 
requirements for "conventional" power plant equipment is approximately 2. 6% . 
The balance of the auxiliary power will be used to operate the intermediate 
systems inherent to the fusion reactor design, i. e. , lithium and sodium pumps, 
cleanup systems, etc. Once a more detailed accounting is made of the 
auxiliary power needs, a more realistic estimate of the overall plant efficiency 
can be obtained. Nevertheless, it would not be expected to vary substantially 
from the 32% value unless significant improvements are made in the primary 
and secondary coolant loop designs. 

I-I Recommendations 

1. Although the heat balance presented is a workable one, improved 
efficiencies may be accomplished by optimization of main steam and feedwater 
design operating temperatures and pressures. 

Consideration should also be given to cycle design alterations which may 
become necessary once manufacturers are actually confronted with the task of 
designing and fabricating the turbine generator units. 

2. An additional aspect of the equipment design for the UWMAK-I fusion 
reactor which will require further attention is that of the power supply for 
the divertor and transformer coils. Since the design of this power supply 
has been given only rudimentary consideration, supplementary work is needed 
to determine a more reasonable (lower) cost for the equipment. 

3. With regard to the reactor power supply requirements, it is noted 
that, if the divertor coils and the inductive storage coil remain aircore 
inductors as presently contemplated, they will produce magnetic fields that 
will make conventional mechanical and electrical equipment generally inoperative 
throughout the plant. It will, therefore, be necessary to develop some means 
of controlling these fields. 
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II. Overall Layout 

II-A. Overview of Layout 

The UWMAK-1 nuclear power plant will resemble light water fission nuclear 
plants in its overall a ppearance. There will be a large reactor building 
as well as turbine, auxiliary, and service buildings, and cooling towers 
for th,� heat sink. Unique to this fusion plant will be the large hot 
cells required to replace the inner wall of the torus-magnet modules and 
the energy s torage building to house the inductive coils for s upplying 
power to the transformer and divertor coils during the charging 
time. While the large electrical s witch yard is also  conventional, 
the inverter and harmonic filter areas are provided due to s pecial 
requirements associated with the magnetic energy storage s ys tem. The 
other maj or building, housing the diesel-generators and diesel oil tanks , 
contains the emergency power s upply for the equipment th::1.t is felt to 
be essential for maintaining the safety of the plant. A s maller helium 
storage building for the helium gas cylinders is also  required. 

The location of all these buildings and structures that comprise 
the complete plant are shown on the property plat, Figure II-I. The 
source of make up water, lake or river, is not shown, but is ass umed 
to be in the direction of the main cooling towers. A more detailed 
description of the pl2.,t is found in the general arrangement drawings, 
Figures II-2 thru 11-5. 

II-B. Reactor Building_ 

The reactor building will be a large cylindrical building approxi
mately 120 meters in diameter and 102 meters high. It comprises four 
floors : the main floor conta ining the primary containment and access 
tunnel; the lithium and sodium floors containing the processing equipment 
for these respective coolant loops ; and the fourth floor for HVAC and 
miscellaneous equipment. The specific location of the maj or balance-of 
plant equipment is shown on the general arrangement drawings , Figures 
11-2 thru 11-4. The reactor and magnet components that are located 
inside the primary containment are shown in Figure 3 of the Overview 
Section of Volume I, and have been described in detail in Ch�pters I, 
III, Iv , and VII of tha t teport, 

' . 
' 
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Figure Il-5 

Wisconsin Tokamak Fusion Reactor , UWMAK - 1  
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1. Primary Containment 

The reactor will be completely enclosed by the primary containment, which 
will have a reinforced concrete toroidal roof supported by twelve peripheral 
columns and one center column. The shell will be 244cm thick lined with a 
0. 3 2 cm steel plate to provide leak-tightness. The wall of the primary containment 
will be a free-standing right circular steel cylinder supported on a track 
to allow the complete wall to revolve. 

There will be a removable hatch in the steel cylinder large enough to 
allow the removal of one torus-magnet module. The radius of the containment 
is about 30. 7 meters. The base of the primary containment will be a circular 
reinforced concrete mat which will serve as a common base mat for both 
primary and secondary containment buildings. 

The primary containment will be designed for a maximum negative pressure 
of 15 psig (vacuum) and a maximum positive pressure of 10 psig (lithium fire) . 
It wi1 1 a1 so be designed to support the lithium, sodium, and HVAC equipment 
floors above the primary containment. 

2. Secondary Containment 

The secondary containment will be a right circular reinforced concrete 
cylinder which will surround the primary containment. Three floors will be 
enclosed with the secondary containment : 

(1) The main floor used for movement of segments of the reactor for servicing; 
( 2 ) The lithium floor; 
( 3) The sodium floor. 

The containment will consist of the outer concrete walls and the ceiling 
of the sodium floor all of which will be lined by steel plate to provide a 
vaportight barrier. The thickness of the concrete wall surrounding the liner 
will vary from floor to floor. The volume enclosed by the secondary containment 
liner will be designed for a maximum negative pressur2 of -8 psig and a maximum 
positive pressure of 10 psig (-5 . 52 to 6. 89 x 103 kg/m respectively) . 

The radius of the entire building will be about 58. 3 meters with 2. 44 
meter thick walls required for shielding the radiation emanating from the 
operating reactor on the lower level. The lithium floor is also a 2. 44 meter 
thick reinforced concrete slab which is supported by the secondary containment 
walls and also rests on the toroidal roof of the primary containment. The 
cylindrical wall around the lithiurr, floor has been reduced to 1. 23 meter and 
all shielding walls on that level which are arranged in a radial rib-like 
configuration, are also 1. 23  meters of concrete to shield against the radiation 
emitted from corrosion products from the stainless steel iuner wall carried 
by the lithium. In addition, there will be some concrete columns in the central, 
circular portion of the floor to help support the floor above. 
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The sodium floor is a 1. 23 meter thick reinforced concrete slab supported -
by the radial shield walls and columns below, and by the cylind cal secondary 
containment wall. The wall arrangement of the sodium floor is the same as 
for the lithium floor except that the concrete thickness is only 0. 61 meters. 

The loads considered in the design of both secondary and primary containments 
are deal and live loads in the structures along with the temperatures and 
pressures resulting from operating and accident conditions. In addition, 
any environmental and special loadings associated with current nuclear plant 
des ign such as seismic ,  flooding, missiles, pipe break etc. would be considered . 
The design criteria would be that those generally required for current nuclear 
plant design. 

3. Lithium Floor 

The lithium floor contains the equipment needed to extract the heat carried 
by the reactor primary lithium coolant and to process it. The maj or components 
of this loop are displayed in the piping diagram shown in Figure I-2. The 
relevant operating parameters are tabulated in the corresponding system flow 
chart in Table I-2. 

There are two distinct lithium loops, one for the reactor coolant (which 
is duplicated 12 times on a "per module" bas is) and one for the tritium-enriched 
divertor coolant. The divertor loop components are located in the center 
of the floor, while those for each module are located in the pie-shaped segments 
shown in Figure II-3 and II-5. 

The main components are the intermediate heat exchanger (IHX) which transfers 
the heat to s odium, the lithium circulation pump, the lithium cleanup system 
and the lithium tritium extraction system. Since the lithium flow rate in 
the divertor loop is nearly the same as that in each mod ular loop (although 
the temperature is much lower), the size of the components for these two loops 
are about the same. The lithium tritium extraction system is an exception, 
however, s ince the divertor coolant lithium will be bearing a much larger tritium 
inveatory than the reactor coolant. The extraction bed is therefore cons iderably 
larger for the divertor lithium. The height of the floor is largely dictated 
by the requirements of the long circu;ation pumps that will have a capacity 
of approximately 25,000 gpm (2.7 x 10 kg/ hr) .  

The lithium floor will be inaccessible during reactor operation because 
of the l arge quantity of radioisotopes from the corrosion and sputteri:ng of 
the reactor blanket stainless steel inner wall. Bas ed on 500 kg of stainless 
steel being deposited in the reactor coolant per year, the shield walls have 
been nominally designed as 1.23 meter of concrete to maintain a protected 
area at the 1-2 mrem/hr level. 

4. Sodium Floor 

The sodium floor contains the equipment needed to transfer the heat picked 
up by the sodium and to process (i.e., cleanup and tritium extraction) the sodium. 
The major components of this lo op are displayed in the piping diagram shown 
in Figure 1-5. The relevant operating parameters are tabulated iP the 
corresponding system flow ch art in Figure I-3. 
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There are two distinct sodium loops in d irect analogy to the lithium 
loops. One is for the reactor coolant (which is duplicated 12 times on a 
" per module" basis) and one for the tritium enriched divertor coolant. 
Components of the divertor coolant loop are located in the center of the 
floor, while those for each module are located in the pie-s haped segments. 

The main components are the steam generator des igned (see Section I-B-3) 
to produce superheated steam for utilization in the power cycle, the sodium 
circulation pump, the sodium cleanup system, the sodium tritium extraction 
system, and the thermal "flywheel" system of two large storage tanks. The 
tanks are utilized to maintain the sodium flow (and resultant steam generation) 
during the 6. 5  minutes (out of 96. 5  min. total) the plasma is down for recharging. 
This is done by bleeding off a small flow to the hot storage tank during the 
90 minutes the reactor is in operation. During the 6. 5  minutes of recharging, 
the sodium flow from the IHX is closed and a large flow is opened up from the 
hot storage tank, through the steam generator, and to the dump tank. During 
the subsequent 90 minute operating period, the same amount of flow routed to 
the hot storage tank is returned to the main stream from the dump tank. 

In addition to components of the divertor coolant sodium loop, the inner, 
circular section of the floor contains the tritium production system and 
the vacuum pumps to maintain the primary containment at its des ign evacuation 
condition. The tritium production system consists of three maj or components : 
tritium purification equipment (cryogenic distillation columns to separate 
the hydrogen isotopes), tritium storage cylinders and a pelletizer to prepare 
the fuel for inj ection into the plasma. 

The sodium floor is connected to the lithium floor below by a stairway 
and elevator in the inner, circular section and by a stairway at the outer 
perimeter of each modular section. Steam lines from each of the steam 
generators will  feed into two header systems (one for each turbine-generator 
unit) that will  enter the two main steam tunnels and then the two turbine 
systems. The height of this floor is also largely dictated by the requirements 
of the long sodium circulation pumps which will have a capacity of approximately 
53�000 gpm (9.8  x 106 kg/hr) .  

S. HVAC Equipment Floor 

The floor above the sodium floor will house the fans, blowers, chillers, 
filters, distribution ducts, and associated equipment required for the heating, 
ventilating and air conditioning (HVAC) systems of the reactor plant . It will  
also contain other miscellaneous equipment needed for the efficient functioning 
of the plant. 

II-C . Hot Cells 

The secondary containment is provided with three hot cells, each located 
120 ° apart (Figures II-1,2,4,5) . Each cell is for refabricating one-third 
of the 1 2 toroidal sections during each biennial refueling. Each cell will 
be a reinforced concrete structure, with a minimum of 2. 44 meter thick walls 
and roof for shielding. The inner face of the cell will  be lined with steel 
plate to provide a leaktight barrier which will form part of the secondary 
containment. A bridge crane will be provided to assist in handling the module. 
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TI:e c ell will consist of three main sections as see1  in the general 
arrangement drawing Figure II-2. '.i:hese are: the work area for the module, 
the manipulator and c ontrol area , and the high-level radwaste storage area.  
During refueling, the inner reactor coolant blanket will be remotely 
disassembled , a small section at a time, with the remote manipulators , and 
a new section installed. The highly radioactive dismantled sections will be 
c ompacted and then stored in the radwaste storage area. 

11-D. Auxiliary Building 

The axiliary building is located between the reactor building and the 
turbine builciing. I t  will c ontain the maj ority of the cryogenic equipment, 
the main steam tunnels , the three helium-water heat exchangers , and the 
switchgear and cable spreading areas as seen in the general arrangement drawings , 
Figures II-2,3. 

The cryogenic equipment consis ts of the five cryogenerators , and the large 
storage tanks c ontaining the liquid helium an::l liquid ni trogen . 

The helium-water heat exc:o.ari.gers transfer the heat from the gaseous helium 
shield coolant to water , which ,  in turn, trans£ ers it to the air via the vraste 
cooling to,1ers. The heat exchanges , like the associated cooling tc,wers , are 
c onsidered essential so  they an! sGparat1ed from one another . Two will operate 
during normal operation, but three 50% heat exchangers have been provided. 

II-E. Turbine Building 

The tur bine building will house the two sets of turbin2-generator units 
and their as sociated equipment. TLis associated e4uipment has been described 
in some ct�tail in Chapter I .  Basically a set cunsists of the cundenser , 
.reheaters , feedwater heaters , c ondensate demineralizer , c ondensate and condensate 
booster p umps and the feedwater p umps. The broad categories of  the equipment 
has bee.n shown on the general arrangement drawings , Figures I-7 and 8. 

II-·F . Service Building 

The service building will mainly contain offic es , n�;::,air shops a:1.d store
roon:s . The ,J ffices will fulfill the needs of  plant sup ervisors , meeting rooms , 
general offices and training rooms . The shops will 1.nc1ude a dismantling ro0m, 
madiine shop , electrical shcp , tool room and welding area an,ong others. Because 
of the special nature of the superconduc ting magnets , some of t�e shops are 
likely to be more elaborate than those in conven I:ional plants . 

II-G . Additional Builclin� 

1. Diesel-Generator Buil ding _ 

The diesel-generator building is lccated of f one sid�, of the tt.:rbine building 
as shown in Figure II-2 . It will hou:�e :t our �ct:, of four 11ain c omp onents: 
the fmir dieael-generators and their ass oc:�atnd d iesel oil tanks ( located on 
the floor bclo�v) , diesel fuel oil day tanks , ar:.d the c'L.e3e1--generator exhaust 
silencers ( located on th� building roof). 

Three diesel 33%-siz2d units are included along with one 33% spare. Each 
unit is rated at 5000 KW based on preliminal'.'y essential el�ctrical loads.  
The two comp onents that will 1'.'equire the bulk of the on--site diesel power are 
thE helium cry0gene1:a tors and the vacnurn pumps. -
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2. Helium Gas Storage Building 

The helium storage tanks are housed in the helium gas s torage building. 
As seen in the property plan, Ffgure II-1, it is located s ome distance from 
the reactor building to preclude any consequences fr om potential tank failures . 
The building has only minimal structural requirements, i.e., siding for the 
walls and r oof. 

3. Energy Storage Building 

The energy storage building will provide the energy for charging the 
divertor magnetic coils during the current risetime, and for recharging the 
transformer coils during the downtime. In the discharge cycle of these 
coils, energy will flow back to the s uperconducting inductive ring. Only 
the energy loss in the circuit elements need be replenished from the power 
sys tem. The hear of the storage sys tem is a s uperconducting dipole storage 
magnet. The building will be in the shape of a torus approximately 50 meters 
in major diameter and 6 meters in minor diameter. The design of the working 
system is based on that developed by the Energy Storage Study, University 
of Wisconsin Engineering Proj ect. The building will be located at some 
distance fr om the reactor building to minimize interferenres from its magnetic 
fringing field , 

II-H. Electrical Areas . 

Three outside electrical areas are depicted on the property plan, Figure 
II-1. These are the conventional switch-yard, and the harmonic filter and 
inverter areas which are unique for a power plant. The inverter and harmonic 
filter equipment are needed to enable the energy storage unit to function 
without interfering with the electrical trans mission system of the plant. 
They are described more fully in Chapter I, Section F. 

Il--1. Cooling Towers 

The main cooling towers and was te heat c Joling tower are both shown in 
the property plan, Figure 11-1. There are four main cooling towers, two for 
each turbine-generator unit. Two of the four have 10 cells each, and the 
other two have 11 cells. The 134 meter length of each tower is at the upper 
limit of tower lengths for efficient operation. 

The 307 meter separation dis t ance between towers follows manufacturer ' s 
recommended practice to minimize airwake interference between towers . 
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II-J. Recommendations 

1. There may be several advantages to reducing the number of coolant 
loops (e.g., 3 or 4 sections per coolant loop) for the twelve torus-magnet 
sections. The number of pumps, cleanup equipment and tritium extraction 
equipment would be also reduced at the expense of increased and more complex 
pipe and valve arrangements . It would also allow for an easier incorporation 
of some redundancy in the coolant loops. A more detailed economic and layout 
study would be required. 

2. If the temperature of the lithium divertor coolant can be increased, 
this heat could be utilized more advantageously than in the current design. 
Similarly, the heat of the helium shield coolant might be utilized for some 
kind of process heat rather than dumping it through the waste heat cooling 
towers. 

3. The thermal "flywheel" system employed could possibly be improved 
upon as the current system requires large inventories of sodium .  

4 ,  The p iping, valving, and pumping arrangements underlying the current 
layout could be optimized and improved • 

5. The operation of the service cells ought to be more carefully considered, 
particularly with regard to the disassenbling and storing of the. compacted 
inner wall sec.tions . The waste storage area is one where several alternatives 
appear likely : buried valuts versus above ground storage , air-cooled versus 
iorced convection systems, off-site shipme;1t versus on-site storage. Details 
would have to be worked out before choices can be made . 

6 .  At, 1h,ted in Chapter I ll, c.o,.,.f:i 12ment of tlc.e magne tic fringing f ielc1 
associated with the toroidal magnet con,:ept will be necessary to minimize 
8ffects on plaPt components , personnel and the general site . I f  this goal 
cannot be achieved, it may be necessary to consider relocation �f the auxiliary 
and turbine buildings from the reactor build i ng .  

-
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III. Environmental Impact 

III-A,  Introduction and General Environmental Considerations 

The obj ective of this chapter is to assess the impact on the 
environment resulting from the operation of UWMAK-I Fusion Reactor. 
!!_ should be clearly understood that the specific numbers in this chapter 
refer only to UWMAK-I and therefore cannot be generalized to other 
types. 

A distinction is made in this chapter between the environmental 
impact resulting from radiological effects and the environmental im
pact resulting from other effects, such as waste heat rej ection and 
siting. The distinction was made because it was concluded that the 
major concern with the operation of the fusion reactor would be with 
radiological effects. Therefore, these effects are treated in more .. 
detail. 

There are three principle radiological effects which have been 
considered : (1) radiological releases to the environment during 
normal operation ; (2) radiological releases which might result from 
plant accidents; and (3) problems associated with the long term storage 
of radioactive wastes generated while the plant is operating. A 
possible fourth category is the transportation of radioactive wastes; 
however, this subj ect has been included under the heading of long 
term storage of radioactive wastes. There is one section in the chapter 
for each of these three effects. 

The remainder of this section serves as a scoping study of  general 
environmental effects. It is an attempt to identify the effects which 
must be considered and whether or not special problems result because 
the UWMAK-I is a fusion reactor system . No attempt is made to perform 
a detailed environmental assessment of these effects; rather, each effect 
is discussed in general terms , 

III-A-1 Siting Considerations 

Siting considerations focus on land despoilment and aesthetic 
effects. The concern with land despoilment is the impact that the 
construction of the plant will have on the terrestrial biology, and 
whether or not there may be unexpected and undesirable secondary 
effects of any kind, such as the elimination of any endangered species. 
It does not appear that the construction of a fusion reactor presents 
any special problem in this regard. Typical concerns which would 
be considered when any power plant is constructed would have to be 
evaluated . Aesthetic effects refers to the environmental impact 
of such things as plant noise and the general appea�ance of  the plant 
facility. It would appear that building size would be a special con
sideration in the construction of a fusion reactor plant. For the 
UWMAK-I, the building is 102 m tall by 120 m in diameter. When the 
turbo-generator unit is added, the building is about 300m long . 
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The result is that the building is very large ; it would be comparable 

to the Hous ton Astrodome . In addition to building size , the UWMAK.-I 
incorporates four mechanical draft evaporative cooling towers which 
are 135 m long, 18 . 4 m high, and 1.6 m wide . Public opposition to 
s ome nuclear fission plants currently under construction has ce ntered 
on the cooling tower size as the focal point for resistance • . However ,  
these designs generally have incorporated the much larger natural 
draft type c ooling towers . Since the UWMAK-I incorporates the mechan
ical draft design, the reactor building will be larger than the cooling 
towers and the addition of the cooling towers will not appreciably 
alter the aesthetics of the site. 

Plant noise is not a serious e nvironmental consideration for 
the UWMAK-I design as presently conceived .  Normal precautions would 
certainly be required around high s peed turbine equipment and pumps . 

A reas onable question at this point is : What criteria would apply 
to siting a facility like mvMAK-I? The only available criteria that 
define the requirements for siting a fusion reactor are contained 
in present Federal Regulations , principally 10CFR20, 10CFR50 ,  and 
lOCFRlOO ; plus radiological s afety publications s uch as those of the 

ICRP and FPC. The same regulations and safety guides determine the , 
s j ting ( and operation) of fission reactors and of chemical processing 
plants. 

For example , the site boundary dimension for a fission reactor 
(exclusion radius ) is related to the design basis accident (DBA). 
For this most serious accident conceived for the plant, the radiological 
whole body dose to an individual located at the s ite boundary mus t 
not exceed 25 rem . It must be assumed that UWMAK-I would have to meet 
the s ame requirement for s ome, yet to be defined, maj or accident . 
This consideration will be discussed in the section on Plant Accidents . 

In general, the UWMAK-I site must have the capacity for safe 

operation of a 5000 MW ht-1500 MW ) power plant, consistent with pres
ently defined require mints for aecomparable fission reactor site. 

At various times , s ome consideration has been given to under
ground siting of fission reactors . These considerations have always 
been rej ected, and to date, all U . S . fission reactors have been built 
on the surface . Location of the UWMAK-I building underground does 
not appear to offer a net advantage in environmental impact either . 
The disadvantages are the difficulty in monitoring the building ex
terior for leaks ; the more difficult accessibility for maintenance , 
transportation, etc., and in the eve nt of a maj or tritium release , 
the greater likelihood of ground water contamination by tritium. 
Further study of this latter point is warranted. 

III-A-2 Magnetic Fields 

Because the operation of UWMAK-I requires large magnetic 
fields to confine the plasma, s pecial environmental considerations 
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must be given to whether or not the large magnetic fields could effect 
the environment in any way. The presence of the magnetic field will 
certainly effect the plant operation and, specifically, the instrumen
tation and control system design. However, the concern here is whether 
or not the magnetic field, which is very high and will extend past the 
plant exclusion radius;, will have a deleterious effect on the environ
ment. The principal concerns would be whether or not the magnetic 
field would affect local airplane navigation, radio and television 
transmission ,  or the health of people in the local community. 

It is not expected that any such effects would occur. As a 
point of reference, the local magnetic field in Wisconsin, due to the 
earth' s  magnetic field, is about one gauss. T�e maximum magnetic 
field in the UWMAK-I reactor is about 8.7 x 10 gauss .  

The extent of the magnetic field around the plant has been cal
culated(!) and the results are s hown in Figure III-1. These calcula
tions show that 500 meters from the reactor center the local magnetic 
field is less than one gauss. The magnetic field is a minimum directly 
over the reactor due to the dipole nature of the field, and the mag
netic field 500 meters above the reactor is also less than one gauss. 

The biological effects of magnetic fields have been studied in 
various small scale efforts. While these studies indicate that the 
bi ological effects of magnetic fields, such as those which would be 
expected at the exclusion radius of the UWMAK-I, are negligible, 
further studies will be required. Some personnel limits which have 
been discussed are about 100-200 gauss for the Stanford Linear 
Accelerator with a maximum limit of 2000 gauss. 

III-A-3 Res ources 

In addition to the environmental impact of the reactor itself, 
an environmental assessment must consider the impact on the environ
ment that will result from supplying and disposing of the materials 
required to build and operate the plant. Each material used in the 
reactor power plant must  be studied in terms of its environmental 
impact throughout its life cycle. This would include the impact of 
siting and operating materials processing plants (such as steel mills 
to supply materials ) ,  and disposal of the materials when the plants 
are decommissioned. It s hould als o include comparis ons of the pos
tulated resource requirements with the availability of reserves. 
This is done in chapter IV of this report. 

One unique problem presented by a fusion reactor like UWMAK-I results 
from the requirement for large quantities of material for the first wall. 
The blanket in the UWMAK-I is made with 316 stainless s teel and the 
first 20 cm is designed to be replaced every two years. This requires 
that about 250, 000 kg of stainless steel be supplied each year. 
Furthermore, the rest of the blanket must be replaced at-10 year inter
vals generating 7,300, 000 kg each time. Since the steel that is removed 
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is highly radioactive, it must be stored at a waste disposal site. 
While chemical reprocessing can separate different elements in the 
stainless steel, isotopic separation processes would be required to 
remove the radioactive isotopes (i.e.  Fe55) from those that are not radio
active. This would probably not be economical, and therefore, new 
steel must be supplied to replace the radioactive steel r£moved from 
the first wall. In addition all of the structural s teel in the blanket 
and s hield becomes radioactive and must be disposed of when the plant 
is deconnnissioned. The total structural steel used for replacement 
is roughly equivalent to twice times the original quantity of steel 
required for the construction of the original blanket. A complete 
environmental impact assessment must consider the effect of this s upply 
problem. Other materials have been considered for the first wall , 
such as niobium, molybdenum and vanadium alloys . The environmental 
impact of supply.ing these alloys must be considered in the same way. 

Chapter IV of this report compares resource requirements with 
availability for fusion reactor systems . The material res ources that 
must be available in the year 2000 to supply 106 MWe from fusion 
reactors in the year 2020 are s unnnarized in Tables III-1 and III-2. 
The requirements indicated are based on the reactor concept which 
is most demanding on the particular resource (see footnotes). The 
res ources available in the United States are s hown in Table III-1 and 
those from s ources outside the United States in Table III-2. The 
resource availability includes speculated discoveries of new reserves. 
In the past such speculations have been typically conservative. 

A resource requirement which could present additional difficulties 
is the required use of large quantities of liquid helium (about 
1, 150, 000 liters) to cool the magnets. There is a limitation on the 
world ' s  supply . of helium which could be recovered from underground . 
This problem is studied in Reference 2. There are four principal conclusions 
drawn: (1) s uperconducting magnets are ess ential to 
TOKAMAK fusion power ; (2) in today ' s  technology, these s uperconducting 
magnets will require liquid helium cooling to achieve the necessary 
low temperatures ; (3) when fusion reactors become connnercial, the 
necessary helium will have to be extracted from the atmos phere; and 
(4) though this may be expensive, fusion reactor economics are not 
significantly affected by the cost of helium -- increasing the cost 
of helium by a factor of 100 over today ' s  prices will change the cost  
of fusion power by less than ten percent. 

III-A-4 Thermal Effects 

All power plants reject heat to the environment. The question 
here is whether or not the UWMAK-I rejects more heat than other power 
plants. The net efficiency (excluding auxiliary power requirements) 
of the UWMAK-I has been calculated to be -32%. This compares with 
efficiencies of 33% for the typical LWR, 38% for HTGR ' s and estimated 
efficiencies of about 40% for LMFBR' s .  Thus, in the present design, 
about the same heat is rejected to the environment as LWR ' s  but slightly 
more than from HTGR' s and LMFBR ' s .  
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Table III-1 

AVAILABILITY OF METALS FROM USA RESOURCES - YEAR 2000 

Metric Megatons 

USA Possible 
Requirgruent Reserves at At 3X Present 

Metal for 10 MWe Present Prices Prices 

Nb (1) 0. 7 . 0054 . 069 

Be(2) 0 . 12 . 018 . 018 

c/3) 10. 3  -0 1.2  

Ni (3) 7.2 . 14 14 . 4  

Li (J) 1 . 1  . 8  2 . 7 

Cu (3) 7 . 1  20? >100 

Pb (J) 13 . 4  35 >100 

Al (4) 0. 6 � O  >1000 

v(5) 0. 4 . 1  >l 

Mo(3) 0 . 6 2 . 5 >6 

Sn (2) 0 ') -0 . 1  L. 

Fe(3) 83 8,500 >100 , 000 

Zr(l) 
0. 002 . 06 

Ti (l) 0 . 8  >24 

(1) - ORla .. Fusion Reactor Concept (ORNL-TM-3096) 

(2) - PrincetcQ Concept (PPPL) 

(3) - UWMAK-I (UWFDM-68) 

(4) - Los Alamos IHi7A-Pinch (LA-DC- 72-234A) 

(5) - ORNL Concept with V substituted for Nb 

2 . 5 

>33 

USA Reserves 
At lOX Present 

Prices 

. 1  

. 25 ?  

>11 

>20 

? 

Insufficient 

Insufficient 

Very Large 

>10 

Insufficient 

Very Small 

Very Large 

Insufficient 

>150 

Data 

Data 

Data 

Data 



Metal 
Requirgment 
for 10 MWe 

Nb (l) 0 . 7  

B/2) 0 . 12 

Cr(3) 
10. 6  

Ni (3) 8.0 

Li (3) 1 . 2  

Cu (3) 7 . 4 

Pb (3) 13 . 9  

Al (3,4 ) 0 . 7 

V(5) 0 . 4 

M/3) 0 . 6  

Sn (2)  0 . 2  

Fe (3) 87 

Zr(l) 
0 . 002 

Ti (l) 0 . 8  

III-7 

Table III-2 

AVAILABILITY OF METALS FROM SOURCES 

OUTSIDE THE UNITED STATES 

Year 2000 - Metric Megatons 

Ex-USA Reserves At 3X present 
at present prices prices 

7 . 8  17 . 2  

? . 03 

370 890 

24 922* 

. 2  . 2  

>100 320 

50 >500 

>1500 >1600 

26 >100 

>4 13 

6 11 

170 X 103 Large 

> . 07 >4 

133 1000 

At lOX present 
prices 

1180 

Very Large 

Very Large 

6 *All but 60 x 10 short tons is material in sea-floor nodules, for which infor-
mation is very sketchy . 
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The reduced efficiency in �he UWMAK-I results because maximum 
steam temperatures are low (-430° C) and steam pressures are slightly 
lower (2000 psi). The maximum temperature is limited because the 
primary lithium cannot be maintained at temperatures higher than 
500° C due to corrosion. Recent data on lithium-stainlets

)
steel corro

sion indicate that the 500° C limit may be conservative. 3 

Future studies will be necessary to investigate the technical 
feasibility of design alternatives which could achieve higher thermal 
efficiencies. It is recognized that the intent of designing and the 
UWMAK-I was to limit the system to existing technology. However, 
this review indicates that designing the fusion reactor to achieve 
high thermal efficiencies may require an alternative choice of 
structural materials and/or coolants. 

The environmental effect of the rej ected heat from this plant 
would be influenced by the fact that the design incorporates mechanical 
draft evaporative cooling towers. The use of a cooling tower mini
mizes the concentrated thermal discharge to a body of water and 
ultimately spreads it out over a much larger volume. However , large 
quantities of water are consumed by the cooling tower and rej ected 
as water vapor into the atmosphere. About 38 , 000 GPM would be evapor
ated in the four cooling towers for UWMAK-I. The effect on local 
climate of adding this water vapor to the atmosphere must be considered. 
In addition this represents a significant consumption of water which, 
in some cases, is essentially a local resource .  It is estimated ·  

· ·· 

that 36,000 GPM would supply a city of 600, 000 people. Finally , as 
water is circulated in the cooling tower , concentrations of minerals 
and salts build up, and the effect of rej ecting this brine to the 
local body of water must be considered. 

It should be recognized that while these are impacts on the 
environment which must be evaluated , they are special to the fusion 
reactor concept only to the extent that it may rej ect more or less 
waste heat than other sources of power. As pointed out earlier , this 
is a consideration for UWMAK-I because, as designed , the thermal 
efficiency is somewhat low. If an application for waste heat could 
be found the subsequent environmental impact of the lower efficiency 
would be alleviated. 

III-B. Plant Effluents During Normal Operation 

While the UWMAK-I is operating, certain radioactive isotopes 
from the plant system could be released through various boundaries of 
the system to the environment. The obj ective of this section is to 
identify the radioactive materials that might be released , determine 
the quantity of the materials that could be released and determine 
the dose and effect on the environment resulting from a release. In 
the UWMAK-I there are principally two sources of radioisotopes. The 
first is tritium which would be released while the plant is operating , 
and the se cond is radwaste such as corrosion products which could be 
accumulated and perhaps released to the environment during plant 
clean-up and maintenance operations. Of these two , by far the maj or 
concern is the tritium release. Releases of radwaste resulting from 

-····"/ 
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clean-up and maintenance are of second order consequence and at this 
time would be difficult to estimate. 

Tritium is one of the principal fuel components in the operation 
of the UWMAK.-I and is a normal product of plant operation. In addi
tion, an important function of the UWMAK.-I, and purpose of using 
lithium as the primary coolant, is to generate tritium while the plant 
is operating. The result is that there are large inventories of 
tritium in the plant while it is operating. The tritium inventories 
in the plant are itemized in Table III-3 which s hows the total inven
tory to be about 13 . 5  kilograms . This does not consider any tritium 
in an auxiliary storage system to accollll11odate malfunctions, s uch 
as fluctuations in the output of the tritium extraction system, nor 
does it include the amount of tritium which would be required for 
plant reserve if the entire tritium extraction system were to break 
down. Note also that the largest inventory of tritium is in the 
primary lithium circuit where there are 9. 7 kilograms . 

Tritium flow paths are shown schematically in Figure III-2 .  
From there it can be seen that there are fundamentally two tritium 
flow paths to the environment. The first is through the liquid metal 
heat exchangers to the steam system where some tritium would be lost 
to the environment as part of the blowdown of the s team-water sys
tem. The second path is by diffusion through the containment system 
boundaries so that the tritium is ultimately dis persed in the air 
around the plant. 

Of these tritium release paths the principal concern is with 
tritium released through the main heat transfer circuit to the 
secondary coolant system and then through the steam generator to 
the steam-wate_r system. It is expected that virtually all of the 
tritium diffused through the s team generator would be present as 
tritated water in the steam-water system. This is consis tent with 
BWR experience ( 5) , PWR experience ( 6J ,  and treatment of the problem 
in related systems ( 7 ) . Part of this tritated water would be re
leased to the environment in the water blowdown to circulating water . 

The plant has been designed to minimize the tritium release 
through this flow path. This can be done by sizing the fuel ex
traction system which removes tritium from the primary lithium. The 
obj ective is to limit the tritium concentration in the primary lithium 
to a value such that releases through this path are at or less than 
the design obj ective. 

A design obj ective of between 1 and 10 curies of tritium re
lease per day was chosen . Bas ed on this obj ective, a f uel extraction 
system was sized and tritium concentrations in the primary lithium 
were determined . Calculations were then conducted to determine the 
diffusion of tritium from the primary lithium to the secondary sodium 
through the Intermediate Heat Exchanger ( IHX) , and then from the 
secondary sodium through the steam generator. These calculations 
indicate that the tritium loss will be about 10 curies per day via 
this path. (See chapter 9 in volume I) 



Table III-3 

Summary of Tritium Extraction System Characteristics( a) 

Coolant 
Sys tt!ill 

Primary 
Lithium 

Secondary 
Sodium 

Divertor 
Lithium 
Sodium 

Divertor 
vacuum 

Helium 

Temp. 
Ran�°C 

283-489 

261-411 

200-325 
190-265 

25 

50-200 

Extraction 
Method 

Yttrium Metal 
Bed 

Yttrium Metal 
Bed 

Yttrium Metal 
Bed 

Charcoal-cooled 
with liq. He 

Metal getter 

Tritium Tritium 
Accumulation Leakage 
Per Day (kg) _Qi/daL_ 

1.05 (b) 10.1 

-0 

7.4  T + 5.0 D 
2xl0

-4 

0.3 T + 0. 2 D 
lxl0

-4 

1. 1 X 10 
-6 

low 

Total 10.1 

(a) Based upon thermodynamic calculations; no kinectic considerations 
(b) At maximum breeding ratio of 1.49 

\ \ 

Total Na 
or Li(kg) 

1. 73x10 6 

7. 6x10 5 

4 3.4x!O 
6x10 

Tritium Con- Tritium in-
Centration in Li Ventory 
or Na ppm (wt.) .M 

5 in Li 8. 7 
in beds L O 

8. 7xl0 
-5 

in Na 6.7x10 -5 

in beds -0 

in Li 8x10 -3 

0.24_
4 

in beds 3. 5  
3x10 in Na 6xlo-6� 

0 

Not applicable 0.3 

Not applicable low 

Total 13. 5  

l. 
" ·� 
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The 10.1 curies per day is diluted in the 12,000 gpm blowdown water 
from the condenser cooling water discharge which would ultimately be 

deposited into some undefined body of water. The resulting tritium con
centration in this discharge would be about 15 x 10-5 µCi/ cm3 . The 
regulatory limit on concentrations of radioactive material in water 
released to uncontrolled areas are described in Table II, Column 2, 
Appendix B, 10CFR20. ,  These limits are the concentrations which 
would result in a dose  of 1 x 10-2 rem/week to an individual who 
obtains his entire daily intake of water from the source. Thus , the 
release from UWMAK-I is about 6% of the regulatory limit and would 
result in a dose of 6 x 10-4 rem/week to a person obtaining his 
entire daily intake of water from this source. 

By comparison, the lowest practicable limit from 10CFR50, 
Section II, is 5 x 10-6 µCi/cm3. This limit is established for 
LWR ' s  and is based on LWR operating experience. It is the limit 
which LWR ' s  must be designed to meet. Whether or not the same 
limit would be imposed on a fusion reactor system remains to be 
seen. If this limit were to be imposed, further dilution prior to 
discharge, by about a factor of ten, would be required. 

It may be that fusion reactors will not be required to meet 
the same limits for tritium release that have been established for 
LWR' s  because tritium is only of many isotopes that must be considered 
in a LWR. Further, these radionuclide releases must be controlled 
not only during reactor operation but during transportation, reproces• 
sing, and fabrication as well. Since tritium release during reactor 
operation plays an entirely different and more significant role in 
the fusion reactor system, it is possible that different limits may 
be set for its release which are higher than those employed for LWR' s  
currently. On the other hand, the present momentum in the direction 
of lower releases for all radionuclides may be impossible to reverse. 

Calculations of the dose from this discharge are difficult to 
determine without reference to a particular site. Some further dilu
tion would result as the discharge is dumped. For example, the Clinch 
River, which is the discharge body of water for the Clinch River 
Breeder reactor, has a flow rate of about 2 million gallons per minute. ( 8 ) 

If the concentration of tritium from the UWMAK-I were dumped into this 
body of water, the resulting dose would be reduced by two orders of 
magnitude, from 0.06 rem/year to 0 .0006 rem/year. * 

It should be noted that relative to other radionuclides , tritium has a 
low radiotoxicity which mitigates the hazard to the environment�) 

It has a 
short biological half-life of about 12 days in the human body. It has shqwn 
no tendency to concentrate in vegetation, particular food cycles , or organs in the 
human body, and finally, it decays by the emission of a low energy beta-ray (18 

keV) . 

*Workers at Battelle Northwest Laboratories have s uggested that the release 
levels can be reduced to essentially zero by reducing water losses to a 
minimum by incorporating the blow down water into concrete and s toring the 
concrete until the tritium decays. The half life of tritium is 12. 40 years . 



III-13 

In summary, this section has focused on the release of tritium 
to fres h water s ystems . The releases of tritium to the air through 
the containment, and releases of tritium from the on-site storage 
are yet to be determined . In addition, effluents which would be 
released as a result of maintenance and cleaning of radioactive com
ponents must also be determined . However, the release through the maj or 
release path has been estimated to result in dos es that would be well 
within the regulatory limit in l0CFR20. 

III-C. Plant Accidents 

In reviewing plant accidents for the UWMAK-I it is perhaps appro
priate to follow a parallel path and approach the problem in the 
same way that plant accidents are considered for fission plants . 
This approach has the virtue of, first, helping to identify potential 
safety problems with the fusion reactor, and s econd, providing some 
insight as to the analysis, design, and testing which ultimately will 
be required to license the operation of s uch a plant . Therefor�, the 
first part of this section will be devoted to a dis cussion of the 
fundamental accident analysis philosophy and approach which is typi
cally used in the safety analysis of a fission reactor . The second 
section will then attempt to s how how this philosophy might be applied 
to the safety analysis of a fusion reactor. 

III-C-1. Safety Analysis and Design Philosophy 

The underlying concept for the safe design of a fission reactor 
is that there are three "levels" of safety which provide "defense
in ' depth" against any non-normal release of radioactivity to the en
vironment. 

At the first level accidents are prevented by intrinsic features 
of the design of the plant and the quality, redundancy, testability , 
inspectability, and fail-safe features of its components . The de
sign is such that it s hould be unquestionably safe in all phases of 
operation and have a maximum tolerance for errors, off-normal opera
tion and component malfunction. Analyses are made and test programs 
conducted to find those types of malfunctions or faults that could 
affect reliability of operation so that they can be guarded against 
by design, quality assurance, or fail-safe features as appropriate. 
Thus, the emphasis at the first level is upon inherently safe design 
features and quality controlled construction. 

At the second level failures are assumed to occur in spite of the 
care taken above and protection is provided against the consequences 
of such failures . Typical examples of such failures are operator 
error, reactivity insertions, (in fission reactors) or failure of parts 
of the control system. Reliable protection devices and systems are 
then designed to assure that s uch incidents will be arrested or acco
modated safely. Conservative design and safety margins, inspectability, 
and redundant detecting and actuating equipment are incorporated in 
the protection systems to assure both the effectiveness and reliability 
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of this second level of defense. In addition, these systems are de
signed to be routinely monitored and tested so that there is full 
assurance that they will operate reliably if required. 

The third level of safety supplements the first two by considering 
extremely unlikely and unforeseen circumstances . The purpose of 
considering such events is to add margin in the plant design as an 
additional assurance of public safety. The result of analyzing such 
low probability events and implementing the third level of safety is 
to set containment building design pressure and design leak rates 
and to incorporate additional engineering safety features (such as 
the Emergency Core Cooling System in PWR ' s). 

The purpose of performing a plant accident analys is is to iden
tify the protection systems that will be required (second level) and 
to assure that there is an adequate plant safety margin for hypothe
tical low probability events (third level). The method of performing 
s uch an analysis begins by preparing a list of all possible accidents 
which could occur. The accidents are typically classified as Antici
pated Operational Occurrences or Postulated Accid ents . The single 
failure of any active component or a single wrong operator action 
are examples of accidents in the first category. Multiple single 
failures would be Postulated Accidents. Safety criteria must be 
generated to, first, determine what consequences are acceptable for 
each class of accident, and second, the degree of protection required 
to assure that acceptable consequences are not exceeded (are inde
pendent, redundant protective systems required ? ,  etc . ). Each accident 
is then analyzed and the consequence is compared with the acceptable 
criteria to determine what protection is required .  

In addition to preparing a list of accidents , however, the safety 
analysis must focus on the potential hazards of plant operation there
by providing protection for hypothetical low probability events. The 
criteria for fission reactor siting in lOCFRlOO require that an exclu
sion area be defined s uch that an assumed fission product releas e  will 
result in whole body exposures of less than 25 rem and thyroid doses 
less than 300 rem. In the footnote to § 100-11, the code says that 
the fission product release "should be based upon a maj or accident, 
hypothesized for purposes of s ite analysis or postulated from consider
ations of possible accidental events , that would result in potential 
hazards not exceeded by those from any accident considered credible." 
Thus, it is necessary to evaluate what might be called the "potential 
hazards"of operating the plant as well. Once "potential hazards "  are 
quantified, the job of the safety analyst is to limit (i.e . , reduce) 
the "potential hazards"  by demonstrating a thorough understanding of 
credible accidents and placing a bound on what is "credible". 

In this respect it should be noted that there is a difference 
in approach to t he analysis of accidents for safety analysis reports 
and environmental reports. Analyses for safety purposes necessarily 
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consider "worst case" kinds of events and the analyses typically use 
conservative assumptions. On the other hand the focus in environmental 
rep orts is on the more realistic consequences of accidents and typically 
nominal conditions are assumed. 

Once a list of accidents has been generated, an important part 
of the safety analysis is to develop the logical path between initiating 
events and ultimate consequences. This is important for several reasons , 
some are : (1) to understand mechanistically what must happen for the 
consequence to occur and thereby to identify technically sound reasons 
why it would not occur (i.e., "lines of defense") (2) to better under
stand the potential severity of the ultimate consequence;  (3) to identify 
uncertainties and "lines of defense: which will require verification 
through analysis and testing; and (4) to identify engineered safety 
features or protective instrumentation whic h will prevent the progression 
of the sequence to the ultimate consequence. A convenient tool for 
developing this logical path is the safety assurance diagram (SAD). 
A sample SAD for a nuclear fission reactor is shown in Figure III-3. Once 
the initiating event . is identified , the potential result of the event can 
be determined by following the lines from the first box. A double line 
indicates the more probable path. The lines are sometimes intersec ted by 
"lines of defense". These represent technical reasons why that path would 
not be followed. Each line of defense must be verified by analysis, 
experiment, testing, etc. 

Thus , one can see that generating a complete safety analysis is 
a complex , comprehensive task. Obviously, such an analysis c ould not 
be incorporated herein. However, an attempt has been made to apply 
in a preliminary way the accident analysis philosophy for fission 
reactors to the UWMAK-I . The result of this effort is produced in 
the remaining portions of this section. 

I II-C-2. Safety Analysis of UWMAK-I . 

The first step in the safety analysis is to prepare a list of events. 
A list is given in Table III-4 and is preliminary in the sense that a 
more complete list would require more design definition and detailed 
familiarity with the design. I n  addition, it is a list which typically 
requires iteration and is limited only by inventiveness, ingenuity, and 
experience. But it is the fundamental starting point for any safety 
analysis and, as such, should be given much thought. Initiating mechanisms 
for the accidents are also identified for some cases. These are not 
intended to be complete lists of initiating mechanisms, but rather to 
provide some ideas of how these accidents might occur. 

Once the list of accidents is generated, the primary safety problem 
is to develop the mechanistic consequences of the postulated accidents 
in order to identify what potential pathways exist and how they might 
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Table III-4 

List of Accidents 

Accidents External to Plant 

1 . Earthquake 
2. Tornado 
3 . Flood 
4. Airplane "collision" event 
5 . Sabotage 
6 .  Loss of off-site power 

Plant Malfunctions 

1 . Loss of primary cooling 
a) with reactor on 

• s hutdown 
. failure to shutdown 

b) with reactor off 
2. Lithium Fire 

3 . Sodium Fire 
4. Loss of Secondary Cooling 
5. Steam Generator Tube Failures 

(s odium/water reactions) 
6 .  IHX Tube 'Failures 
7. Magnet Failures 

8 . Helium Warm-up Accidents 
9 . Overpower Accidents 

10 . Tritium Handling Accident and Fuel 
Preparation System Accidents 

11 . Release of Tritium from On- Site Storage 
12. Rupture, melting, or other f ailure of 

the First Wall 

13 . Missile Accidents 

14. Loss of Plasma Confinement 

15. Electron Runaway 
16 .  Loss of Lithium Flow to Divertor Plate 
17. Failure of Vacuum System 
18 . Pipe Rupture in Divertor Cooling System 

Initiating Mechanis m  

Primary pipe rupture 
• Primary system blockage 
• Pump failure 
• Loss of s ite power 

Primary pipe rupture 
. Lithium s pill 
. Secondary pipe rupture 

Same as (1) 

, Conductor breakage 
• Helium warm-up 
, Super-normal transition 
. Failure of He containment boundary 
. Increase in rate of fuel inj ection 
. Failure of Plasma Control System 
. Pipe failure in tritium extraction system 

. Container leak 
Misdirection of neutral beam 

. Loss of Cooling 
Overpower accident 

• Magnet failure with "arcing" 
• Missiles generated from He vaporization 

accident 
• Heavy component dropped on reactor 

while performing maintenance 
• Coil failure 
• Excitation of plasma instabilities 
. Electric field too high 
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lead to an "ultimate hazard" ;  to identify alternate pathways that may 
be more realistic, or alternatively, how realistic the pathway in 
question is ; where "lines of defense" exist to interrupt the pathway ; 
where engineered s afety features s hould be provided ; and where protec
tive system instrumentation is required . 

The second step is to determine the "potential hazards" of the 
plant operation. While the UWMAK-I is operating at power there are 
large quantities of stored energy in the system: 

1) The stored energy in the superconducting magnets (212 ,000 MJ) ; 
2) The kinetic energy of the plasma (3,000 MJ) ; and 
3) The stored energy in the liquified helium (8 4,000 MJ) . 

Conceptually, the liquid helium is an energy s ink; however, because 
it is capable of converting all forms of stored energy (i. e. , anything 
at a temperature greater than -4° K) very effectively into mechanical 
work with a significant damage potential, it must be treated in the 
same manner as other forms of stored energy . 

In addition to these quantities of stored energy there is a 
relatively large inventory of rad ioactive material: 

1) The tritium inventory ; 
2) The structural materials with induced radioactivity ; and 
3) corrosion products ; principally in the primary lithium. 

The combination of a large quantity of stored energy and a relatively 
large inventory of radioactive materials poses the threat that the stored 
energy could accidentally be released in s uch a way that the radioactive 
materials are released to the environment. 

Clearly, a hazard of great concern is a large release of tritium. 
If one has a lithium fire in which the fumes are released to the environ
ment, the tritium will also be released and the accident has occurred. 
In this respect it represents a greater concern than typical accidents 
in a fiss ion reactor which frequently require a postulated sequence of 
events which is tenuous and highly impregnated with conservative assump
tions to generate an airborne aerosol of radioactive fiss ion products. 
Once the lithium fire has been postulated, the airborne tritium is a 
natural consequence. On the other hand, as will be dis cuss ed in Section 
IV, the Biological Hazard Potential (BHP) of the tritium is s ignificantly 
less than that of the fiss ion products from a fiss ion reactor. 

To provide an estimate of the hazard involved, Atomics I nternation
al has performed some radiological calculations to determine the conse
quences of releases to the environment of large amounts of tritium. 
Earlier it was noted that lOCFRlOO specifies that whole body exposures 
should be less than 25 rem and thyroid doses less than 300 rem. However, 
the code also s pecifies that these doses are not to be considered accep
table but are to be used as "guides ... .. which can be used in the 
evaluation of reactor s ites with respect to potential reactor accidents 
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of exceedingly low probability of occurrence, and low risk of public 
exposure to radiation". These criteria s hould be kept in mind as the 
following results are interpreted 

The first calculation arbitrarily assumed a ground release of 
106 curies (-100 .grams) to  the environment.  This represents about 
1% of the tritium inventory in the primary lithium system. The skin 
abs orption and inhalation doses were then calculated at 600 meters 
(the exclusion radius for t he Clinch River Breeder Reactor Plant) 
assuming a s hort-term (less than 8 hours), ground level release under 
worst-case 

(
eOY

orological conditions . The criteria from AEC Safety 
Guide no. 3 

1 were used for the calculations. 

On the basis of Figure 3A in Safety Guide No. 3 , the X/Q value 
for this case is 1. 5 x 10-3 sec/m3 , s o  that, for a release of 106 Ci, 
the time integrated concentrat ion at 600 meters is 1 . 5 x 103 Ci - s ec/m3 . 
Assuming a breat hing rate of 3 . 5  x 10-4m3/sec (ICRP-2) and an intake 
dose of 1.7 x 10-4 rem/µCi (ICRP-10), t he inhalation dose at 600 meters 
is 87 rem. The principal authority on the toxicology of tritium, Langham 
and Pinsons work, (11) reported in the Journal of Applied P hysiology, 
January 1957 , indicates that the skin absorpt ion d ose from exposure 
to  a tritium atmosphere is approximately equal to  the inhalation dos e. 
The cloud immersion d ose is evaluated to  be 2 rem if an average beta 
partic le energy of 5.7 x 10-3 Mev is used in the equation appearing 
on Page 3.2 of AEC Safety Guide No. 3 . Thus, t he resulting whole 
body dose is about 17 6 rem at the exclusion radius . To reduce the 
whole body dose to 25 rem, the exclusion radius would have t o  be in
creased to about 2100 meters. 

A second calculation was made to  deter.mine the whole body  dos e  at 
the exclusion radius ( 600 meters) for t he same release at an effective 
height of 100 meters. Such a release would more accurately s imulate 
the release from a lithium fire. In the case of elevated release, the 
worst-cas e  meteorological c onditions are not the same for all distances 
from the point of release. Under certain meteorological c onditions the 
ground level c oncentrations at 2100 meters from the point of release 
may be greater than the concentration at 600 meters, due to  t he fact 
that the cloud or plume does not reach ground level until it has moved 
downwind for considerable distances. For this reason , elevated releases 
are best evaluated on the basis of the envelope of the entire range 
of meteorological conditions. Figure lA, AEC Safety Guide No. 3 , evalu
ates the consequences of an elevated release by drawing a line through 
the peak ground level concentrations for Pasquill* Types A through F. 
On the basis of that figure, the X/Q values for a release height of 
100 meters are 1.9 x 10-5 sec/m3 for a downwind distance of 600 meters . 

*Pasquill types are weat her conditions which have been classified in stability 
categories ranging from A through F in order of increasing stability. All 
categories are considered in this analysis since Pasquill Type A may result in 
peak doses at one location while Pasquill Type F may result in peak dos es at 
another. 
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These X/Q values would result in a reduction of the whole body dose at the 
600 meter exclusion radius to about 2 rem which is within the 2 5  rem guideline. 

The 106 curie release was somewhat arbitrarily chosen to provide order 
of magnitude estimates. It is highly improbable that as much as 1% c -12 tonnes) 
Li could be completely consumed in a fire because of the vacuum around the 
reactor and inert gas in the Li Floor of the reactor building. Furthermore 
even if that much Li were to be burned, all of the tritium in that amount 
would have to escape to the atmosphere, requiring the complete breaching of 
3 containment shells. However, It is clear from these calculations that 
potentially serious radiological hazards do exist even though they are, at 
this point, only hypothetical and they appear to be very low probability events. 
Subsequent analysis will be required to quantify the potential hazards and 
determine meaningful exclusion boundaries that would be required for fusion 
reactors of the UWMAK-I design. 

III-C-3 Specific Accident Considerations for the UWMAK-I 

While the analysis of specific accidents has not been carried out in 
detail, some consideration can be given to selected accidents. In particular 
the following accidents will be discussed: 

1) Lithium Fires 
2) Loss of Cooling Accidents 
3) Magnet Failures 
4) Helium Release Accidents . 

III-C-3-a Lithium Fires 

The possibility of lithium fires create the greatest hazard for a reactor 
like UWMAK-I. The primarv concern is that they represent a potential mechanism 
for releasing large quantities of tritium to the envir:onment. The potential 
for a lithium fire in UWMAK-I is minimized by evacuating the reactor building 
to a vacuum of -1 torr (see Chapter II of thts volume). Thus, some breach of the 
containment structure is required in addition to the initial failure (for example, 
a primary pipe rupture) to expose the lithium to oxygen and thereby create the 
environment for a lithium fire. 

A secondary concern is the release of corrosion products. Most of the 
corrosion products are non-volatile and would be expected to plate-out on 
the components and piping in the reactor building. But it is possible that 
small quantities could be released to the atmosphere in a lithium fire. It 
should be noted that the corrosion products of some elements, such as NbO and 
Mo03, are volatile and may be released in a lithium fire. The potential for 
releasing corrosion products in this manner should be evaluated. 

III-C-3-b Loss of Cooling Accidents 

The concern with loss of cooling accidents is assuring that the first wall is 
adequately cooled. Initial calculations indicate that if there is a complete loss 
of forced flow , during a burn, the wall will reach 6 00°C in about 10 seconds . 

-· 
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The ultimate concern is, of course, failure of the first wall .  Failure could 
occur as a result of the thermal stresses which are induced in a radiation 
embrittled wall by a thermal transient. (Heating the wall to temperatures 
of >650° C will result in precipitation of helium atoms into bubbles which in 
turn will embrittle the metal.) 

Any failure of the first wall would result in release of Li into the 
vacuum chamber and quenching of the plasma. There are 3 x 109 j oules of  
stored kinetic energy in the plasma which must be dissipated in the first 
wall .  If this energy is d issipated nonuniformly and concentrated on a local 
portion of the wal l ,  there is a potential for rapid heating and vaporization 
of the wall.  This would result in great difficulties for the plant operation 
and would require expensive (and extensive) cleanup procedures in a highly 
radioactive environment. However , this accident should not represent a 
severe hazard for the general public as all of the remaining containment 
devices would still be intact. 

Some discussion of the general afterheat problem would be appropriate 
since the problem of removing afterheat after a loss of cooling accident is 
such a focal point in the design of LWR' s. The adiabatic temperature rise 
from afterheat generation has been calculated (12) and the results are shown 
in Figure II-4. The temperature rise in the region of maximum afterheat 
generation is only  0.1° C/sec. These results, which are based on very con
servative assumptions of adiabatic heating, indicate that afterheat removal 
following a loss of coolant will not present serious problems. 

III-C-3-c Magnet Failures 

The principal concern with magnet failures is that some local mechanical 
failure might sever a coil element which could cause internal arcing. This 
in turn could cause a rapid release of part of the stored energy (the induc
tive coupling of a failed coil to the other coils reduces the amount of 
energy dissipation to about 50% of its original stored energy) and perhaps 
result in melting of some of the magnet material. Other than this, the mag
nets are to be d esigned to assure that even an extensive loss of superconduc
tivity would not result in such a non-uniform rapid reduction of  stored energy. 
The total magnetic energy stored in the entire toroidal field magnets would 
simply increase the overall magnet temperature to roughly 100° K when it is 
released uniformly inside the magnets and if complete cooling capabilities 
were lost. 

Detectors will be placed throughout the magnets so that local malfunctions 
can be detected. When a serious malfunction is detected such that total shut
down is required ,  the following safeguard procedures can be exploited:  1) 
rapidly dumping liquid helium or a simple lowering of the helium level below 
the top part of the magnets; 2) energizing heaters ;  3) swinging the fixing 
angle of the ac/dc reversible power convertor Graetz bridge such that maximum 
power flows back to the ac line at the maximum allowable voltage. The first · 
two schemes would result in uniform loss of superconductivity thereby assuring 
that the stored energy is released throughout the magnet. The third scheme 
would reduce the amount of energy dissipated inside the magnets, rather than 
reduce the refrigeration power required to cool the magnets later. A combina
tion of the first and third schemes is most interesting if their feasibility 
can be demonstrated . 
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III-C-3-d Helium Release Accidents 

A second category of accidents associated with the use of superconducting 
magnets is the helium release accident. In this accident it is assumed that 
the helium containing boundary fails and liquid helium is released to the 
environment rapidly vaporizing and pressurizing the system. Typically , the 
helium release accident can be protected against by incorporating rupture 
disks or other pressure release mechanisms in the design. In UWMAK-I the 
building is designed for a 10 psi overpressure to accommodate helium release. 

III-C-3-e Summary 

This section has discussed in qualitative terms the apparent hazards 
of some specific accidents. While large quantities of stored energy have 
been identified as representing a potential hazard , realistic considerations 
of the accidents associated with those quantities of stored energy indicate 
that they can be dissipated reasonably without resulting in maj or releases of 
radioactive materials. The energy stored as kinetic energy in the plasma 
can be dissipated by expansion of the plasma, and quenching the plasma against 
the first wall. The stored energy in the magnets can be released either 
uniformly within the magnet or through the use of external resistors. The 
stored energy, or the effective stored energy, in the liquid helium can be 
released by the use of rupture disks or other pressure relieving mechanisms. 

On the other hand, the calculations reported herein do show that the 
potential consequences of a tritium release can be quite serious. The logical 
potential consequences of the various initiating events must be investigated 
to quantify the potential hazards of operating the plant and to identify 
engineered safety features which may be required to minimize such a release. 

In assessing the risk of a tritium release, it is important to recognize 
that four bariers must be penetrated before the tritium can be released to 
the environment. The first barrier is the primary coolant pressure boundary. 
This is completely enclosed by a second barrier, the primary containment.  The 
primary containment is a reinforced concrete toroidal roof with a shell that 
is eight feet thick, lined with a one-eighth inch steel plate to provide leak 
tightness. The third barrier is the secondary containment -- a right circular 
steel-lined, reinforced concrete cylinder which encloses the main floor, the 
lithium floor, and the sodium floor. The last barrier is the outer building 
wall itself. These barriers will effectively tend to mitigate against any 
significant accidental tritium release. 

III-D Long Term Storage of Radioactive Waste and Transportation Problems 

III-D-1 Radioactive Waste Storage 

The first wall of the UWMAK-I is exposed to a neutron loading of 1.25 
Mw/m2 • These neutrons will interact with the first wall, as well as the 
structural materials which contain the lithium, resulting in transmutations 
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and induced radioactivity. Thus, as the UWMAK-I is operated, radioactive 
materials are generated which must ultimately be disposed. This section of 
the report will focus o n  that disposal problem and compare it with similar 
problems for fission reactor s ystems. 

The waste management problem typically depends on the kind of waste 
that is generated. The wastes from a fission reactor fall into one of three 
categories: low level wastes, intermediate level wastes , and high level wastes . 
High level wastes must be stored and contained so that they are isolated from 
the biosphere permanently. It is these wastes that create the long term 
disposal problems and we will concentrate on them in this s ection. 

The classification of wastes into these three categories is not universally 
based on any given set of criteria; however, a typical criteria from Reference 
1 3  would be that low l�vel wastes are wastes with radionuclide concentrations 
that are from 1 0 to 10 times the maximum permissible concentration (:MPC) as 
taken from 1 0CFR20. Intermediate level wastes would be those where concentra
tion was from 104 to 1 06 times the MPC. High level wastes would be those 
wastes wit h concentrations greater than 1 06 times the MPC. 

The concentration of radionuclides in the 316 S S  of the first wall of the 
UWMAK-I, assuming 2 years of continuous operation, are listed in Table III-5. 
These data show that the ratio of specific activity to MPC is on the order of 
1015 or 101 6 , Therefore, these wastes must be categorized as high level wastes 
and be contained and isolated from the biosphere. 

In comparing the engineering problems associated with the long term storage 
of these wastes, it is necessary to compare the total volume of material that 
is generated, the amount of heat generated, and the radioactivity of the 
materials as a function of time. The quantities of radioactive materials 
removed annually from the UWMAK-I are listed in Table III-6 and compared with 
the volume of wastes generated during the reprocessing of fission reactor fuels 
(from Reference 9). These materials total about 736 , 000 kilograms per year . 
The resulting volume is about 94m3, based on the theoretical density which 
assumes that the waste is 1 00% compacted. This compares with a value of about 
-4m3 for a 1 500 MWe LWR. 

The large volume for UWMAK.-I results because the radioactive isotopes 
cannot be chemically concentrated as they are in fissio n  reactors. However, 
becaus e the majority of the waste here is iron, and Fe-55 is one of the radionuclides , 
an isotope separation process would be required for any meaningful concentration 
of the waste. Therefore, concentration of these wastes would be impractical. 

The radioactivity and the internal heat generated as a function of time 
by these wastes are s hown in Figures III-5 and III-6. Comparable quantities 
for an LMFBR are also s hown. These results would seem to indicate that the 
activity of the wastes from the UWMAK-I are -7 times lower than wastes from an LMFBR. 
However, after 1 year of s hutdown the activities are roughly comparable. A 
major concern with the disposal wastes from a fission reactor is the hazard 
resulting from the actinides which have much longer half-lives. An example 

-1(.._ 



Isotope 

V-49 

Mn-54 

Mn-56 

Fe-55 

Co-58 

Co-60 

Ni-5 7 

S;eecific 
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Table III-5 

Radionuclide Concentrations in 316 SS 

After 2 Years of Operation 

Activit;y: Ci/cm 3 MPC Ci/cm 3 
�EEroximate Ratio 

0 . 246 1 X 10-16 
2 X 10

15 

8.28 1 X 10-15 
8 X 1016 

18 . 9 2 X 10-14 
1015 

27 . 9  3 X 10-14 
10

15 

13 2 X 10- 15 
6 X 10

15 

.663 3 X 10-16 2 X 10
15 

. 50 1 X 10-16 
5 X 1015 



III-2 6  

Table III-6 

Solid Wastes from UWMAK-I (1500 MWe) and a 1500 MWe LWR 

UWMAK-I (with 316 SS  First Wall) (Volume I, UWFDM-68) 

First Wall 
Reflector 
Corrosion Products 
Sputtering 

Total Volume (7.8 gm/cm3 ) - 94 m3 

Low Level Solid from Power Plant (Reference 9)* 

Cubic Feet/yr 
Kilograms/yr 
Number 55 gal. Drums/yr 
Burial Ground Area •Used Square Feet/yr 

Produced at Reprocessing Plant Site (Reference 9)* 

High Level Solid 

Cubic Feet/yr 
Kilograms/yr 
Number 6" x 10' Containers/yr 
Repository S pace Required ,  

Square Feet /yr 

Cladding Hulls 

Cubic Feet/yr 
Kilograms/ yr 
Number 30 gal. Drums/yr 

Area/ yr 

Low-Level Solids 

Cubic Feet /yr 
Kilograms/yr 
Number 55 gal. Drums/yr 
Burial Ground S quare Feet/yr 

245,000 kg/yr 
488 ,000 

2,500 
250 

-73 6, 000 

3 , 000-6,000 
90, 000-150,000 

4 00-8 00 
2,700-5,4 00 

13 5  
7,250 

90 

18 , 000 

90 
11,400 

22 
Depends on whether storage is 
required at a connnercial burial 
ground or Federal Repository 

900-6,000 
4 5,000-100,000 

120-8 00 
1 , 500-7,250 

*Values from Reference 9 were based on a 1000 MWe LWR and were linearly 
scaled for comparison with a 1500 MWe UWMAK reactor. 
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Figure III- 5 
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Figure III-6 
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is Pu239 which has a half-life of about 24,000 years.  Though these wastes 
are only present in small concentrations, they present a disposal problem of 
a different magnitude.  It is significant that the wastes from UWMAK-I do 
not contain such long-lived radionuclides . 

Finally, it is i,mportant to consider the potential hazard associated with 
these wastes. A convenient tool for such a comparison is the biological 
hazard potential (BHP). The BHP is the ratio of the activity in Ci/kwt to the 
MPC as taken from 10CFR20. The BHP is thus equivalent to the volume of air 
required to dilute the activity per thermal kilowatt down to MPC levels .  It 
provides a convenient means for comparing the relative biological hazards of 
different kinds of materials. While its true (1) that the BHP does not account 
for mitigating factors and assumes complete release of all of the radioactive 
materials, and ( 2) that an evaluation of actual hazard s  would require a detailed 
analysis of the system design and the mechanisms for the release of thy 
radioactive materials,  the BHP does provide a more useful means for comparing 
given quantities of radioactive materials than does the activity alo ne.  

Values of the BHP for fusion reactors of the UWMAK-I design with different 
blanket structural materials are shown in Table III-7 (Reference 1 4) and are 
compared to the values of the BHP from advanced fission reactor systems 
(LMFBR ' s). It is clear from this table that the BHP from materials generated 
in fusion reactors of the UWMAK-I design is significantly less than the BHP 
from the radioactive materials generated in a fission reactor . Furthermore, 
only values for I-131 and Pu-239 are shown in the Table. Many, other hazardous 
radionuclides are generated in the fission reactor fuel cycle (e.g., Sr-90, 
Cs-137, Kr, etc.). It should be noted that the values of BHP in Table III-7 
only reflect the relative hazards of the wastes at the time of shutdown. Figure III-7 
shows how the BHP varies with time for fission products and UWMAK-I wastes. 

These data can be sunnnarized as follows: (1) the UWMAK-I generates 
larger waste volumes of high level radioactive wastes than a typical fission 
reactor ; ( 2) the biological hazard potential of these wastes is significantly 
less; and (3) the hazards are further mitigated by the fact that no !on-lived 
radionuclides comparable to the actinides from a fission reactor are present. 

One might ask : how do these differences effect the engineering problem 
of storing such wastes. It is clear that the wastes from UWMAK-I are highly 
radioactive and must be stored for periods of time greater than a few hundred 
years. It is also clear that the storage problem will be complicated by the 
fact that more wastes (volume) must be stored . On the other hand, the results 
indicate that the wastes produced are relatively less hazardous. 

The significance of the lower BHP and the absence of actinides in the 
waste is two-fold . First, the criteria for a storage facility could perhaps 
be less rigid. For example, concerns over geological problems that may occur 
in thousands of years (which have plagued those seeking solutions to the 
engineering storage problems for fission reactor wastes) could be almost 
brushed aside. Second, the general public concerns over the permanent nature 
and potential biological hazards of the wastes generated by fissi.on reactors 
could be somewhat mitigated . 
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Table ur ... 7 

First Wall Radioactive Inventory at 
Shutdown Af ter 10 Years of Operation 

"Biological Hazard 
Specific Activi� Activity MPC Potential" 

Isoto;ee d]2s/cm3 ci/kwth µci/ml ' .  kni3 of air /kwth 
316 ss 

V-49 1. 1 X 10 (6) 0. 67 1 X 10 (-10) 6. 7 

Mn-54 4. 0 X 10 (10) 24 1 X 10 (-9) 24 

Mn-56 6 . 9  X 10 (11) 42 2 X 10(-8) 2 . 1  

Fe-55 2. 3 X 10 (12 ) 140 3 X 10 (-8) 4 . 6  

Co-58 4. 7 X 10 (11) 29 2 X 10 (-9) 14 . 5  

Co-60 7. 7 X 10(10) 4. 7 3 X 10 (-10) 15 . 6  

Ni-57 1 . 8  X 10 (10) 1. 1 1 X 10 (-10) 11 

Total (a) -310 -so 

Nb-lZr 

Nb-92m 2. 5 X 10 (13 ) 1520 1 X 10 (-10) 15200 

Nb-95m 8 . 1  X 10 (11) 49. 6 1 X 10 (-10) 500 

Nb-95 6 . 8  X 10 (11) 4 . 15 3 X 10 (-9) 14 

Zr-89 1 .  7 X 19 (10) 1. 02 1 X 10 (-10) 10 

Sr-89 6. 20 X 10 (11) 37. 9 3 X 10 (-10) 126 

Total (a) -1900 -16000 

V-20Ti 

Ca-45 4. 2 X 10 (10) 2 . 58 1 X 10 (-9) 2 . 6 

Sc-46  3.1 X 10 (10) 1.87 8 X 10 (-10) 2. 3 

Sc-48 2. 99 X 19(10) 12 . 1  5 X 10 (-9) 2. 5 

Ti-45 1. 90 X 10(9)  0.12 1 X 10 (-10) 1. 9 

Total (a) -56 -9 

Advanced Fission Reactor 

I-131 3 1.6 330 

I-131 31. 6 230, 000 

(milk pathway) 

Pu-239 0.06 1 , 000 

Total Plutonium Isotopes 18 . 2  8 , 300 

(a) Including those isotopes not listed here 

£.l.L2. 

331 days 

313 days 

2 . 58 hours 

2.7 years 

71 . 4  years 

5 . 26 years 

3 6 . 1  hours 

10. 1  days 

87 hours 

35 . 1  days 

78 .4  days 

50 . 8  days 

165 days 

83 . 8  days 

1 . 82 days 

3 . 08 hours 

8 days 

24 ,400 years 
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BHP vs TIME AFTER SHUTDOWN FOR AN LMFBR WITH 
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In addition to the lower BHP and the absence of actinides , the wastes 
produced in UWMAK-I are comparatively less hazardous for another reason . While 
some radioactive isotopes in the stainless . steeL waste could  be leached- out in 
ground water, the radioactive materials in the stainless steel are compara
tively less mobile than those produced in the fission reactor fuel cycle.  
Therefore , when stored and contained, the wastes from UWMAK-I are less likely 
to contaminate the biosphere. 

III-D-2 Transportation of Fuels and Radioactive Materials 

Initially tritium shipments will be required to supply fuel for the 
UWMAK-I.  As excess tritium bred over tritium burned begins to accumulate ,  
the excess tritium must be shipped from the site o r  the breeding ratio reduced . 
In addition, the 736,000 kg of stainless steel from t he . blanket and corrosion 
products must be transported from the site to the irradiated materials storage 
location yr-1 · · 

The maj or shipping requirement is clearly the 736 , 000 kg/yr of stainless 
steel . By way of comparison a. 1000 Mwe LWR is proj ected to s hip 32, 000 kg of 
irradiated fuel each year (ll). This scales to 48,000 kg/yr for a 15 00 Mwe LWR . 
Typical irradiated fuel shipment requirements for LWR ' s  are listed in Table 
III-8 (Reference 9). According to these data about 15 rail shipments per 
year are required from the reactor plant to the fuel reprocessing facility .  
After separation, concentration, and storage at that facility ,  the waste must 
be shipped to its final storage location . Because the wastes have been con- �· 
centrated, the solid wastes can be accommodated with 1-2 rail shipments per 
year. 

0 . 5 
3. 2 
1 

60 
10 

1000 

TABLE III-8 

Typical Irradiated Fuel Shipment Conditions 
1000 Mwe LWR (Reference 9) 

MT irradiated fuel per cask for truck 
MT irradiated fuel per cask for rail 
Cask per truck or rail car 
truck shipments per 1000 Mwe reactor-year 
rail shipments per 1000 Mwe reactor-year 
miles shipping distance from power plant to fuel 

recovery plant 
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It should be noted that the transportation of reactor fuels from the plant 
to the processing facility is affected by fuel cycle economics which are not 
present in the fusion reactor system. If the fuel is stored on site for long 
periods of time, the useful uranium and plutonium which would be recovered 
during reprocessing are idle and not being used. Thus, there is an economic 
incentive to move the irradiated fuel from the nuclear reactor site to a reproces
sing facility as soon as the radiation levels have reached an acceptable level. 
These incentives are not present in the fusion reactor system and there is, 
therefore, considerably more flexibility in planning the transportation of 
the wastes to the ultimate disposal site. 

The casks for the shipment of irradiated fuels could readily accommodate 
the thermal power and shielding requirements of the first-wall steel. By 
comparing the volume of first-wall steel to the volume of solid waste and 
noting that 1-2 rail shipments per year are required for the solid waste, it 
is probable that 15-30 rail shipments per year are required for the discarded 
UWMAK steel. The number of shipments will depend upon whet�er or not the 
steel is compressed. This number is comparable to the required 15 rail ship
ments per year for a 1500 Mwe LWR, from the reactor plant to the fuel reproces
sing facility. It may also be possible to bury the steel on site but such an 
alternative needs more study. 
III-E Conclusions 

This report has reviewed the potential impact that operation of the 
UWMAK-I fusion reactor would have on the environment . In addition, it has 
outlined the general methods for conducting an accident analysis of the 
UWMAK-I and other fusion reactors. In general it has been a scoping study 
of environmental effects. However, specific emphasis has been placed on 
radiological effects. Viewed in its entirety, it would seem that the 
following conclusions can be drawn : 

1) The building size (102m tall by 120m in diameter) is very large 
and when coupled with the balance of the facility, which includes 
cooling towers, could result in some siting problems. 

2) The thermal efficiency of the UWMAK-I is comparable to LWRs but 
somewhat less than other power plants. This results primarily 
because the design was based on a lithium-stainless steel 
corrosion problem at temperatures in excess of 500° C. 

3) A preliminary examination of the resource requirements indicates 
that: a) the virtual consumption of 736,000 kg of steel each year 
is a potentially significant environmental impact ;  b) if materials 
other than stainless steel are used, resource limitations become 
more significant; and c) the use of large quantities of helium for 
superconducting magnets creates a resource requirement which can 
be met by atmospheric extraction without severe economic penalties 
in tokamak reactor designs. 
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4) Plant effluent releases, primarily tritium in the discharge water, 
though not less than "low as practicable" limits for LWR' s, are 
well below the limits in 10CFR20. 

5) Though potential doses from a large scale tritium release can be 
hazardous, a preliminary review of potential accidents did not 
identify credible accidents which would be expected to result in 
such a haz ardous release. This review, however, was preliminary 
and more work will be required to develop potential consequences 
of several initiating events. 

6) Large volumes of high level radioactive waste are generated in the 
UWMAK-I design. A consideration of the waste disposal problem 
related to the accumulation of these wastes results in the following 
conclusions: 

a. It seems clear that if the UWMAK-I is designed with a 316 SS 
wall which must be removed every two years, and the entire blanket 
every 10 years, the volume of  high level wastes generated by 
UWMAK-I is significantly greater than the quantity of  radioactive 
waste resulting from the reprocessing of fission reactor fuel . 

b. The problem of waste generation can be mitigated by design 
alternatives employing both structural and first-wall materials 
which have low levels of induced long term radioactivity . 
(i. e. V or Al) . 

c. The wastes themselves are relatively less hazardous because, 
a) they do not contain long-lived actinides ; b) the BHP of the 
materials is significantly less ; and c) the materials are rela
tivel y more stable and less mobile and , therefore, less likely 
to escape into the biosphere. 
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IV- Materials Res ource Considerations 

IV-A -1 Introduction 

The construction of large scale Tokamak fusion power plants will place 
severe demands on critical elements. This stems from two basic features of 
tokamak fusion power plants. 

1 .  Low power density (i.e. 1 MW/m3 vs 10-100 MW/m3 for fission reactors) 

2. Use of relatively scarce materials (i.e. Nb, Cr, Mn, Sn, Be, etc. ) 

Therefore, it is important at this stage of reactor design to estimate the 
materials required for each reactor concept to make sure that s uch systems do 
not overstrain the materials reserves of a particular country, block of 
countries, or even the world . 

We have attempted to estimate the materials requirements for the UWMAK-I 
"nuclear island" and, as much as possible, for the balance of the plant (heat 
exchangers, liners , etc.). The numbers quoted in this section are probably 
underestimates and do not take into account losses during fabrication or 
processing. However, the values should be within 50% of the ultimate amount 
and therefore represent minimum requirements . 

The first section in this chapter outlines the needs of a plant like 
UWMAK-I while the following 9 sections go into the s pecific reserves and 
resources for Li, Cr, Ni, Cu, Ti, Al, V, Mo and Nb. The availability 
of these elements ins ide and outside the U.S .  is evaluated as well as the 
availability at present prices, 3 times present prices and 10 times present 
prices. It should be understood that estimates of resources at 3X and lOX 
prices are based on limited data subj ect to many uncertainties. Their 
principal value is as indicators of t he orders of magnitude of res ources that 
might become available at the higher prices. The last section of this chaper 
tries to compare the materials requirements to generate 106 MWe of electricity 
with - 670 UWMAK type plants in the year 2020 which corresponds to - 3 0% of the 
proj ected U. S. needs at that time. 

IV- A-2 Materials Requirements for UWMAK-I 

IV- A-2-a Nuclear Is land Requirements 

The results of a thorough analysis of the design presented in Volume I of 
this report are given in Table I. The nuclear island is defined here as 
including all the material within the toroidal field magnets plus the divertor 
and vertic.al field coils and inj ectors. The coolant requirements include 
only that within the primary circuits (i.e. Li and He) and the liquid helium 
requirements include all the inventory in the magnets, liquifiers, transfer lines , 
and storage . Separate considerations will be given to the balance of plant. 

The first thing to note is that the number of blanket, shield and toroiaal 
field sets is not 12 but rather 15. This is one to include the spare cells 
needed outside the reactor in the event of failure and to allow 3 modules to be 
replaced every 6 months and restored within the next 6 months while the reactor 
is running. 



Blanket - 316 SS 
Element Initial 1st wall replace- Reflector lir 

Structure Ca) ment 14 times (b) Header replac. 
Twice 

Al 79 69 146 
B 
C 
Cr 1406 1236 2636 
Nb 
Cu 79 69 146 
He 
Fe 4844 4258 9081 
Pb 
Li 1159 
Mn 156 137 293 
Hg 
Mo 156 137 293 
Ni 1094 962 2051 

Ti 
Total 

Weight- 8973 6868· 14647 

Component 
Wt 

316SS 7814 6868 14647 
Li 1159 
B4C 
Pb 
He 

Cu Stabilizer 
Nb-Ti 

Hg 
304SS 

(a) 12 regular modules plus 3 spare units 
(b) first 20 cm only, 491 MT each time 
(c) 304 SS  

\ 

TABLE I 

Materials Reguirements - UWMAK-I Nuclear Island 
Metric Tonnes 

Shield 
Structure Toroidal 
lir Absorbers Field Coils 

26 123 
1580 

446 
457 1221 

86 
26 6163 

1 13 
1573 4206 

20500 

51 136 

51 136 
355 950 

44 

25066 13078 

2539 6895 

2026 
20500 

1 13 
6040 

130 

Magnets 
T. F .  
Bracing Cc) 

91 

299 

9 

236 
54 

453 

453 

Vertical 
Field Coils 
Incl . Dewar 

118 

2126 
15 

1198 
19 

7322 

236 

1653 
8 

12931 

11809 

19 
1080 

23  

Vertical 
Field Coil 
Support Cc) 

181 

599 

18 

109 

907 

907 

Vacuum 
Pumps 

(c) 

9 

29 

1 

3 

5 

47 

3 
44 

Misc. Total 

562 
1580 

446 
9363 

101 

7681 
25 58 

(storage)32211 
20500 

(i�4,i es) 1700 

P 1037 
3 

1009 
7233 

52 

566 83534 

51122 
541 1700 

2026 
20500 

25 58 
7120 

153 
3 

1404 

� 
MWe 

(1475  MWe) 

0 . 38 
1 . 07 
0 . 30 

6 . 35 
0 . 07 
5 . 21 
0 . 04 

21 . 84 
13 , 90 

1 . 15 
0 . 7 0 

0. 002 
0 . 68 

H 4 . 90 < 
0 . 04 

56 .63 
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Secondly, the amount of material required to replace the first 20 cm 
every two years (or 14 times during the 30  year lifetime) is calculated. 
Finally, numbers are also given for the replacement of the rest of the blanket 
(reflector and headers included) every 10 years, or twice during the plant 
lifetime. 

The composition of the stainless steel used for these inventory numbers 
are as follows: 

wt. % 
J04 ss 316 ss 

Fe 66 62 
Cr 20 18 
Ni 12  14 
Mn 2 2 
Mo 2 
Al 1 
Cu 1 

The first point to note from table I is that the replacement of the 
first wall every two years and the rest of the blanket every 10 years in
creases the blanket requirements for 316 stainless steel by more than a 
factor of two. The total weight of 316 SS in the initial blanket is 7814 
metric tonnes while replacing of the first 20 cm every two years (14 times 
in all) would require another 6868 tonnes. The replacement of the rest of 
the blanket is dominated by the 316 SS reflector and requires another 11523 
tonnes over the 30 year lifetime. 

The shield in UWMAK-I weighs -2.8 times the blanket and is d0minated 
by the weight of Pb (20,500 tonnes). There is also 2026 tonnes of B

4
C required 

for neutron absorption in this component. 

The magnets in UWMAK-I require over 27,000 metric tonnes of material 
most of which is 316 SS and 304 SS (22,548 tonnes). The amount of Cu stabili
zer is 7243 tonnes while 153 tonnes of superconductor and 32 tonnes of liquid 
helium are also required. 

We have included the vacuum pumps to highlight the need for mercury 
(3 metric tonnes) and 304 SS. Finally, there is 21 tonnes of liquid helium 
in storage and 541 tonnes of lithium in the rest of the primary coolant 
circuit. We have not included the materials in the fueling and heating 
inj ectors, the mobile transport vehicles nor has any attempt been made  to 
tabulate all the miscellaneous equipment in the reactor enclosure. 

The total mass of material required for the UWMAK-I nuclear island, 
over a 30 year life is 8 0,410 tonnes made up of 59% steel, 26% lead, 9% 
copper, 3% B4c ,  2% Li, 0.2% helium, 0.1% Nb-Ti superconductor, and 0. 004% Hg. 
Put another way, the blanket accounts for 35%* of the total weight of the 
nuclear island, the shield for 31% and the magnets for 34%. Finally, the 

*during the anticipated 30 year life 
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amount of materials required per MWe for UWMAK-I is given in the last column 
of Table I. The values range from 21. 8  tonne per MWe for Fe to 13. 9  for Pb,  
6. 35 for Cr , 5. 2 for Cu, 4. 90 for Ni. ,  1. 07 for boron to 0. 002 for Hg. 

IV- A-2-b Materials Requirements for Balance of Plant 

Many of the materials requirements for UWMAK-I are common to conven
tional nuclear generating plants with a three notable exceptions. 

1) The number of loops is much larger in UWMAK-I (12 vs - 3-4 in a 
fission reactor) 

2) The inclusion of an energy storage building and unit is not required 
for any current power plant. 

3) The use of thermal fly wheels to level out the load to the turbine 
in a characteristic of the pulsed operation of a tokamak reactor. 

Table II lists, as completely as possible, the materials resource 
demands outside the nuclear island. It should be noted that there are 14 
loops in UWMAK-I (12 regular, 1 for the divertor and one space). The mass 
requirements for the heat exchanges and regenerators were also included. 
The construction material for the Li-Na heat exchangers was 3 04 SS while 
Croloy-2 1/4 Cr was used for the main steam generators. Piping was as�umed 
to be 316 SS in the primary circuit and 3 04 SS  in the secondary loop. Croloy-2 1/4 
Cr was used for the steam loop. It was impossible to calculate the total 
length of piping for this plant so we estimated the total weight and the basis 
of Sargent and Lundy ' s experience in the fast reactor field. The piping 
numbers for this plant probably only good to within a factor of two. 

Estimates were also made of the building liner material (3 04 SS) and 
reinforcing rod. The later was estimated on the basis of 2% by volume of 
reinforcing rod for every m3 of concrete. The dimensions of the liner were 
given in chapter I-C of this volume. The materials involved in the 14 
liquid lithium and 14 liquid sodium pumps (12 for each loop, 1 for the divertor 
and one spare) were assumed to be all 3 04 SS. 

It was not possible to make estimates of the material requirements for 
the turbine, reheaters, control room, and cooling towers. We also did not 
include the material requirements for the electrical switching gear. The 
materials involved in the tritium extraction equipment were not sufficiently 
defined at this time to make any reasonable estimates. However, we did 
include the Y requirements under the miscellaneous column. 

The first thing to note from table II is that the total amount of metals 
identified in the balance of plant sections is -50% higher than the amount re
quired for the nuclear island. The second point to note is more than half 
the materials requirement outside the nuclear island result from the need 
for reinforcing rod for some 340, 000 m3 of concrete. We have used high 
carbon steel for the reinforcing rod and structural steel. This 
results in rather large amounts of iron for the balance of plant, in fact, -



Table II 
!�t_erLl_!,__R�quirer.;'=.:,1,_s .for Balance of Plant-UWMAK-I 

;,Jetric Tonnes 

Heat Exchanger Pi�ing Therm.a] Dump Building Reinforcing Turbine Energy 
Element Li-Na Na-Steam Regener- Li Na Ste.:!:n Fl}'\lheel Tanks Pumps Liner & Rod & S truc Generator Storage 

--1&_ {b) ative(c) 316 304 (Croloy) Na Tanks (a) Na+Li (a) Na+Li(a) Revol . Door S teel(d) Unit(e2 Unit . Misc , Total 
� ss 

Al 445 445 
Cr 762 181 8 82 184 4 1608 1305 1080 487 43 455 6199 
Nb 39 39 
Cu 5 454 2800 3259 
He 80 80 
Fe 2514 4912 27 283 607 150 5306 4306 3565 1606 66957 4149 1502 95924 
Mn 76  9 1 9 18 1 161 130 108 49 46 608 
Mo 11 9 2 22 
Ni 457 811 5 64 110 965 783 648 292. 86 273 4494 
Na 17826 (f) 17826 
'i'i 20 20 
y 5 - (g) 5 

Zr -- -- -- -- --·« --· -- -- -- -- ](l(l- (h) ..lQQ.. 
Total 3809 5923 41 457 9·, 0 ��  157 8040 6524 5401 2434 66957 4731 5660 17929 128982 

ComEonents 

304SS 3809 919 8040 6524 5401 2434 2276 294 03 
316SS 41 457 . 4 98 
Croloy-2 1/4 1045 157 1202 
Nb-Ti 59 59 
C1,1 Stabilizer 454 2800 3254 
Al 445 445 
He 80 80 
Na 17826 17826 
y 5 5 

Carbon Steel 3833 66957 70790 
Inconel-600 1045 1045 
Low Alloy Steel 4277 4277 
Concrete-m3 (340000) 

(a) 14 units (12 regular , 1 divertor , 1 spare) 
(b) 17. 6% Croloy-2 1/4 ; (Fe-96 , 25%; Cr-2 . 25%; Mo-1 , 0% ;  Mn-0. 5%) , 17 , 6% Inconel-600 (77 , 65% Ni, 15% Cu, 7% Fe, 0 , 35% Mn) , 64 . 7% carbon steel (c) 28 units 
(d) 1% Mn Steel 
(e) Low Alloy S teel-2% Ni, 1% Cr 
(f) Secondary Loop 
(g) Tritium Extraction Bed 
(h) Liquid metal clean up system 
*approximate number due to roundoff 

(14 7 5 !-fvle) 
Tonnes 

Mwe 

0 . 30 
4 . 20 
0 . 03 
2 . 21 
0 . 05 

65 . 03 
0 . 41 
0 . 01 
3 . 05 

11 . 99 
0 . 01 
0 . 003 

..Q..fil 
.87 . 4* 
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-80% of the metals requirement is for iron. There is also a rather large 
amount of Na required (17826 tonnes) for the secondary loop. 

The demand for alloying elements such as Cr, Ni and Mn is also quite 
substantial. In fact, they are of the same order of magnitude 
as for the nuclear island (see Table I). A rather large amount of copper is 
required for the magnets in the energy storage unit and for the electrical 
generating units .  Finally the unique demand for Y in the tritium separation 
units amounts to - 5 tonnes for UWMAK-I. 

A summary of the requirements for the total plant is given in Table III. 
There are 4 points worth noting. 

Sixty three ( 60) percent of the metals requirements is for iron 
( 128 , 135 tonnes). 

There are five other elements which are in large demand and represent 
the following percentages and weights in the UWMAK-I reactor. 

Pb (10%) 20,500 tonnes 
Na (8%) 17 , 8 26 tonnes 
Cr ( 7%) 15,562 tonnes 
Ni ( 6%) 11, 7 27 tonnes 
Cu (5%) 10,940 tonnes 

There are also rather large requirements of critical elements such 
as He (138 tonnes) lit hium (17 00 tonnes), Hg (3 tonnes) and yttrium 
( 5  tonnes), and Zr (100 tonnes).  

Approximately 144 tonnes of metal is required for each MW in UWMAK-I. e 

The impact of such requirements on U.S . and the world resources will be 
addressed in section IV-L of this chapter and the economic problems will be 
addressed in Chapter V of this volume. However, it is clear at this point 
that even at an average price of 4-5$ /kg of finished product ( - 2  dollars 
per pound) the capital cost will approach -600$/kW . 

e 

Table IV summarizes the need for various alloys and compounds in the 
UWMAK-I system . The largest single type of material used is the high carbon 
steel for reinforcing rod and structural steel . However, there are also 
substantial requirements for 316SS ( 53,095 tonnes) and 304SS  (29,403 tonnes).  
The demand for low alloy steel (for turbine constructions) is low by comparison 
to the austenite alloys as is the need for Croley ( 1202 tonnes) for the steam 
system. 

The boron carbide requirements of over 2000 tonnes (per plant) represents 
a rather large increase over the present manufacturing capacity of that 
compound and the 212 tonnes of Nb-Ti is 38 times the U.S . output of that 
compound in 1973. 
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Table III 

Summari: of Elemental Reguirements for UWMAK-I 

Metric Tonnes 
Tonnes 

Nuclear MWe 
Element Island Balance of Plant Total (1475 MWe) ---

Al 562 445 1,007 0. 68 
B 1 , 580 1 ,580 1.07 

C 446 446 0 . 30 

Cr 9,363 6,199 15,562 10.55 

Nb 101 39 140 0. 09 

Cu 7,681 3,259 10,940 7.42 

He 58 80 138 0.09 

Fe 32,211 95,924 128,135 86 . 87 

Pb 20, 500 20,500 13 . 90 

Li 1,700 1,700 1.15 

Mn 1,037 608 1,645 1.13 

Hg 3 3 0 . 002 

Mo 1,009 22 1,031 0.70 

Ni 7,233 4,484 11,727 7.95 

Na 17,826 17,826 12.13 

Ti 52 20 72 0. 05 

y 5 5 0.003 

Zr 10n 100 0.07 

8 3,534 12 8,982 212,516 144.2 



Alloy 
or 
Compound 

316 ss 

304 ss 

Low Alloy Steel 

Carbon Steel 

Croley - 2 1/4 
Nb-Ti 

B4c 

Inconel-600 

Concrete - m 3 
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Table IV 

Summary of Alloy Requirements for UWMAK-I 

Metric Tonnes 

Nuclear 
Island Balance of Plant Total 

51,122 498 53,095 
1,404 29,403 30,807 

4 , 277 4,227 

70 , 790 66, 957 

1,202 197 

153 59 212 

2,026 2,026 

1,045 1,045 

(340,000) (340,000) 

Tonne 
MWe 

(1475 MWe)  

36. 0  

20 . 89 

2 . 90 

47. 99 

0 . 81 

0 . 14 

1 .  37 

o .  71 
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A little better perspective on the s ources of material demand for a 
toroidal fusion . reactor like UWMAK-I is given in Table V. Here we examine 
the critical elements, Cr, Nb, Mn, and Ni. 

The case for Nb is fairly clear, the demand is all ass ociated with the 
magnetic confinement approach and roughly 3/ 4 comes from the magnets close 
to the reactor and 1/ 4 comes from the stored energy unit. The only way one 
could reduce the Nb requirements in UWMAK.-I would be to redesign the toroidal 
and divertor magnets (an option to be explored in UWMAK.-II). 

Finally, it is worth noting that roughly 25% of all the Cr and Ni 
requirements stem from the recycling of the blanket material. Table V also 
s hows that -25% of the Mn, Cr and Ni requirements come from the reinforcing _ 
steel for the reactor magnets. Hence even if one were able to find a blanket 
material which would last for the entire reactor lifetime, we could not 
reduce the total Cr, Ni and Mn requirements by more than 1/4 of the values 
indicated in Table III. Another way to look at this is that even if we 
replaced the 316SS in the blanket with another metal, such as Al or V, 
the total Cr, Ni and Mn required for a system like the UWMAK reactor would 
not be reduced by more than 50% even allowing for different shield ,  piping 
and coolant loop materials. 



IV-10 

Table V 

Source of the Need for Critical Elements in the UWMAK-I 

Reactor Facility* 

% of Total Requirements 

Nuclear Island Components Peculiar 
to UWMAK-I 

Energy Thermal Liner Balance 
Element Initial 1st wall Balance Shield Magnets Storage Fly- + of 

Structure Rep 1.  of Blanket Unit Wheel Rev. Door Plant 
Repl. Tanks 

Cr 9 8 17 3 23 3 10 3 24 

Nb 72 28 

Mn 9 8 18 3 24 2 10 3 22 

Ni 10 8 17 3 24 2 8 2 27 

*As compared to a Liquid metal cooled fission reactor 
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IV- B Lithium Reserves and Resources 

If lithium is to be used as the tritium breeder in nuclear fusion, as 
a coolant, or both, availability in adequate amounts is of critical importance. 
This report summarizes data for lithium reserves and resources and dis cusses 
factors that may influence the availability of lithium in adequate amounts 
during the period 2000-2020. 

IV-B-1 Types of Lithium Deposits 

There are two major classes of productive lithium deposits: pegmatite 
deposits and brine deposits. In pegmatite deposits, lithium is present 
largely in one or more of three silicates: spodumene, petalite, and lepidolite, 
and one phosphate, amblygonite. Spodumene is by far the most important 
lithium mineral. Li contents of the minerals are as follows: 

Spodumene - (Li, Na) Al Si308 ; Li 3. 2 to 3. 7% 

Petalite - (Li, Na) A1Si408 ; Li 1. 5 to 2. 4% 

Lepidolite - K2Li
3

AI
4

si7 o21 (OH, F)3; Li commonly 3 to 4% 

Amblygonite - LiAlFP04
; Li 3. 5 to 4%  

Pegmatite deposits are mined in open pit or underground. The rock is crushed � 
and spodumene is concentrated by flotation, or flotation plus heavy media 
separation.. Brine deposits consist of brines trapped in voids in the salt 
or other deposits of saline lake basins (Searles Lake, Silver Peak) or the 
actual waters of salt lakes (Great Salt Lake). Li contents of brines of 
interest range from 35 ppm to 300 ppm. Fractional crystallization, with or 
without prior evaporation, and precipitation as carbonate are used to recover 
the Li. 

IV-B-1-a Pegmatite Deposits 

Lithium-bearing pegmatites are known on every continent of the world 
except Antarctica, but Free World reserves of Li in pegmatite are concentrated 
in Canada, the United States, Zaire, and Rhodesia. Available data on resources 
are given in the accompanying table. Data for the U. S. , and in part for Canada, 
are good. Substantial additions to reserves in pegmatites are possible in 
Canada. Reserves in two pegmatites near Manono, Zaire, may be very large 
(Kesler, 1960). No data on reserves in U. S. S. R. or China are available; 
reserves could be large. 

A large share of U. S. lithium reserves is in the pegmatites of the 
Kings Mountain District, North Carolina, and this is the only pegmatite 
district in the United States from which there has been significant production 
in recent years. 

IV- B-1-b Brine Deposits 

Production of lithium from brine deposits is largely a development of the 
period since World War II. It is now evident that this class of deposits 
contains more than half of the total U. S. reserves and resources. Furthermore, 
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since exploration of brine deposits for lithium is far less advanced than 
exploration of pegmatites, it seems likely that large new reserves will be 
developed in the future. 

The most productive brine deposit, and perhaps the largest of known 
deposits, is in Clayton Valley ( Silver Peak), Nevada. The brine (300 ppm Li) 
is pumped from wells into evaporating pans, where it is concentrated by 
solar evaporation. Soda ash is then added to precipitate Li2C03. There 
are various estimates of reserves. The latest (Kunasz, 197 4) is given in the 
table. - It covers brines in place to a depth of 1, 000 feet. According to Kunasz, 
only a portion of this amount can be recovered with today ' s  technology and 
economic parameters. The reserves at 3X present prices are taken from Norton 
(1973, p. 372) and correspond to his figures for "conditional" reserves. 

Lithium reserves in the brines of Searles Lake ( 60-150 ppm) are decidedly 
smaller than those of Clayton Valley. Estimates, however, are only for Li 
that would be recovered as a byproduct of mining for potash and other salts 
from the upper salt body (Kunasz, 197 4). The brine in this unit averages 
150 ppm Li. No estimate of reserves of Li in the brines ( 60 ppm Li) of the 
lower salt body is available. Information on this point should be sought 
from the operating company. The reserves at 3X or lox· present prices could 
be very large. 

A very large deposit of Li-bearing brine has been recognized through 
drilling for geothermal energy in th3 Salton Sea Basin. The volum� of brine 
has been estimated at more than 5 km , underlying an area of 50 km .  Analyses 
show 210 to 215 gpm Li. Li content has been estimated by White (1968) at 
approximately 10 m.t. 

The waters of Great S alt Lake contain 35-7 0 ppm of Li, with total Li 
content estimated as 525, 000 m.t. (Eardley, 197 0) to 640, 000 m.t. (Cummings, 
197 0). Plans by Gulf Resources to recover Li from the brines have recently 
been abandoned (Luckenbach, 197 4). 

It should be emphasized (cf. Norton, 1973) that known reserves of 
lithium in the U.S. are so large relative to conceivable requirements for non
nuclear uses that for many years there has been little incentive to exploration 
for lithium deposits. The potential for discovery of additional maj or deposits 
in very high, particularly in the saline basins of the Basin Range Province 
(Nevada, California, Utah, Arizona, New Mexico) that are sinks for drainage 
of areas of Tertiary or Recent volcanism. 

Outside the United States, little is known of lithium in brines. Yet 
saline lakes in the volcanic belt of eastern Africa and in the Cordilleran 
belt from Mexico to Chile seem likely locales of occurrence of brine deposits. 
There is one report (Mining Journal, 197 0) of a brine deposit in the Solar 
de Atacama, northern Chile, containing 0.2 percent Li. Reserves are estimated 
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at 1 , 200,000 s hort tons Li. The content of Li is extraordinarily high, and 
Norton (1973) points out that verification of estimates is needed . 

IV-B-2 Size of Reserves Relative to Fus ion Reactor Requirements 

U.S . reserves of lithium at present prices may or may not be adequate 
to supply requirements for a reactor capacity of 106 MWe.  Reserves at 3X 
present prices should be more than ample, particularly since further dis
coveries are to be expected once the economic incentive of large increase 
in demand comes into play. 
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Re serves at Present Prices 
Li Metal 

Mine or District Type of Depos it 
Li Content of 
Ore or Brine 6 m . t .  X 1 0  

U . S.A. 

Kings Mountain , N . C. Pegmatite 0 . 6 0 to 0.70% • 4-4-

S ilver Peak , Nevada Brine 3 0 0  ppm • 4-9 (3 ) 

Gre at S alt Lake , Utah Brine 

Searle s  Lake , Calif. Brine 1 5 0  ppm .101.I 

Salton Sea  Basin , Calif. Brine 

Total s for U.S.A. 1 . 03  ( 3) 

� World - Ex - U.S.A. 

� Canada 

Barraute , Que. Pegmatite .5 5% 

Bernie Lake , Man . Pegmatite 2 .  01 to 2. 2 1+% 

Georgia Lake , Ont . Pegmatite 

Other Areas  

Rhodesia , Bikita Area Pe gmatite 1.03% 

Chile , S alar de Atacama_;! Brine 2 , 000 ppm 

Totals for World - Ex - U.S.A. 

Note s :  Y Data for Searle s Lake are for upper salt body only. 

_;I Data for brines o f  Salar de Atacama need verification . 

.07 6  

. 0 4-0 

.08 2 

1 . 10 

l. 2 9 8  

) 

Additional Reserves at 
at 3X Present Prices 

Li Content of Li Metal 
Ore or Brine m.t . x 1 0 6 

> .50 

3 00 ppm 1. 8 1  

3 0  - 7 0  .55 

150 ppm .03 

210-21 5  ppm 1. 00 

3.8 9  

.5 2% .05 5  

.080  

.13 5  

3/ More recent information ( J .  D. Vine, personal communication) indictes that reserves at Silver Peak are only 
- 44, 500 tons, hence total U. S. reserves are only .500 x 106 m.t. 
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IV -C Chromi_um Reserves and R·� c;ou-ce 13 

Chromium, an essential component c,f stain.les s  steel ( 18-33% Cr ) ,  
has cmly one commercial source , tlie mineral chromite. Chromite ores 
are uneYenly distributed c.b0ut the world . The eastern hemisphere 
holds about 99 percent of wc,rld c:Tomi te reserves and resources. More 
than 90 percent of the total i s  contained in the Bushveld and Great 
Dyke layeren complexes in so,.1.th Africa B.nd Rhodesia. 

IV--C-1 Geologic Oc currence 

Most of the world ' s  resources of chro!l1i te are in primary deposits 
thought to be derived from materials of the earth ' s  mantle. The materials 
have risen into the crust ralong deep crustal fractures ,  as liquids in 
stable continental interiors or as solids squee zed into overlying rocks 
in areas of mountain building. Each mode of origin leads to a character
istic occurrence of the chromite that is reflected in tbe grades and 
sizes  of the resulting deposit s. The two oc currences are : 

1 )  Stratifor:r. ( layered )  cor:r,)lexes 
2 )  Alpine type (pod-li�e ) d2�1os i.ts  

Layered complexes form in stable contineetal areas and are the result 
of slow cooling of rock melts which contain chromium , Complexes range 
up to thousands of square miles in surface area. Under favorable condi
tions chromite crystals form and accumul&..te by gravity settling. This 
type of deposit contains the great reserves of chromium found in Rhodesia 
and South Africa. Chromite in such deposits is  mostly lower in chromium 
and higher in iron t:ian chromite :in podiform deposit s ,  but deposits in 
layered complexe s are many times larger in tonnage. 

Pod-like chromite deposits occur ir.. mountain belts around the world 
and may have originally bt,en formed in the same manner as chromite in 
layered complexes ;  however , during or af'ter crystallization , upward 
sq_ueezing has deformed the layers . Chromite layers are dis continuous , 
with the result that the se deposits are groups of b.<mds or pods , some
times surrounded by zones of dis sominated chro!ll.ite.  Size i s  highly 
variable , from several tons to several million tons , the chromite 
generally being higher in Cr and Al content than the chromite of layered 
complexes. 

Besides the primary deposit s , there are two classes of secondary 
deposits :  ( 1 )  J ateritic and ( 2 )  pl iwer. Large tonm�ges of chromite 
exist in lateritic iron ores , but Lhey pre sent difficult problems of 
extraction and are low in grade . Placer deposits of chromite are known · 
in Oregon and New Caledonia. So far as known , tonnage s of chromite in 
such deposits are not large . 
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IV-C-2 Reserve and Resource Data 

Table IV-C-1 contains published reserve and res ource figures ; Thayer' s 
( 1973 ) estimates from USGS Prof. P&per 820 are considered the best avail
able for world chromite. He has pre sented figures for thousands of long 
t ons of shipping ores and concentrates . Standard industry chromite grades 
are based on Cr , Fe , and Al content of ores ; these vary over a small range 
of Cr co!l.tent. High Fe content lowers the desirability of the ore. In
dustry demand for chromite with certain �,'.:)e ci fications will affect develop
ment of chromite depcsi t s  less  and les s ,  hm-1\�ver ,  as these "specialty" 
ores are depleted. 

To calculate tonnage s of chromium in ores FLnd concentrates , the 
following relations were used:  

Grade Cr/Fe ratio 

A > � = l  

B 1. 5 -2 : 1  

B- .::_ J .  5 :  1 

C Cr : A.1=3 : l  

%cr�_c;3 
> 46 

4 0-.l; 1j 

-. 4o 

43 

35 

%Cr 

31 

29 

24 

" B" grade deposits may be overe ritimat,:!cl ty this method . Insuffi cient 
breakdown of "B" 15rades di d not allow sc purate calculations in this 
category . 

Where ross ible , reserves and resources for individual deposits in 
the U. S .  were tabulated ; these figures are the best estimates available , 
although confidence is lowered by the highly variable nature of the pod
like deposits. Estimat es of useable tonnage in the one large domestic  
stratiform complex in the Stillwater Range , Montana , are compli cated by 
the great amount of faulting which has occurred and the relatively high 
Fe content of' the chromite ore , whi ch pre r;ently makes j t more costly 
to utilize in place of h:.gher Cr ores from EJ,broa.d. 

World reserves and knmm reso11rces  are highly concentrated in Southern 
Africa,  where the 26 , 000 mi 2 Bushveld Complex and the 16 , 500 mi2 Great 
Dyke complexes occur . Each is o f  the lrtyered type , and chromite deposits 
in the bodies have been only partly evaluated. Bushveld reserve estimates 
are considered assured ,  where as resource est imates  are conse:r-vative .  
Great Dyke estimates are based on proj ect ions only t o  500 feet below the 
outcrop , although they are known to extend to greater depths .  ( Thayer , 
1973 , p .  114 , 119 ) 

IV-C- 3 Other Sources 

Thayer ( 1973 ) is of the opinion that the probability of finding 
maj or new chromite di stricts i s  falling off rapidly , based on the rate 
of di scovery of new deposits in recent years. It i s  di fficult , however , 
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to assess the magnitude of undi s covered der.;o.sits sim9ly because chromite 
is a difficult mineral to pro ,pect for , either geophysi cally or geochemically 
The search for new deposits , at least within the U.S . , would be exceedingly 
expensive. 

Possible world resources at lOX present price levels include the lat
�rite deposits , which contain , 5-3% Cr . These deposits range i nto b illions 
of tons but present formidable extractive problems. Thayer ( 1973 , p. 120 )  
also points out that stainless steel scrap is a signi ficant resource , which 
in 1968 provided the equivalent of about 12% of the chromium imported in 
ore . 

In the United States , the only chance of increasing available resources 
lies in the peridotite bodies in tn e Appalachians , from Vermont to  Alabama ,  
in the Sierra Nevada , and in the Coast Ranges of Calif ornia, Oregon and Wash
ington , and in Alaska. Deposits of  chromite oc cur in many of these bodies . 
They have been know11 for more th,m a century and have been worked inter
mittently , especially during lvorld War II and the Korean emergency. They 
are Alpine-type deposits , in which chromite is found as high-grade pods 
and lenses , as chromite-ri ch layers interlayered with dunite , and as 
crystals disseminated in dunite and present to the extent of one or two 
percent . Chromite thus far p:coduced has come partly from the high-grade 
lenses , partly from the interlayered material. Mining has been restricted 
to portions of the dunite bodies containing these  two types of materials . 

Thayer estimates "conditior.nl resources " of high chromium ore in podi
f'orm deposits at 350 , 000 tons , stating that this figure is "postulated en
tirely on extensive exploration of known podiform ore bodies or new ore 
bodies in known distri cts under the stimulus of very high pri ces "  ( Thayer , 
1973 , p. 117 ) , These ore boclies would include lenses of massive ore and 
the richer interlayered material (perhaps 10% Crz03 or better ) .  The 
estimate is certainly the best possible one in tne light of present infor
mation and in terms of the economic conditions that have determined U. S. 
production and consumption of chromite in the past. Under these conditions 
mining has necessarily been sel ective , and tonnages of ' 'ore " are correspond
ingly restricted. 

Under markedly different conditions , however , the restrictions might 
not apply. At pri ce levels above 3Z present prices , it might be possible 
to cons ider mass mining of a dunite body , ta.king not only pods and inter
layered material but the disseminated chromite in between. This  would 
have the advantage that many lense s of mass ive ore and bodies of inter
layered material could be taken that would be too snall for selective 
mining and ,  furthermore , would not even be discovered by chromite explora
tion of the kind conducted in the past . A dunite body of the right type 
can be likened to a plum puddilig,  in which the pl1Jn1s are of various si zes , 
The mining of the past has been restricted to the plums at or near the top 
of the pudding and mostly to the larger plums. It h11s not been economically 
feasible to find all the plu,11s . nor has it been ordinarily poss ible to pre-
diet their locations on the bas is of geological study. 

It would appear that the one chance of developing resources of chromite 
in the United States capable of meeting the requirements for 106 MWe lies 
in mass mining of a duni te body ( o:· more than one ) that contains enough high
grade and intermediate-grade bodies so that the average content of chromite 
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would be , say , 3% or above. At 3% , 18 , 000 , 000 tons of Cr metal in chromite 
( average 50% Cr2o ) ,  would 1·equire abet:.�. Gc0 , 000 , 000 tons of ore . The ore 
requirement is vety large � but i t  may not. be beyond :::·each , parti cularly if  
the requirement can be divided runon:?; two or  three dunite bodies. 

One such body may be that of the Flagstaff Hill area ,  El Dorado 
County , California. A total of 120 x 106 tons of ore available by open 
pit mining is a possibility. ned Mountain , Kenai Peninsula ,  Alaska , is 
another. 

Low grade ores present rm::.iblems in that thf' chromi"�e is generally high 
in iron and difficult to J.i"l;erate from the :,ilica.te matrix. Attempts to 
beneficiate such ores ( '.L'hayer , 19T:; )  have not been encouraging, but the problem 
could yield to additional researcl1. 
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Footnotes to Chromium Resources, Table I 

1. Stratiform deposits are formed in stable continental areas when 
chromium-bearing rock melts emplaced deep in the crust slowly 
cool. Chromite collects in layers in these complexes by gravity 
settling in extensive, continuous sheets. 

2. Podiform deposits may originate much like stratiform deposits 
originally, but since they develop in areas of crustal deformation ,  
they tend also to b e  deformed t o  a greater o r  lesser degree .  Ores 
associated with these deposits tend to be linear or pod-shaped in 
form, small and discontinuous in nature. 

3 ,  Stillwater complex resource estimates vary widely, with one total 
resource estimate by Holliday ( 1965 )  of 14 x 106 tons, leaving 
about 10 x 106 tons Cr2o

3 in a "hypotheti cal and speculative re
sources" category ( i. e . ,  undiscovered deposits in unknown districts , 
respectively ) which are mainly applicable to  Stillwater ore s ;  the 
range here is between . 6  and 2 x 106 tons Cr. 

4. Large, low grade ( 1-2% Cr ) chromite-bearing rocks near Red Mountain , 
Kenai Peninsula, Alaska could add significantly to total chromium 
resources, using surface mining techniques, if a method of concen
trating the dispersed chromite could be found. This deposit is a 
marginal resource at 10X prices, but may contain more than 20 x 106 

tons Cr metal. 

5 , U. S.  total chromilJID. resources are -1 , 5  x 106 tons Cr metal known ; 
upwards of 1 x 106 tons Cr metal may be minable at high Cr prices, 
from other less well-explored deposits.

6 
Thayer ' s  ( 1973 ) U. S. 

chromium resource estimate is 2. 65 x 10 tons Cr. 

6. World lOX resources here are derived from Thayer ' s  "hypothetical and 
speculative" resource estimates, meaning no actual figures for 
chromium resources are available , due to lack of exploration. The 
figures for Bushveld Complex ores are a conservative estimate of 
deep chromite resources , presently unexplored. 

7 ,  Does not include estimates of reserves or resources from Selukwe, 
one of the world ' s  maj or sources of metallurgical chromite. 



COUNTRY GEOL . TYPE 
DEPOSIT NAME 

rni ted States 
1 )  Stillwater Complex , 

Mont . Stra t iforml ( B ) 
2 )  Chromit es , Penn . & 

2 Maryland Podiform 
3 ) Chromite , Alaska 
4 ) Chromite , Grant Co . , 

II  (A ,B ) 

Ore . II ( B-) 
5 )  Massive Chromite , CA II (A ) 

6 ) Dissem. Chromite , 
Eldorado , Cal . I I  ( B-) 

7 ) Dissem.  Chromite , 
Mountainview , Cal . " ( B-) 

8 ) Placers , Penn . & 
Maryland Sedimentary 

9 )  Placers , Oregon II  

. S .  Total *5 

·orld 
1 )  Bird � . Complex , 

Canada Stratiform( B-) 
2 )  Magpie Mts. , Canada Magmatic ( B-) 
3 ) Kemi , Finland Stratiform ( B ) 
4 ) Bushveld Complex , 

S .  Africa Stratiform(A ) 
( B ) 

5 )  Great Dyke , Rhodesia 7 Stratiform(A ) 
( B ) 

6 ) Philippines Podiform (A ) 
II 

( c ) 
7 ) Turkey II 

(A )  

t 

CHROMIUM RESOURCES 
TABLE I 

RESERVES IDENTIFIED RESOURCES 
PRESENT PRICES 3X PRICES lOX PRICES 

TONS TONS TONS TONS TONS 
ORE

6 
GRADE ;:r ORE

6 
GRADE METtt ORE6 GRADE 

xlO %Cr xlO %Cr xlO .xlO %Cr 

4 . 6 29 1 . 2  LARGE3 15-25 

ND ND ND 
LARGE4 . 27 29 . 07 1-2 

. 30 16 . 05 

. 23 31 . 07 

. 7 3 . 02 

. 3 5 . 02 

. 1  29 . 02 
2 .  4 . 08 1 . 2  3-5 

1 . 53 

3 29 . 8 3 29 
100 1 . 6 1 . 6 

11 . 3 29 3 . 3 5 . 6 29 1 . 6 

56 31 17 . 4 56 31 17 .3 3400 29 
1130 29 330 2260 29  660 

560 31 174 560 31 
56 29 16 . 2  56 29 

. 7 31 . 2  . 6 31 . 2  
4 . 5  24 1 . 1 2 . 3 24 . 6 
5 . 6 31 1 . 7 5 . 6 31 1 . 7 

COMMENTS 

TONS 

�tt 

See footno· 

See footno 

-

0 

. 04 

--

. 8 

990 

1174 

16 . 2  



8) India 

9 )  Greece 

.0) Malagasy R 

.1) Iran 

.2) Bahia, Bra 

.3) USSR 

.4) Fiskenaess 
Greenland 

.5) World late 

'otal -2640 x 1 

epublic 

zil 

et , 

rite resourc 

6 0 tons Cr 

' II (A) 
(B) 

II (A) 
(C) 

II (A) 
(B) 

II (A) 

Stratiform (A) 
(B) 

Podiform (A) 
(B) 
(C) 

Stratiform (B .... ) 

es 

5. 6 31 
2. 3 29 

. 1  31 

. 1  24 
4. 5 31 
1. 1 29 
1. 7 31 

2. 8 31  
4 . 0  29 

11 ? 31 
1 ? 29 

11 ? 24 

1. . . . 
1. . . 
. 

1: 
3.  . 
2. 

1 
7 
03 
02 
4 
3 
5 

9 
2 
5 
3 
7 

-37  0 

4 . 5  
2 . 3  
. 1  

3 . 4  
2 . 3 
1. 1 

3 . 4  
2. 3 

11 ? 
2 ? 

11 ? 

11 

31 
29 
31 

3 .  
29 
31 

31 
29 
31 
29 
24 

15 

1. 2 
. 7  
. 03 

1. 1 
. 7  
. 3  

1. 1 
. 7  

3. 5 
. 7  

2. 7 

1. 7 

� 
-890 ... l 

. 5-3 20o+ 

11806 

-

N 
I-' 



IV-22 

IV-D Nickel Resources 

Nickel is vital to all industriali zed nations and is consumed in large 
quantities in the st eel industry . Geologically, nickel t ends to associate 
with rocks rich in Mg, low in Fe and Si . These rocks are most prominent 
along the juncture of large crustal blocks or in volcanic island t erranes. 
In thes e rocks , nickel is dispersed as sulfides , or contained within the 
lattice  of associated silicat e  minerals . Nickel sulfide deposits are also 
associated with certain mafic layered complexes . The U . S .  is poor in nickel 
reserves , although Canada has large reserves . 

IV-D-1 Occurrence of Nickel 

Nickel deposits are divisible into 3 groups : 
1 )  Nickel sulfide deposits 
2 )  Nickel silicat e  deposits 
3 )  Sea floor nodules 

Nickel sulfide deposits were for many years the preferred source of 
nickel, because b eneficiat ion of the ores and extraction of nickel from 
concentrates by smelting are relatively simple .  Most nickel sulfide deposits 
are small, a million tons or l ess, but groups of depos its in the Sudbury 
district, Ontario, and in the Thompson district of Manitoba, have hundreds 
of millions of tons 0f ore .  Mining of sulfide deposits is done almost entirely 
in underground mines . The ore-bodies have formed either during the crystalli
zation of the associated rocks from magma, or by the later reaction of sulfur 
with ni ckel-bearing silicates . This latter process may occur when nickel
bearing silicate rocks are reheated in the presence of sulfur-bearing fluids , 
which extract nickel from the silicat es . Segregation deposits t end to lie at 
the base  of  the associated igneous body, whereas deposits formed by sulfuri
zation tend to lie along the margins of the nickel-bearing host rocks . 

Nickel silicat e  deposits are thos e in which most of the Ni is held within 
the lattices of the associated silicate minerals . In this stat e  the ni ckel 
is highly dispers ed, averaging . 2  to . 4%, and is difficult and expensive to 
extract . The volume of such nickel-bearing rock is , �€Wever, enormous . Economic 
methods of extracting nickel from the silicat es have?�een developed, but ri cher 
deposits form by weathering of such rocks . Some of these are minable and are 
rapidly approaching equality with sulfide deposits as sources of nickel , Such 
deposit s carry 1 to 5% Ni , contain tens to hundred.s of millions of tons of 
ore, and are amenable to large-scale surface mining . A lat erite development 
boom in Indonesia, New Caledonia, Australia and Central America has been in 
progress since  1970, and about 5 x 105 tons Ni /year in new capacity from 
nickel laterite depos its in these areas will be  in development or planning by 
1975 , That amount will be 75-80% of total world nickel output ( Engineering 
Mining Journal , March, 1971 ) . 

Laterites are more difficult and eXJJensive than sulfides to refine, as the 
Ni must first be dissolved chemi cally from the ores and then extracted from 
solution before refining can proc eed . In large-scale operations where grades 
exceed 1-1 , 5% recoverable Ni ( all Ni in silicates cannot be extracted ) these 
ores are competitive with sulfide ores at present prices . Lat erite resources 
are very large . 

-
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Sea floor nodules are also becoming of interest to mining companies , 
as initially formidable extractive problems are worked out and methods of 
undersea mining are researched. The legal problem of who owns the sea floors 
has yet to be resolved ,  although several companies have been pushing for some 
basic guidelines in this area , with the intent of initiating development . 
Grades in nodules average -1% Ni for si zeable tonnages , and signi ficant a.mounts 
of Cu , Mn and Co are present . Estimates of total tonnage vary widely. These 
nodules form on the deep sea floor or on the flanks of oceanic ridges , appar
ently from ions that are in solution in sea water and are absorbed onto man
ganese oxides , scavenged by organisms , or drawn out of bottom sediments chemi
cally during compaction ( Ericson and Mallin , 1973 ) . 

IV-D-2 Reserves and Resources of  Nickel 

Data for reserves and resources of ni ckel are given in Table IV-D-1. Where 
available , reserve or identi fied resource figures from industry publicat ions 
are used for the estimate ; in countries for which little or no information is  
available , estimates from USGS Professional Paper 820 were used. These figures 
are cons idered conservative. Published industry estimates are subj ect to 
revision but are traditionally conservative also . 

To divide the deposits into the listed categories , the following criteria 
were used. Reserves consist of ore in those deposits presently being mined. 
Undeveloped deposits of minable grade ( -1.5% Ni in sulfide ores , or a like 
amount of recoverable Ni in laterites , whi ch may grade higher in total Ni ) 
have not been included. This hopefully weeds out deposits with good grade 
but unknown transportation , financing , mining or extraction problems . "3X 
resources " include deposits with grades greater than . 5  Ni whi ch have been 
identified but are not presently in development . The true effect of a 3X 
pri ce cannot be seen simply as a reduction of minable grade to one third of 
that at present ; the low concentration of Ni in minable depos its may mean 
greatly increased extraction costs. If  this is  the case , such low grade ore , 
at least in laterities , may need more than 3X prices . Some low grade dissem
inated sulfide deposits may require less than 3X prices to become reserve s .  
Depos its with known mining or extractive diffi culties are also included in 
this category , if of sufficiently high Ni content . Resources at lOX present 
prices are even more diffi cult to assess . If such price increases did occur , 
primary nickel-bearing rocks might be usable , raising nickel reserves almost 
infinitely ; the increased power cost , however , may prevent mining of such 
materials . 

IV-D-3 Comments on U.S . and World Resources 

The nickel reserves of the United States are small , although modest 
additional reserves may have been developed by the Anaconda Company in the 
Stillwater Complex in Montana. The prospects of developing large reserves 
at present pri ces are dim . There are belts of ultramafic rocks both in the 
eastern and western Unit ed States , but depos its of the type found in the 
Thompson district have not been detected. At 3X present prices , however , the 
large resources of nickel (with copper ) in the Duluth Complex might come into 
production , and at any rate they constitute an important strategic reserve. 
Mining in this grea , however , is under attack on environmental grounds . 
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Nickel Resources 

Footnotes 

1Duluth C omplex ores are actually c opper-nickel ores ,  with nickel the 
by-product. The estimate given is generous , in that only certain voaumes 
of the mineralized rock are likely to be minable . 

2
sudbury , Ontario, ores are extensive , but require deep underground 

mining ; large resources of unknown amount are found in deeper or lower grade 
zones. 

31arge potential exists in Australia for laterites. This is a prelimin
ary figure representing only the last seven years ' discoveries. Sulfide 
ores likewise are still being discovered. 

4-9Laterite tonnages in these countries probably exceed the listed t otals 
by several multiples ; active exploration is c ontinuing. These totals given 
c ome either from published industry sources or from USGS Professional Paper 
820 ,  where no other source was available . 

lONo lOX t otal estimate c ould be made ; at this price , however , silicate 
nickel deposits might prove minable , boosting nickel reserves enormously. 

11 Sea floor nodules are poorly known , and estimates of t onnage are spec-
ulative. The estimate given is a more conservative speculation as to  
minable t onnages of nodules; several c ompanies are already actively test
dredging such nodules. A liberal estimate is included in the lOX c olumn. 

12The 3X estimate includes 18 x 106 t ons Ni in deposits still in develop
ment stages or deposits minable at only slight price increases. 
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Table IV-D-1 

Country Geol. Type Reserves { Identified Resources Comments 

Deposit Name Present Prices 3X Pric es t lOX Prices 

Tons 6 Grade Tons 
6 Tons 6 

Grade Tons 6 Tons 6 '
, 

Grade Tons 6 
orexlO %Ni MetalxlO orexlO %Ni MetalxlO orexlO %Ni MetalxlO 

United States ·! I 
Union , Maine sulfide 7 .1 1 . 07 I I ,, Stillwate: , Mont .  magmatic �50-300 .25 .8 1 
Duluth ,  Minn. byproduct i 65001 . 21 13. 7 i 
Brady Glacier , Alaska 

·,· 
200 .25 .5 

Other Alaska sulfide 21 . 30 • 06 
Missouri byproduct l 10 . 5 . 5 
Other sulfide ores sulfide l 1 . 7 . 07 1

1
' 

Riddle , Oregon lateri te 10 1. 5 .15 j I 1 

/ I . . i . , 

Washington 11 1 
30 . 5 .15 I ' 

North Carolina I I  

I 
I 5 1.  0 . 05 I H 

Other Calif. & Ore. " j' 5 5  . 75  . 41 I f 
lateri t es i � 

U.S . Totals O. 2 ! -16 I . 6 

World l 
Canada-sulfide depos-

I its 
Thompson , Manit .  150 3 4 .5 800 4-1.0 6. 2  
Sudbury ,  Ont .  4oo2 1.5 6 .o 
Other Canadian 6? 1 , 5  1. 0 100 1 , 5  1 , 5  4200 .2 13 , 4  

Australia 
j sulfide deposits 75 2 , 3  275 . 6 1 , 6 

laterites3 5 .4 
Burma sulfide 25 , 3 , 1  
Cuba laterite 2000 1 20 , 
Dominican Republic " 72 1. 6 1. 2 
Greece sulfide 2 1 , 7  , 03 

India 
4 

sulfide 50 1 , . 5 
Indonesia laterite 500 1 5 ,  
Malagasy Republic sulfide 2 2 . 04 
New Caledon�a5 laterite 200 2. 4 , 5  300 1. 8  4 . 5  
Philippines " 150 1 , 3  -2.0 850 .8 6 . 8  

t \ l 
I 



Country 

Deposit Na.me 

World , cont . 
Puerto Rico 
Colombia7 

Guatema1a8 

Brazil 
Venezuela9 

Yugoslavia 
BGtswana 
Solomon Is . 
USSR 

sulfide 
laterite 

subtotal 11 Sea Floor Nodules 
World totals 

Geol . Type 

laterite 
II 

" 
" 
" 

Table IV-T 1. cont . 

Reserves Identified Resources 

Present Prices 3X Prices lOX Prices 

Tons 6 
orexl O 

40 
50 
23 
60 

Grade 
%Ni 

2 . 6  
1.3 
1. 7 
1 . 6  

Tons 1 6 Tons 
� Metalxlb oreslO 

. 1  

. 7  

. 4  
-1 . 

-24. 0 

-24. 0 

1 
i 1.00 

50 
55 

60 
40 

100 

100 
100 

90 , 000 

Grade 
%Ni 

. 9  

1 . 3  
1 .  4-2 . 

1 . 3  
1.0 
1 . 2  

. 6  
1 . 5  

. 8-1.1 
? 

Tons 6 (
Tons 6 Metalxl O orexlO 

. 9  

. 8 

. 9  

. 8 

ND 

I 

1. 2 

. 6  
I 1 . 5  

l
i -62 . 0  
860 . 0  

1 922 . 012 

Grade 
�Ni 

. 2  

Tons 6 MetalxlO 

Comments 

4 10 t ·  3 .  00 very tenta 1v 

H 
<l 
I 

N 
....... 
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IV-E Coppe� Resourc es 

Copper , although one of the less abundant metals in the earth ' s 
crust , is relatively common in deposits of mineable conc entration. 
It shows a marked association with igneous intrusive rocks common to 
regions of mountain building. Although copper is conc entrat ed in 
s everal types of deposits , thos e  of great est individual siz e and 
recoverable copper cont ent are either "porphyry" copper deposits or 
"stratabound" copper deposits . "Porphyry" copper deposits , in which 
the copper is associat ed with intrusive rocks ,  are found in most 
oc ean-bordering mountain syst ems , and are especially abundant in the 
southwestern US , Chile and Peru. "Stratabound" deposits , which occur 
in sedimentary rocks , occur most frequently in former continental or 
continental margin areas . The largest known deposits are in Silesia 
and the African countries of Zaire and Zambia , but the deposit of 
Whit e Pine ,  Michigan , is an important repres entative of the class. 

IV-E-1 Geological Occurrenc e 

Five maj or types of copper deposits ar e known : 

1 ) Porphyry deposits 
2 ) Stratabound deposits in s edimentary rocks 
3 )  Volcanogenic deposits 
4) Replac ement deposits 
5 ) S eafloor nodule deposits 

Porphyry deposits are the leading sourc e  of copper worldwide ,  and 
are estimat ed to contain about half the world res erves of -370 million 
tons of contained copper. The deposits range in grade from .1 to >1% Cu. 
Lat er weathering events have enriched primary ore in some deposits. 
Deposits with grades as low as . 5% are economic at this time. Deposits 
range in siz e from s everal 100 million tons to s everal billion tons ; 
most of the larger , high-grade deposits are found in C entral and North America 
and the South American Andes . The or es occur as fine veinlets and 
diss eminations in the intrusives and surrounding s ediments and oft en 
are surrounded by charact eristic mineral halo es which aid in location 
of such deposits . 

IV-E-2 Stratabound Deposits in Sedimentary Rocks 

The most important copper or es in s edimentary rocks are in Silesia and 
associat ed with Precambrian rocks in the African countries of Zambia 
and Zair e ,  where the copper minerals are thought to b e  the result of 
precipitation at the time of s edimentation or soon aft er. These deposits 
t end to be higher in grade than porphyri es, from about 1 to 3+% cu. The 
ores lie in layers and may ext end for tens of miles .  Mineable volumes 
range from t ens to hundreds of millions of tons of ore. There are s everal 
variations of the basic "stratabound" ty-pe. 
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IV-E-3 Volcanogenic Deposits 

These deposits , often called "mas sive sulfide" ores , are as soci
ated with suboceanic volcanic centers . Volcanic-derived fluids deposit 
copper and other metals as sulfides in volcanic rocks near these 
volcanic centers . The deposits may be restricted to a particular 
horizon . Grade is variable , from trace to several percent Cu ,  and 
size is small , generally les s  than 10-20 million tons .  A few depos its 
contain 50 million to more than 100 million tons of ore . 

IV-E-4 Replacement Deposits 

Replacement copper ores are the least predictable of all copper 
deposits , and may occur in veins , lenses , pipes and a host of other 
geometries . These deposit s are common near the margins of intrusives 
rich in K , Na and Si , especially in rocks containing CaC O�. Locally they 
are found , however , with no apparent relation to as socia�ed igneous 
rocks and in areas lacking igneous activity altogether . Size is highly 
variable , from thin , tabular veins to large sheet s or mantles in 
favorable rocks. Ore tonnages are les s  than 10 million tons , but 
grades tend to be high ( 5  - 10% + Cu ) .  Most of these deposit s are 
small ; they are often as sociated with porphyry-type minerali zation . 

IV-E-5 Seafloor Nodules 

Sea-floor nodules are aggregates of metal oxides which apparently 
derive their constituents from sea water . They are most abundant in 
parts of the ocean basins which receive little sediment from continental 
sources and unfortunately often lie at some depth . This is a newly 
recognized resource , but potentially a very great source of Mn , Co ,  Ni 
and Cu .  Between 200 and 5 ,000 million tons of mineable nodules have 
been estimated to be present on the ocean floors , with copper contents 
around 1-1 . 5% ;  these e�timates are based on minimal information , but a 
resource of 40-60 x 10 tons of Cu has been included in the USGS estimate 
of world copper , and a similar estimate has been given more recently 
(National Academy of Science ) .  

Before these deposits can become mineable , international legal 
decisions on the administration of the sea floor will have t o be made , 
as well as new developments in undersea mining and extractive techniques . 
Some shallower deposits may be presently mineable ; the rate at which this 
resource will develop is not known .  

IV-E-6 Reserves and Resources 

Published informat ion on tonnages and grades of individual U.S . 
copper deposits is meagre , and the following discus sion draws heavily 
on data in USGS Prof . Paper 820. Where pos sible , the data are compared 
with available published figures. Copper reserves of the United States 
are currently estimated by the U.S . Bureau of Mines at 90 , 000 . 000 tons 
( Commodity Data Summaries , 1975 ) .  
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In 10 producing and 12 non-produc ing porphyry deposits for which 
information is available , about 61 x 106 tons Cu metal is indicated . * ' 
If the other 20 producing porphyry deposits iere added, it seems 
probable that the Bureau ' s figure of 90 x 10 tons would be reached . 
Total U . S .  c opper reserve figures are primarily in porphyry deposits , 
since production from most non-porphyry copper deposits except the 
White Pine deposit is small . Published figures do not give an accurate 
picture of potential reserves , since the limits of ore-grade rock are 
seldom known for years after a porphyry deposit has been put int o  pro
duction .  Numerous operating porphyry deposits initially c onsidered 
moderate in size have had long lifespans . The quoted porphyry reserve 
figures may differ from ultimate reserves by a factor of 2 or more . 

Resources in U . S .  deposits other than known low grade porphyry 
deposits are difficult to  assess , because the full extent of low grade 
ore in known deposits is not known. Drilling to define this uneconomic 
material is simply not done until ore grade material begins to  be 
depleted . Cox, et . al .  ( 1973 ) ,  estimated that 20 million tons of Cu 
are present in subeconomic porphyry ores and deposits in the development 
stage for which information was available . 

Sedimentary Cu deposits in the U . S .  are incompletely evaluated . 
Those being mined at White Pine, Michigan, presently supply about 5% 
of U . S .  production, and the area has an appreciable potential for low 
grade ore . Other sedimentary c opper occurrences are in the Belt Series 
rocks of Montana and Idaho, in the Kena Dolomite of Michigan and Wis
consin, and in the "red bed" depos its of southwestern and central U . S .  
Work is presently being done on the deposits in the Belt Series ; however, 
no mining ventures have been begun to  date . Cox et . al . , ( 1973 ) ,  
estimate 1 billion tons of c opper-bearing rock, averaging . 5 to  1% Cu . 
The estimate could not be checked ; most pertinent data are withheld by 
mining companies doing exploration in the area . 

Deposits in Upper Mi chigan in the Kena dolomite were drilled several 
years ago .  The deposits are known to  be of ore grade but lie too deep 
and are too heavily broken up by faulting to be mineable . 

"Red Bed" copper ores occur in terrestrial sediments . One such 
deposit ,  the Nacimiento, in New Mexic o, has proved to be commercial, 
although only a fracti on of the c opper-bearing material can be mined 
economically at present . Several hundred million tons of this disseminated 
c opper-bearing sandstone is the speculative estimate of Cox et . al .  ( 1973 ) 
for the magnitude of the resource . Only informati on on the workings at 
Nacimiento is available, and some rise in the price  of Cu is nec essary 
before serious development can be expected . 

* ' This includes an order of magnitude estimate of c opper resources in 
the Butte, Montana district , equal to the tonnage of c opper mined from 
the district to  date . This tonnage is  included in the reserve 
category, although all the minerali zed rock may not be mineable at 
present Cu prices . It surely c ould be mined at l . 5-2X prices . 
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Similar deposits in the Flowerpot Shale of Kansas and Oklahoma are 
persi stent over large areas but are thin. These deposits are presently 
being mined. Reserves mineable by open pit methods under less than 40 
feet of overburden are estimated at - 100 , 000 tons Cu (Ham and Johnson , 
1963 ) .  The main hori zon i s  only 9 inches thick but averages about 2% Cu. 
The depos it is exposed for 3 to 6 miles along strike , but no effort has 
been made to determine its total extent here , or the limit s of mineralized 
shale in the similar surrounding rocks ( Johnson and Ham , 1972 ) .  

Another maj or copper resource is  associated with nickel minerali za
tion at the base of the Duluth Complex in Minnesota. Here c opper minerals 
are disseminated. Locally there are conc entrat ions carrying about 1% 
copper. Cox , et. al. ( 1973 ) , est imate the total resource at 60 milli on 
tons of copper at a . 25% cutoff. Environmental problems and the fact that 
mineable concentrati ons are irregu1arly distributed will seriously hamper 
development of these deposits. 

IV-E-7 World Resources 

Data for world resources and reserves o f  copper are given in Table 
IV-E-1. Only reserve estimates and a fraction of resources c ould be checked 
through the literature. In general , various estimates were c omparable. 
African copper reserves were only checked for the main producers. Large 
resources of sedimentary c opper remain unevaluated in Zambia and Zaire. No 
resource figures could be checked. USGS Professional Paper 820 was the 
source of data for the table , exc ept that the world total given is a revised 
figure furni shed by the USGS ( Nat ional Ac ademy of Scienc es , 1975 ) .  Resources 
are known to be great in the Andean c ountri es of South America  and in the 
far East. 

Maj or recent discoveries of copper depos it s ,  porphyry deposits in particu
lar , .. have been promoted by the c oncepts of plat e t ectonics , which imply that zones 
of crustal plate collisions plate are foci where favorable igneous rock 
melts originate. Identifi cat ion of such collis ion zones in Pac i fic  volcanic  
island regions , Central America and Iran have led to the di scovery of large 
new c opper deposits such as Bougainville ( 4  million tons Cu) , Cerro Colorado 
( - 19 million ton Cu) and Cheshmeh ( - 10 million tons Cu ) respect ively. 
Some 80-100 million tons of copper may ult imately be derived from these 
recently recogni zed areas. Exploration for sedimentary c opper deposits 
in Precarnbrian shi eld areas of c ont inent s  is  likely also to be successful 
in locat ing large new deposits , as will undersea explorat ion for nodule 
deposits on the ocean floors. 

Breakthroughs in mining and extraction technology would also add 
important "new" reserves and resources. In-place leaching is  now allowing 
recovery of copper form "waste rock" of 10 years ago , and the minimum 
mineable grade of ore i s  predicted to drop from . 5% to  . 25% Cu by the year 
2000 (USGS Profes sional Paper 820 , 1973 ) .  
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Copper Resources 

Table I 

Footnotes 

1 )  This  category includes some conditional porphyry deposits  ( deposits 
evaluated but not economic at present ) in addition to economic 
deposits in the development stage . 

2 )  The "redbed" sedimentary copper deposits  in the Flower Pot shale are 
poorly known; this is a preliminary estimate . Total reserves are 
probably low . 

3 )  This figure i s  that of the U . S . Bureau of Mines ( Commodity Data 
Swnmaries , 1974, p .  45 ) 

4 )  Massive sulfide deposits are numerous in the Canadian shield , and 
contribute a significant percentage to Canadian copper production 
each year. The total listed here includes only the five largest 
deposits known. 

5 )  Conditional resources include deposits  the extent and grade of which 
are known but which are presently uneconomic . A price increase les s  
than 3X would bring some o f  these into the reserve category . 

6 )  
6 6 Between 26 x 10 and 36 x 10 

for Zambian copper reserves.  
assumed valid .  

was the estimate from
6

published sources , 
An additional 10 x 10 tons Cu is  

7 ) World reserve total i s  a new figure calculated by the U.S .G . S .  
(National Academy o f  Sciences , Mineral Resources and the Environment , 
Washington, 1975 , p .  136 ) . A breakdown of this total by countries is  
not available ; the data given above in the table are older figures , 
some incomplete , and will not add up to  the world total . 

8 )  The estimates are based on estimates o f  conditional resources 
published in USGS Professional Paper 820 . These figures are the 
best available but are low . Since no grade information is available 
no breakdown into price categories i s  possible . 

9 )  No estimates are available for resources at thi s level. 
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lO) Estimates of nodule resources are as follows : grade is the average 
of about 200 nodules , while tonnage is a rough calculation based 
on analys is of 101 photos , cores and grab samples of the World ' s 
ocean bottoms , i .e., mostly speculative. 

One estimate gave 1 , 700 , 000 x 106 
tons of nodules , or 6 , 800 x 106 

tons cu , an estimate cited by McKelvey on a preliminary ocean 
resource map (McKelvey , 1969 ) . A lower estimate

6
used in conjunction 

with nickel resource evaluation gave 90 , 000 x 10 tons ore or - 400 
x 106 tons cu ; although no j ustification can be offered exc ept that 
initially mineable deposits are likely to be of mich smaller size, 
the Professional Paper 820 estimate of - 125 x 10 tons Cu is used. 
Other unforeseen factors involved in mining may further restrict the 
mining of nodule deposits . 
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Table IV -E-1 

�ountry �eol. Type I R..e.s�es l' Lje� ���s I CQlllm.e,,..n.._t ... s __ _ 
Deposit Name I Present Prices 3X Prices j !OX Prices 

I 
I
Tons I I Tons I - i- d Tons 

Tons or6 ,
�rade  Metal Tons or6 Grade 'Me�als 

l
Tons ore

6p;a e Metal 

I 1
1 

x 1 0  
. 
% Cu x 106 x 1 0  % Cu I x_l_Q6 

_ 
x 10 %Cu 6 �-------------�-------+-----------�, --------�/--� 

I 

nited States 
Producing Porphyry deposit� Porphyry 
(10 of 2 9 )  
Non Producing Porphyry 
Sedimentary 

White Pine, Mich. 
Belt Group, Mont. 

Flowerpot Shale, Okla & 
Kansas 
Nacimiento Deposits , N. 

Mex. + Ariz. 
Kona Dol omite, Mich. 

uluth Gabbro 
Stillwater , Mont. 
Conditional Porphyry 

US Tota] 3 ) 

�rld 

Porphyry 

�edirnentary 
�edimentary 

Sedimentary 

�edirnentary 
I I  

Magmatic 
Magmatic 

Canadian Porphyry 
!
Porphyry 

Canadian Massive Sulfide4 ) Volcanogeni< 
Conditional resources5 ) 

[exico 
:entral America 
1.ntilles 
!outh America 

Published 
�urope 

Lower Silesia 
Conditional Sedimentary 

l.frica 
Published6 ) 
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IV-F Titanium 

Titanium is an abundant component of the earth ' s crust , averaging 
5700 ppm. It occurs in a variety of minerals , including t itanium 
oxides (rutile , anatase , brookite) , iron titanium oxides ( ilmenite , hem
oilmenite , and titanomagnetite) , and a number of silicate minerals . The 
source minerals of titanium at present are the titanium and iron-titanium 
oxides . Of these , rutile , ilmenite ( FeTi 03 ) and hemoilmenite ( Fe203 • 
FeTio3 ) are the most important. Rutile is the preferred raw material for 
titanium. Most of the titanium minerals commercially produced in ·· the world 
at present ( over 4 , 000 , 000 tons annually ) are used as a source of Ti02 
for paint pigment . Total world production of t itanium metal is probably 
less than 50 , 000 tons annually. 

IV-F-1 Types of titanium deposits 

The titanium-bearing deposits currently being mined are of two general 
types , magmatic deposits and sedimentary ( placer deposits ) .  Sedimentary 
deposits have thus far yielded the bulk of titanium mineral production , but 
magmatic deposits are of growing importance. A third class of deposits , 
residual deposits , is known but not a source of titanium at present . 

Magmatic  deposits  are associated with coarse-grained igneous rocks 
derived from basaltic magmas . The deposits are accumulations of ilmenite , 
ilmenite-hematite ( in microscopic intergrowth ) , or ilmenite and titano
magnetite. Concentrates from these deposits range from less than 10 
percent to 32 percent Ti . Methods of treatment vary with the nature of 
the ore , involving chemical or metallurgical processes , or both. The il
menite and ilmenite-hematite ores are currently worked for Ti02 for paint 
pigment . Ilmenite-titanomagnetite ores are worked as a source of Ti02 at 
Lake Sanford,  Adirondacks , but in Finland and South Africa , vanadium present 
is the most important product . 

Sedimentary deposits form as Ti-bearing minerals are moved from their 
source areas by erosion to collection points such as beaches or river 
channels. Along coastlines , sand-si zed grains are reconcentrated by wave 
action into discontinuous ribbons of titaniferous heavy minerals , which 
may extend for miles along favorable coastlines and contain enormous 
tonnages of material. The deposits , however ,  are low-grade ( 1 , 5 - 10% 
combined Ti ) and consist of rutile and ilmenite with numerous other 
minerals from which the titanium minerals must be separated. The deposits 
may be unconsolidated or consolidated ; consolidated deposits are generally 
uneconomic at present . 
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The only large resources of residual origin are titanium-bearing 
bauxites. During the weathering of parent rocks , both aluminum and 
titanium are concentrated in the residual soil. When the bauxite is 
processed to obtain alumina , titaniferous sludge remains from which 
Ti could conceivably be recovered as a by-product. There is no pro
duction from such deposits at the present time. 

IV-F-2 Sources of Data and Limitations 

Most of the resource data used here are taken from Klemic and 
others ( 1973) , Knowledge of United States and world resources of 
titanium is very incomplete ,  and current estimates of resources are 
certainly on the conservative side. The lower-grade deposits , in 
particular , have not been explored enough to determine resources , 
simply because economic incentive has been lacking. 

IV-F-3 Availability of Titanium . at 3X and lOX Present Price Levels 

The estimated quantity of titanium available at various price levels 
is recorded in Table I .  The titaniferous magnetite deposit at Lake 
Sanford , New York , was used as a model for magmatic deposits.  This 
deposit is presently being mined for titanium; its grade is 12% Ti. 
Resources available at the 3X price level group the.n are deposits with 
Ti concentrations of  8-12%. Resources at the lOX price level are deposits 
containing from 4-8% Ti , with other modifying factors such as location , 
size and type of occurrence of Ti as qualifiers . On this basis , most 
magmatic deposits fall into the 3X category. 

Unconsolidated beach deposits , of sufficient size , can be mined 
at 1% Ti content ; the Ti content of Trial Ridge , Florida deposits ( . 84% 
Ti ) was used as a lower limit for reserves in this category. Consolidated 
fossil beach deposits , common in the western states , are of comparable 
grades , but due to higher mining and processing costs must be considered 
resources available only at lOX present prices. 

Most of the deposits falling in the "identified resources"  category 
would yield titanium as a by-product of iron ore production ; in some , 
such as Iron Mt . , Wyoming or the Southeastern Alaska deposits , Ti is 
a deterrent to mining these ores for iron. A greatly increased price 
or heightened demand for titanium products would be required to make these 
ores Ti reserves. Low grade resources of titanium are very large , however. 

IV-F-4 World Identified Resources 

World identified resources are very large and are dominantly in 
magmatic deposits. ( see Table I ) .  In the table "reserves " are not 
distinguished from "resources" , except for deposits for which definite 
reserve figures are quoted. The lump sum of "reserves " and "resources'.' 
is compiled by country , mostly from data by Klemec and others ( 1973 ) ,  
Total world "reserve' and "resource" figures are also included. It must 
be realized that the figures given are rather rough. They serve 
principally to indicate the order of magnitude of world titanium resources. 
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Total world potential titanium resources are very great , with 
processes for concentrat ing low grade magmatic ores already tested 
( CIM Bull. V. 66,  1973 ) .  Large additional resources of various 
grades are probably present in the beach sand deposits of the world. 

IV-F-5 Environmental Cons iderat ions 

Magmatic ores have been and will be dominantly mined by open pit 
methods ; most of these depos its are of limited surface extent and far 
from population centers . Sedimentary ores , however , require dredging 
or large scale surface operations ; their linear nature ( extending for 
lO' s of miles ) means disturbance of ground over long distances . Owing 
to their occurrence considerable land use conflicts are involved and 
some of the resources of the Atlantic Coast of the United States will 
probably never be mined. 
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TABLE I 

TITANIUM RESOURCES 

RESERVES IDENTIFIED RESOURCES 

3X PRICES lOX PRICES 

TONS TONS TONS TONS TONS 
COUNTRY & DEPOSIT NAME GEOL . TYPE ORE

6 
GRADE MET� ORE GRADE MET� ORE GRADE 

XlO % Ti XlO x106 %Ti XlO x106 %Ti 

UNITED STATES 
(1) Lake Sanford , N.Y. Magmatic 121.5 12 .0 14.5 
(2) Iron Mt. ,  Wy. II 30.0 9.0 2.70 148.0 5. 8 
(3) Magnet Cove, Ark. II ND 3-6 .25 
(4) Duluth Gabbro , Minn. II 94. 6 13.8 

II 81. 6 8.4 
�und Lake, Wis. 120 3. 6 4.3 

(6) Nelson & Amherst II 46.0 4-10 3.8  
Co. 's , Va. 7.0 6 

(7) Iron Hill, R.I.  Contact Meta. 7.0 6 

(8) San Gabriel Co. , Ca. Magmatic 12.0 5-10 .5  
(9) S.E. Alaska Deposits II ND 2-5 

(10) Trail Ridge , Fla. Beach Deposit 1 , 500. • 84 12.4 -
(11) Ocean Co. , N.J. II 380 1. 8  6 .8  
(12) Beach Deposits , S. C. I I  

13.5 ND 1. 6 

(13) Beach Deposits , Okla. II 382. 1-4 
(14) Beach Deposits , II 28. 4 

Rocky Mts. 
Residual1 (15) Oregon Bauxites 40. 3.9 -- -

(16) Hawaii Bauxites II ND ND 
(17) Bauxites Residues I I  ND ND 

U. S. Total : 186 x 106 tons Ti 

TONS 
METAL 

x10' 

8. 6 

13 . 0  
6.9 

.4 

.4 

76 . 

4.8 
1.0 

1. 6 

30. 8 
ND 

-143 

( 

--��·�'· ----· ·--... . .,.. 

COMMENTS 

bodies <lo!tons e, 
bodies <10 tons ec 

H 

fossil Shorelines 
minimum est. 

large but uneval. ___ .. ____ 
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COUNTRY & DEPOSIT NAME 

World Resources 

(1) St. Urban, Canada 
(2) Lac Allard, Canada 
(3) Lac Morin, Canada 
(4) Lac Dore, Canada 
(5) Magpie Mts, Canada -- -
(6) Bushveld, S .  A. 
( 7) All Canada 

(less fl ' s 2-5) 
(8) All Europe 
(9) All Oceania 

(10) All S .  America 
-
(11) South Africa 

(less fl 6) 
(12) Africa 

( less # ' s  6 & 11) 
(13) India 
(14) Asia (less # 13) 
(15) World rutile resources 

Totals : -1 . 1  x 109 tons Ti 

GEOL. TYPE 

Magmatic 
II 

II 

II 

TONS 
ORE 
x106 

58. 

TABLE I cont ' d  

TITANIUM RESOURCES 

RESERVES IDENTIFIED RESOURCES 

TONS 
GRADE METAL 

% Ti X106 

20 . 4  11 . 83 

1473 

3X PRICES 
TONS TONS 
ORE 
x106 

22 . 
25 . 

72.  
100 .+  

2000 .+ 

GRADE METAL 
%Ti Xl06 

2 . 6 . 57 
16 . 5  4 . 12 

6 . 5  4 . 68 
10 . 6 10 . 6 

7 .8+ 156 . 
193. 

9 1.  
34 .  
16 . 

270 . 

32.  

118. 
11 . 

13 . -41. 

9 65 . -
1000 . 

lOX PRICES 
TONS 
ORE GRADE 
Xl06 % Ti 

very large 1-2 
230 6 

TONS 
METAL 

x106 

ND 
13 . 8  

*4 

..:,. 

COMMENTS 

1 .  Residual deposits are developed through the weathering of a pre-existing rock, bearing the metal (s) in question, 
these metals being concentrated at or near the surface .  

2 .  Tons Ti at 3X prices are ano.malously low; this is a result of the data available, not the scarcity of Ti-bearing 
d�pooits of th� appropriate grade. For instance, large lower grade titanium deposits exist at Lake Sanford, but 
tonnage estimates are unavailable . 

3 . Total world reserves from Klemic, et al . ,  1973 . 
4 .  No total, insufficient information. 

(, \ ( 

0 
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IV-G Aluminum Reserves 

IV-G-1 Introduction 

Aluminum is a high-use metal which is gaining in importance worldwide. 
It is presently extracted from bauxites , essentially Al-rich soils formed 
during the weathering of Al-bearing parent rocks. These deposits are most 
favorably developed in sub-tropical regions , which hold most of present
day reserves. It has been estimated that 67% of known bauxite reserves 
have been discovered in the last 25 years and bauxite-alumina reduction 
complexes are being developed worldwide at a rapid rate ,  especially in 
Africa and Australia. U.S. reserves are only a small fraction of world 
reserves , and several other sources of Al have been considered by the 
United States for future supply. Bauxites (A1203 · x H2C )  are favored 
over other aluminous materials owing to their high content of Al20

3
, 45 

percent or better , and simple composition , the latter lending 
itself to simple methods of extraction of the Al

2
o

3 
from which Al is re

covered. 

Geologic Occurrence 

Bauxite development is favored by conditions which promote chemical 
leaching of rock materials , to the extent that all but the least soluble 
elements (mostly Al , Fe , and some Ti ) are carried away in solution. Some 
of these physical conditions include: warm climate (but not necessarily 
tropical ) , abundant rainfall , high permeability of parent Al-bearing rocks 
favoring movement of large volumes of groundwater , and stable surface condi
tions whi ch allow long periods of weathering and the preservation of the 
bauxiti c weathering products. Most of the large bauxite deposits of the 
world can be related to recent or ancient combinations of these physical 
conditions actipg on Al-bearing rocks. 

IV-G-2 Other Sources of Aluminum 

Although of lesser world consequence , because of  the great size of 
world bauxite reserves , possible alternate sources of Al are important to 
the U.S. because of dwindling bauxite reserves and the less than encouraging 
chances of finding any more important domestic bauxite deposits ( Patterson 
and Dyni , 1973 ). Interest in these sources has been greatly heightened 
during the past year by increases in the cost of imported bauxite. 

High--alumina clays constitute an enormous resource of aluminum , in the 
billions of tons , and have been under study as sources of aluminum for many 
years. Much research has been done , and processes of extraction of alumina 
have already been developed. The problems are ( 1 )  dollar cost in compari
son with cost of alumina from bauxite ,  and ( 2 ) energy costs. It is re
ported , however , that increase in the price of imported bauxite has brought 
extraction of alumina from high-alumina clays and shales near the break
even point ( Committee on Government Operations , 1974 ). Further research is 
in progress. In November , 1974 (Engineering and Mining Journal ) , it was an
nounced that the U.S. Bureau of Mines and eight domestic aluminum producers 
have j oined in a project to explore recovery of alumina from clays , anortho
site ,  alunite ,  and other domestically available raw materials. The large 
kaolin deposits of Georgia are a particular obj ect of interest , and the 
economics of aluminum production from these clays has been intensively 
studied in recent years (Ward and Huste d ,  1974 ). 
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Another potential source of aluminum is the mineral alunite [ KAl ( so
4 ) 2 { OH ) 6 ] .  As a result of recent exploration , res erves of alunite-bearing 6 material , in Utah , containing 7 to 9 percent Al are now estimated at 680 x 10 

tons . Russia is already extracting Al from alunit e ,  and an American concern 
is developing the Utah deposits and is building a pilot plant preparatory 
to commercial-scale production . 

Besides the above , enormous resources of Al are present in the mineral 
dawsonit e [ NaAl ( OH )2co� ] ,  in the great oil shale deposits of Colorado , Wyoming , 
and Utah , and in boai eS of anorthosite ( chiefly plagioclase ,  Ca-Na alumino
silicate ) . Extraction t echnology is available ; the problems are cost , and 
( for dawsonite )  environmental problems and the feasibility of extracting 
dawsonit e as a byproduct of oil recovery . 

Reserves and Resources 

Res erve and resource figures for the Unit ed States and the world are 
recorded in Table 1 .  Except for data on U . S . resources mentioned above , only 
reserve or identifi ed resource information on bauxit e deposits is  included. 
Published tonnages and grades for deposits are included where known . Deposits 
actually producing are classed in the res erve category , while i dentified de
posits in development stage are included in the adj acent column . So little 
data on resources for producing countri es was available that no reasonable 
estimate for the 3X category could be made . Tons of metal was calculated 
using published grade information , or , if  no published grade was available , 
a figure of 45% Al�0

3 
was arbitrarily assigned as an average figure for 

commercial deposits . 

IV-G-3 Other Problems 

Although world resources of bauxit e  are sufficient for many decades , 
several problems which may be of great import in future bauxit e developments 
have already appeared . Bauxite is a low value , high volume commodity in the 
unprocessed stat e ,  and as such is mined by large scale surface operations 
which affect thousands of acres. Alumina plants generate large volumes of 
waste mud which accumulates and may caus e large scale pollution as this fine 
material enters surface wat ers . 

The development proposal for the 150 million ton Chittering deposit in 
Western Australia , some 30 miles from Perth , was recently rej ected on environ
mental grounds , and operators will have to study the environmental impact of 
operations as a necessary step in development . Costs of environmental pro
t ection and reclamation will contribute significantly to total costs. 

Large scale power requirements for aluminum production also will be a 
factor to consider. Droughts have affect ed both mining and reduction of 
bauxite and alumina by not allowing milling , which requires large water 
volumes , or by reducing hydroelectri c output . 20 , 000 kwh of power { equivalent 
to 1300 pounds of coal ) is required to re4uce 2 tons of alumina ( A120

3 ) to 1 
ton of Al metal . Some new aluminum reduc�ion plants handle 100 , 000 tons · of 
alumina per year , and would require almost 1 billion kwh power in their opera
tion . A new smelting process developed by Alcoa is reported to require 30% 
less power per ton Al than the pres ent prdcess . If thes e claims are borne out 
in commercial operations , a signifi cant reduction of the power requirement can 
be made in new plants ( EMJ ,  February 1973 } .  Whether these levels of power use 

I -
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can be sustained in producing areas becomes another concern. Hydropower or 
fossil fuel supplies in developing countries may not be great enough to  supply 
their growing power needs and those of the aluminum plants ;  even as the shipping 
of ores to places where the power is available wanes as government s seek to 
control their resources more closely. This affects U.S.  plants ,  since some 
90% of their input is presently imported from outside sources. U. S .  aluminum 
needs will be increasingly met by importing Al metal , unless alternative 
aluminous materials prove to be economic.  
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Table I 
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__ ...:.G.ountry I Geol. Type I R�

.
-err�s. 

___ __.,Deposit N� . . Pres�nLf_:i;:ic 

Onitec! States 
1) Arkansas bauxite I 2) Oregon & Wash . bauxite1 
3) Hawaii bauxite 

4) Other bauxites I 
5) Western Alunite 
6) High Aluminum Clays 
7) Dawsonite in Oil Shale! 
8) Al Phosphate rock 
9) Al-rich igneous rocks 

Total 

Norld 
1) Jamaica 
2) Costa Rica 

,outh America 
3) Braz il 

4) Onverdacht, Surinam 
5) B ritish Guiana 
6 )  Caw Mts, Fr. Guiana 

�uro pe 
7) Hungary 

8)  Vlesenica, Yugoslavia 
9) Titograd, I I  

10 ) Helicon, Greece 

keania 
11) Cape York Peninsula, 

Aust. 

12 ) Darling Range, 11 

13) Mitchell Plateau, 
14) Vana Levu, Fij i 

II 

15) SW Borneo, Indones ia 
16 ) Solomon Islands 

�sia 
17 ) All India 
18) Kattha, Punj ab, w. Pa 
19) United Arab Republic 
·20) All China 
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frica 

21) Guinea 
2 2) Ghana 
23) Hinim Hartap , Cameroo 
24) Mt. Mange , :Malawi 
25) Manatinina , Malagasy 

To tal 
· -· · · 

Footnotes 

• > 

hs 

2000 28 

60 21 
70 2 2  

7550 
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13 
15 
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1. Dawsonite, an aluminum sulfate, could only be utilized at a rate commensurate with oil shale production , or about 
.8 x 106 tons Al/yr at full Oil Shale capacity of 109 barrels/year .  

2 , , No real estimates of potential from Al-rtch igneous rocks have been made ;  tonnages, with no constraints on grade 
of content of impurities, are in the billions of tons. 

3 , This estimate is a conservative minimum. 

4. No estimate of world aluminum resources can be made . 

5 .  NOTE : No lOX resource estimate is included in this table. 
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IV-H Vanadium 

IV-H-1 Introduction 

Vanadium is a moderately abundant element , averaging about 135 ppm in 
the crust as a whole ( Krauskopf , 1967 ). Its concentration into deposits  of 
minable grade is unfortunately quite unconunon ; it usually occurs as a minor 
element in other minerals , such as iron oxides , or in organic-rich sediments 
and residues. It has generally been recovered as a by-product of operations 
for iron , uranium , phosphorus , or petroleum. Most deposits thus far ex
ploited were limited in size but relatively high in grade. The Colorado 
Plateau deposits , in which high concentrations of vanadium oxides [ 3% V205 ] 
occur as secondary accumulations in sandstone bodies , are a good example , 
A rare high-grade organic accumulation was the vanadium-rich asphaltite 
deposit at Minas Ragra , in Peru , which supplied much of the world ' s  vanadium 
for many years. This deposit , like most of the high grade reserves in the 
Colorado Plateau , has been mined out. 

IV-H-2 Sources of Data , Limitations and Definitions 

The resource data included with this report are derived from numerous 
sources and differ in quality. The deposits listed have been classified 
either as "reserves" or "identified resources" ( U.S.G.S., Prof. Paper 820, 
1973 ) ,  Reserve figures are given for deposits which are presently. minable 
or are being mined. For these deposits size and mineral content of the ore-
bearing rock are known to a degree such that the economics of extraction ---
can be evaluated with some degree of certainty. Reserve figures are the 
result of extensive drilling to define limits and grades of ore bodies , 
geological mapping and evaluation , and possibly test mining of the ore . 
These figures , by necessity , are conservative. Identified resources , as 
the term is used here , are mostly deposits for which rough data on grade 
and tonnage have been obtained either by drilling or trenching , and for 
which there are at least some chemical analyses. The actual extent and 
grade of resources , however ,  are much less certain than for reserves . 

IV-H-3 Types of Vanadium Deposits 

Known deposits of vanadium fall mostly into 3 maj or categories : 
A )  magmatic deposits of vanadium-bearing iron-titanium oxides , which are 
generally mined for Fe or Ti , or both ; B )  deposits of the Colorado Plateau 
type , in sandstones , mined for both uramium and vanadium ; C ) sedimentary 
deposits in marine shales or phosphate rock ; D )  contact metamorphic deposits , 
at contacts of igneous rocks and sedime�tary rocks , and E )  in organic accu
mulation , especially in certain petrolewn deposits. Of these , A ) , B ) , and 
E )  have thus far been the principal sources of vanadium. 

IV-H-4 Resources of Vanadium 

Vanadium reserves at present price$ , 3X present prices , and lOX present 
prices are given in Table IV-H-1 .  The qlassification of reserves is some-
what arbitrary. Vanadium-bearing magnetites in the Bushveld Complex of _, 
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South Africa are currently being mined for vanadium ; the V content i s  
about 1 percent . Similar deposit s with comparable V content are classified 
in Table IV-H-1 as reserves at present pri ces . Deposits with more than 0.3% 
V and less  than 1.0% V are classified as reserves at 3X present pri ces .  Cer
tain resources with les s  than 0.3% V are class i fied as reserves at lOX present 
pri ces . This system in effect assumes that the cost of vanadium would be in • 
versely and linearly proportional to grade of ore.  This may not be the case .  
Deposits other than magmat ic Fe-Ti oxide depos it s have been s imilarly grouped 
according to  grade.  This is  done for lack of information ;  problems of ex
traction could require higher cost s for vanadium from these sources ,  the 
shale deposit s in parti cular. 

The fact i s  that both resource and metallurgical ( extractive ) data for 
vanadium are very limited. With a world consumption that has not exceeded 
40 , 000 tons annually ,  there has been no incentive , except in times of stress 
like World War I I ,  to fully develop either resource data or metallurgic al 
technology for lower-grade vanadium resources .  Table IV-H-1 serves chiefly 
to indicate the order of magnitude of U.S . and world vanadium resources so 
far as these are known at the present t ime . Ultimate resources are undoubtedly 
much larger. 

Some comments on U.S . resources are desirable. Estimates of vanadium 
available in the Duluth Gabbro are based on limited analyses and little 
quantitative analysi s  of mining potential , and it is unsure whether tonnage 
and grade are under- or overestimated. The deposits  at Round Lake , Wis consin 
are only partly explored. Some contact metamorphic iron depos it s in Nevada 
and California contain signifi cant quantit ies of vanadium , but chemical analy
ses for vanadium are available only for those listed. Total low-grade iron 
ore reserves are larger by a factor of 10 than those listed ,  and may repre
sent additional V resources (Moore , 1971 ) . 

Surface areas of magmatic deposits in the United States generally are 
limited. The 1 .5 mi2 extent of the Lake Sanford depos it s i s  probably typical , 
but masses of disseminated ore might involve much larger areas . Open pit 
methods of extraction would be favored for the mining of most of these large , 
low-grade deposits . 

Estimating resources in sedimentary black shale depos it s i s  e specially 
difficult . Known evaluated and/or analyzed vanadium-enriched black shales 
in Idaho and Wyoming contain between 0.4% and 0 .9%  V and are generally 
ass ociated with members of the Phosphoria formati on. The phosphate-bearing 
section of the Phosphoria is presently yielding s ome vanadium as a by-product 
of the manufacturing of elemental phosphorus , but available analytical data 
indicate that most of the phosphate rock is  rather low in V ( -.07% - .1% V ) ,  
although tonnage i s  enormous . Estimates of tonnage of V in phosphate rock 
are very rough and are based on the assumpti on that 1/5  of the 5 billion 
tons of present phosphate rock resources holds the concentrat ions of V 
li sted ;  large errors are possible . Data on the shale oc currences are frag
mentary ; only one unit in one area has been evaluated ( Love , 1961 ) , and only 
3 of the several identified vanadium-rich shale beds have been included in 
the given estimate.  Others which may be potentially valuable are listed in 
the table. Potential vanadium resources in shales are considered very large , 
but the prospects of utilizat ion must be tempered by the possibility of ex
tractive problems ,  the fact that these deposits would have to  be mined 
largely for their V content alone , and the large areas that might be disturbed 
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by mining. Their grade is such , however , that they have been plac ed in 
the 3X cat egory .  

Other possible sources which may provide large resourc es o f  V are : 
1 )  Sedimentary Fe ores with . 02 to . . 12 V. The best known are the 

minette iron ores of northern France , west ern Germany , and c entral England. 
Vanadium was recovered from this type of ore by Germany during World War II. 
Resources are large , and other large resourc es of V-bearing iron ore are 
known in Russia .  

2 )  V occurs i n  oils ( . 02% ) and coal beds ( up to , 3% )  and can be  re
covered from ash as these fuels are burned. No quant itative estimates 
reflecting the importance  of these sources are known . 

IV-H-5 World Reserves and Resources 

6 World identifi ed reserves and resources are roughly 29xl0 tons V ; about 
60% of this total is in ores in the Bushveld Complex in South Africa. Poten
tial resources ( deposits of known types predictable as occurring in geologi
cally favorable , but presently undeveloped ,  districts ) of magmatic ores are 
considered very great , �s are resources occurring in black shale deposits. 
The resources in higher grade Colorado Plateau-type deposits are considered 
to be small. 
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COUNTRY & DEPOSIT NAME 

.---
UNITED STATES 

(1) Lake Sanford, N.Y. 
(2) Iron Mt, Wy. 

GEOL. TYPE 

M . 1 agmat1.c 
I I  

( 3) Buena Vista Hills,Nev. Contact Meta. 
(4) Segerstrom, Nev. I I  

(5) Round Lake, Wis. Magmatic --
(6) Duluth Gabbro, Minn. I I  

(7) Williams Springs,Ark. I I  

(8) Iron Mine Hill, R. I. Contact Meta. 
(9) Colorado Plateau Sandstone3 

(10) Potential Uranium Dep. Sandstone 
-

(11) Phosphoria fm. 4 -phosphatic units Sedimentary 
(12) Phosphoria fm shales II 

-Afton, Wy. 
-Sublette Ridge, Wy. 
-Paris, Ida. 
-Coal Canyon, Wy. 

(13) Other Shales I I  

-Camus fm, Nev. 
-Eureka, Nev. 
-Chainman sh. , Nev. 
-Minnelusa fm, S. Dak. 

(14 ) Earth Sc iences 2 Inc . 2 Idaho ? 

TOTALS 6 2. 5 x 10 Tons V 

TONS 
ORE 
x106 

2 

5. 00 

10. 00 

TABLE IV-H-1 
VANADIUM RESOURCES 

RESERVES IDENTIFIED RESOURCES 
3X PRICES lOX PRICES 

TONS TONS TONS TONS TONS 
GRADE METAL ORE GRADE METAL ORE GRADE METAL COMMENTS 

%V x106 x106 %V x106 x106 %V x106 
·- ---·--

100. 0 . 25 2. 50 
30. 0 • 36 1. 08 148. 0 . 10 1. 48 
35. 5 . 17 . 60 28. 0 . 17 . 47 Possibly high 

35. 0 . 14 . 49 Limited data 
120. 0 . 36 4. 00 Incomplete data 

90. 0+ . 11 1. 00 Limited data 
. 56 . 28 

. 84 . 84 7 . o+  . 17 . 12 
. 078 . 38 

1000. o+ . 07 7. 00 Limited data 

45. 0  . 54 2. 25 
. 45 . 75 

ND ND ND 
3. 5 ' zone . 40 ND 

• 30 ND 
. 02-. 2 ND 

. 10 ND 
. 15-. 30 ND 

20 . 8  1. 7 

1. 1 -13. 3  -10 . 6 



TABLE IV-H-1 cont ' d  
VANDIUM RES OURCES 

RESERVES IDENTIFIED RES OURCES 
3X PRICES lOX PRICES ·-•--A---- --

COUNTRY & DEPOSTI NAME 

WORLD 

(1) Bushveld, S. A. 
(2) Otanmaki, Finland 
(3) Mustavaara, Finland 
(4) Lac Dore, Canada 
(5) Magpie Mts. ,  Canada 

GEOL. TYPE 

Magmatic " 
" 
" 
" 

---

TONS 
ORE 
x106 

2,000. 0 
19. 0  
40. 0 

GRADE 
%V 

TONS TONS 
METAL ORE 

XlO 5 X106 

. 90 180. 00 
• 28 • 53 
. 10 • 40 

7 2 . 0 

100.0 

GRADE 
%V 

. 28 

. 17 

TONS TONS 
METAL ORE 

x105 x106 
·--------

100 

2. 16 
1 .  70 

TONS 
GRADE METAL COMMENTS 

%V x105 
. - .. -··- --�--

(6) Swedish Deposits 
(7) Australian Deposits 
(8) El Romera!, Chile 
(9) Mt. Kachkanar, USSR 

" 
" ND - .21 

• 3- .  73 
ND 

15. o+ 
Large resourceE 
Low estimate " 80. 0 " 13,500. 0 

(10) Blacksands, N. Z. Sedimentary 

. 17-. 22 1. 50 

. 56-. 06 6  80. 0 
hundreds . 1-. 20 2. -4. 0  

H 
< 
I 

\J1 -- - ---I-' 

(11) Oil Residues, etc. 
Shales, Coals · - - -- -

6 TOTALS -28 x 10 Tons V 

" 

_____ ... �-.- ---·- ·---·-
26 2. 4 ---------------- · -- ··· --· 

*5 

. 02-. 30 ND 

*6 

1. Refers to deposits whose contained mineral ores formed at the same time as, or immediately after the crystallization 
of the s urrounding rock, and from the same molten material. 

2. Mineral deposits which are located at the intersection of formerly molten rocks and any other kind of rock, usually 
sedimentary, in which transfer of metals from molten rocks to s urrounding rocks has occurred. 

3. Deposits of Colorado Plateau type, in which ore minerals occur in Sandstones, but were deposited after the 
sandstone was formed, rather than at the same time. 

4. Deposits of metals accumulated at the same time as the s urrounding sediments . 
5. Deposits mineable at 3X prices worldwide are large, but little quantitative information is available, making 

the evaluated resource estimate in this colunm anamalously low. 
6. Deposits mineable at lOX rpices worldwide are considered very large, but no data on true magnitude are available, 

again making the evaluated resource estimate anamalously low. 
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IV-I Molybdenum 

Molybdenum is a comparatively rare metal but has become very important in 
the steel and special alloy industries. lt imparts hardness, toughness and 
corrosion resistance to steels used at high temperatures. Deposits of molyb
denite (MoS2) ,  the most common ore mineral of molybdenum, occur in the western 
U.S. in porphyry-type intrusives, and this source supplies almost 70% of free 
world Mo production. 

IV-I-1 Geology 

Molybdenum occurs in four types of deposits: 

1) "porphyry" deposits in which molybdenum is the principal valuable metal 

2) "porphyry" deposits with copper 

3) in vein deposits 

4) in sedimentary rocks rich in organic material 

Porphyry molybdenite deposits are the maj or source of molybdenum in the world 
today, primarily due to deposits found at intervals along the Cordilleras of 
North and South America. The mineral molybdenite occurs in tiny veins and 
fractures which cut across the intrusive ro cks with which the ores are associated. 
Porphyry-type deposits contain several tens to several htmdred million tons of 
ore, with grades ranging from .1% Mo to .3% Mo (.2 to .5% MoS2)• These deposits 
tend to occur in clusters, associated with intrusive rocks rich in Si, Na, and __ 
K, in areas of persistent crustal stress. This stress is expressed near the 
known deposits by abtmdant crustal fracturing and geologically recent volcanic 
activity. 

Porphyry Cu-Mo deposits show many similarities to porphyry Mo deposits, 
except that Mo content is an order of magnitude lower ( .01 - .05% Mo), with 
Cu the maj or ore metal. Size is comparable. No systematic explanation for 
the occurrence of these porphyry metal content variations is available, 
although Kestler (1973) has suggested Mo is more characteristically associated 
with continental land masses. 

Vein deposits have produced significant Mo in a few areas, espe cially 
Quebec. These deposits are high in grade (as much as several percent 
MoS2) but low in tonnage ; production of over 500 tons Mo metal from such a 
deposits is rare . Of perhaps greater importance is their association with 
larger porphyry-type deposits, which may tmderlie the richer vein-type 
mineralization. Vein deposits may occur in any ro ck type, but are most common 
in igneous rocks of composition close to that of porphyry deposits, or at con
tacts between other rocks and such intrusives. 

Sedimentary occurrences of Mo are common especially in black organic-rich 
shales and coals. Certain layers of the Phosphoria formation hold 50 to 5�0 
ppm Mo (.005 - .05% Mo) which might be recovered as a by-product of phosphate 
mining. Sampled portions of the Minnelus� formation in South Dakota carry 
70-3000 ppm Mo ; the higher value is of ore grade ( .3% Mo). If extractive 
techniques can be devised to re cover Mo ftom sedimentary accumulations, and if 
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sufficient volumes of higher grade shales can be outlined, large increases in 
molybdenum resources could result. No information on tonnage in known Mo
bearing shales exists. 

IV-I-2 Reserves and Resources 

Reserve and resource figures are compiled in Table IV-I-1. Presently 
operating deposits are included in the "reserve" column, all others in the 3X 
category. The chart reflects the incompleteness of information, both in the 
United States and the world, on molybdenum reserves and resources . Published 
U. S. data are quite conservative, and may be low by a factor of two or more 
(King, et al. , 1973). USGS Profess ional Paper 820 was used as the source of 
most data in the table, since other sources were essentially lacking. The 
author' s methods of estimation were not dis cussed, hence the accuracy of 
these estimates cannot be appraised. King ' s  estimate of Mo resources in the 
U. S. is 18 x 106 tons molybdenum metal. Estimates of Mo resources in porphyry 
Cu-Mo and other porphyry Mo deposits are derived from King, et al. (1973) also. 
Mo by-product reserves are calculated from incomplete tonnage and grade figures 
for producing U. S. porphyry deposits and may also be low by a factor of two. 

World resource figures are from King, et al. (1973), with minor additions from 
industry publications. Their accuracy is unknown, except where definite tonnage 
and/or grade figures are given. Future exploration will undoubtedly add signi
ficantly to known world reserves and resources. 

IV-I-3 References 
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Table IV-I-1 

Footnotes 

1The estimate of total reserves for the U.S. is conservative, based on 
published figures. True magnitude of reserves is probably closer to King, 
et al ' s. (1973) estimate of -10 x 106 tons Mo metal. 

2 3X resources of molybdenum may be underestimated. 

3 By-product Mo reserves were calculated from available producing porphyry 
deposits and published grade information;i data are incomplete. 3X colunm 
figure is modified from King, et al. ,  (1973). 

4 World reserve and resource figures a�e from King, et al. (1973) except 
where specific information on tonnage and/or grade is included . 

5 World 3X resource figures include an unknown tonnage of ore that could be 
classed as reserves; no more detailed breakdown of world occurrences is 
available. 



Country 
Deposit Name 

Jnited States 
Climax, Colo. 
Urad-Henderson, Colo. 
Questa, N. Mexico 
Others 

j 
Byproduct Mo 
Black S hales 
Lignites,S.Dakota 

U.S.  Totals 

�Ql._l'vPe 

Porphyry Mo 
I f  

I f  

I f  

1 1  Cu-Mo • 
�edimentary 

I I  

4 �tld 
Adanac, BC ! Porphyry Mol 
Endako, BC 1 1 1  11 

BC Moly, BC 11 " 

Boss Mt., BC " 1 1  

Byproduct Mo deposits,BC " Cu-Mo 
Other Deposits, BC 1 Porphyry 
Quebec, deposits t· Vein 
S. Ameri_can deposits orphyryCu-Mq> 
Australia ? 
Africa ? 
Asia 
Central America 
China 
Europe 
Greenland 
Japan 
Mexico 
Norway 
Oceania 
Puerto Rico 

World Totals 5 

? 

�orphyryCu-M(!) 
? 
? 
? 

Vein 
Porphyry 

? 

PorphyryCu-M<f 
�orphyryCu-M<b 

Table IV-I-1 
Molybdenum Reserves 1 Resources �----------�-------------------------------------,--

Reserve J:J I Identified Resources I Cm!!.ments 
Present Prices I 3X Prices I lOX Prices 

Tons 6
f· rade I Tons 61 Tons 6 prade I Tons 6 1 Tons 

6 I 
Grade Tons E ore x 10 %}1Q Metal�O ru=.exlO ! %Mo M.e.tal1:i0lo.rexl0 %Mo MetalnO 

1000 ? 
330 
5 60 

600 

2,200 

ND 

. 2 

.25 

.11 

,. 01-. 0 

�-1� . oi 

02-.os 

I I 
I 

i • 02 

I 

ND 

2. 
. 8  
.6 

2. 

5.41 

.24 

.5 

2.4 

.5 

. 1  

-4 

I 

I ND 
I 

large 
ND 
ND 

100 

200 
ND 

ND 

j 
I 

I 
ND 

µn-. OS 
�05-. 3 

l 
ND 

.14 

.12 
' .15 

; ND 
! 

1. 6 

1.8 
ND 

. 5 

3. 9 

.14 

.6 
ND 

2.0 
1.0 
3.3 
.05 

• 05 
3. 

.5 

.5 

.5 

. 1  

. 1  

.5 

. 1  

. 2  
-13 

! 
j 

i 

i 
I ' 
I 
; 
I 

I 
! 
i 

1 

i 

I 

I 
I 

I 
I 
I 

I 

H <: 
I 

\JI 
\JI 
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IV-J Niobium Reserves and Resources 

IV-J-1 Introduction 

Niobium is a metal that has grown rapidly in its applications during 
the period since World War II.  Annual production and c onsumption have grown 
from about 5 million pounds in the late  1940 1 s and early 1950 ' s  to  more than 
23  million pounds in 1974. Its uses in stainless steel and high-strength 
steel alloys are especially important . The growth in us e,  t ogether with the 
recognition of an entirely new and important class of niobium deposits , led 
to  an intensive search for niobium deposits in the 1950 ' s  and early 1960 1 s .  
Numerous deposits were identified , and it became evident that world reserves 
and res ources are very large relative to current or foreseeable demand for 
industrial purposes . The search for new deposits therefore slackened , 
although there has been intermittent exploration for niobium deposits in the 
intervening years . 

IV-J-2 Geologic Occurrence 

Most of the world ' s  niobiwn res ources are in deposits of three geologic 
types : 

1 ) Placer �edimentary) deposits 
2 ) Pegmatite deposits 
3) Deposits in alkaline igneous rock complexes 

Placer deposits are mostly c oncentrations of c olurnbit e-tantalite 
( Fe, Mn) (Nb ,  Ta )2o6 J along the channels of past or present river systems that 
drain areas in wnich weathering has released c olumbite-tantalite from the 
bedrock deposits in which it occurs . Deposits of this class on the Jos 
Plateau of Nigeria were for many years the world ' s principal s ourc e  of 
niobium and still yield about nearly 10 percent of world annual production. 
Deposits of this type in Bear Valley , Idaho , c ontaining the c omplex niobat e  
euxenite1 were worked during the 1960 1 s ,  and placer deposits of c olumbite
tantalite, mostly small , are found in many c ountries of the world. 

Pegmatite deposits have been s ources o:f niobium minerals for many decades . 
Most are small , but two unusually large pegltnatites in Zaire have c ontributed 
significantly to  world supply and are still c onsidered to  have substantial 
reserves . 

The great bulk of world reserves of niobiwn is in deposits ass ociat ed 
with alkalic igneous c omplexes that are now! known t o  exist on every c ontinent , 
except possibly Australia. It was rec ognit!ion of the presence of significant 
concentrations of pyrochlore [ ( Na , Ca ) 2Nb

2
( p , OH , F ) 7 J and related minerals 

in these bodies , in the late 1940 1 s ana: early 1950 ' s , that led t o  intensive 
prospecting and exploration in the ensuing decade. Many economic or near-

1 

economic deposits were discovered , and reserves which were established are 
enormous relative t o  present or foreseeable! normal industrial needs. When 
this had been established , interest in furt�er exploration waned. There has 
been little incentive t o  explore these depo�its fully , and published figures 
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on reserves and resourc es are unquestionably conservative. 

In the United Stat es , alkalic igneous complexes are known at a number of lo
calities scattered over the country , but substant ial niobium resources have been 
discovered thus far only in the Powderhorn Complex of western Colorado. 
Figures in tbe table are those of Temple and Grogan ( 196 5 ) .  Thes e authors ,  
however , stat e  that this reserve has been substantially increased by under
ground work and additional drilling . Furthermore,  niobium is known to be  
present in  substantial amounts in  the  mineral loparite [ ( Ce,  Na , Ca)

2 (Ti , Nb )
2

oh ] in rocks of the complex. There is thus the pos sibility of 
significant resources over and above those indicated by the publi shed data . 
At wbat price level niobium from thes e  resources would become available is 
not known . 

Niob. deposits in alkalic igneous complexes are often referred to as 
carbonatite deposits , because pyrochlore and related minerals are most 
commonly concentrated in bodies of carbonate rock that are int egral components 
of the complexes . Pyrochlore also occurs , however , in silicat e  rocks in 
certain complexes . Furthermore, whereas some of the world ' deposits  are in 
bedrock , some, including the world ' s largest and richest known deposit , at 
Arax� , Brazil , are deposits of residual soil accumulated as a consequence of 
deep weathering of pyrochlore-bearing carbonatites . Pyrochlore is concen
trated as more soluble materials are removed during weathering. 

IV-J-3 Reserves and Resourc es 

Reserve and resource data are present ed in Table IV-J-1. Those deposit s 
now in production are placed in the reserve category , those of s imilar grade but 
not in production are placed in the 3X category and those of low or questionable 
grade are placed in the lOX category . 

Much of the tonnage and grade data were previously compiled in USGS Prof. Paper 
820 , fp . 450-51 , but under a slightly different set of headings . Additional 
unlisted or unevaluated deposits were located by literature s earch and the 
deposits at least noted , if unevaluated . 

Information available i s  incomplete.  For many deposits , data cover only 
proved res erves. No firm estimates of future consumption or proces sing los s es 
are available. The quality of estimates of reserves is probably good , although 
conservative; deposits mineable it higher prices or demand levels have been 
estimated to contain about lOxlO tons Nb by Parker and Adams ( 1973 ) , this 
amount in addition to their s imilar estimate of presently "economically" 
extractable Nb. In this report the "reserve" cat egory is not as loos ely 
defined , being limited to the tonnages in deposits presently producing niobium ,  
rather than including depos its of similar size and grade which are not presently 
producers . 

As indicated previously , the real abundance  of Nb cannot be fully inferred 
from Table I ;  the number of discoveries of Nb-bearing deposit s  in the 1950 ' s  
together with the limited market for Nb dampened the development of such ores . 
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Total r eserves in most deposits have not been defined, nor is the ext ent of 
associated low grade mat erial known. For some deposits , published res erve 
figures have been incr eas ed on the basis of personal experi ence of the 
writ er of this r eport . 

Resources in the Unit ed Stat es ar e low, but there is some hope of 
new discoveri es in favorable alkalic rocks in the east ern Rocky Mountains , 
where three of the known U.S .  carbonatit es are locat ed. 

Alkalic rocks in general contain small amounts of niobium ; some carry 
up to several pounds per ton (Parker and Adams , 1973,  p. 448 ) . Recoverable 
concentrations of niobium might be  found in soils derived from rocks of this 
type, as has been the cas e in Nigeria in the Jos Plateau. 

Residues from processing bauxit e from Arkansas contain Nb , and they 
constitute a domestic resource. Recovery process es ,  however , have not been 
developed. 

Large pot ential resources present in alkaline complexes in Malawi and 
adj acent Mozambique cannot be evaluat ed due to lack of recent information. 
Several deposits in this region are known to contain niobium. 
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Country Geol . Ty-pe 
Deposit Name 

United States 
1 )  Iron Hill , Colo. Carbonat it el 

2 )  Gem Park , Colo. II 

3 ) Rocky Boy ,  Mont . II 

4 )  Potash Sulfur Spgs., 
Ark. II 

_2) Magnet Cove , Ark. II 

6 ) Bear Valley , Idaho Sedimentary2 
7 )  Elmore Co. , Idaho II 

8 ) Bauxite deposits .  Ark By -oroduct3 

�otals ,-v .13 x 106 tons Nb 

World 
1 )  Lake Nippissing ,  Ont Carbonat it e 

__ 2 ) L a!kner Lake , Ont. II 

3 )  Manitou , Ont . I I  

4 ) Chapleau , Ont . II 

5 ) James Bay , Ont . II 

6 ) St . Honore, Que. II 

__ 7 ) Oka , Que. II 

8 )  Prairie Lake , Ont . II 

9 )  Bugaboo Crk , B. C . Sedimentary 

10 ) Fen , Norway Carbonatit e 
11 ) Save , Finland I I  

_lg_) Araxa, Brazil 
II 

13 )  Tapira , Braz il 
II 

14 ) Lueshe ,  Congo II 

15 )  Bingo , Congo II 

16 ) Placers , Congo Sedimentary 
_!1) Mrima Hill, Kenya Carbonat ite 

18 )  Kaffo Valley , Nigeria 
Alkali Granite4 19 ) Jos Plateau , Nigeria 

20 ) Sukulu , Uganda Carbonatite 
21 ) Oldonyo , Tanzania I I  

22 ) Panda Hill . Tanzania I I  

-l6x106 ' 
'OTA.LS tons Nb 

Niobium ( Columbium ) Resources 
Table r· J-1 

Reserves Ident ified Resources 
Present Prices 3X Prices lOX Prices 

Tons Ore Grade Tons Tons gre Grade Tons Tons Grade 
x106 %Nb Metai xlO %Nb Metal Ore %Nb 

xlO,. x105 x106 

40 . 175 • 7 
ND .035 

ND ND 

ND ND 
12 .06 

200.0 yds3 ND .06 
ND ND ND 

54 05-.15 

.06 . 7 

5 .49 .2 
50 18 

ND .56 .6 

35 .28 1 . 
40 .35  1.4 

100 .35  3 .5 
225 .0 .24 5 .40 

ND ND ND 
65 yds3 .071b/ 

yd3 
.04 

ND 1-.35 ND 
ND ND .6 

300.0 2.10 63 .00 lOQQ 1. 65 165 
10 .35  .4 
30 .94 2 .8 

7 .1 1 . 7-2 . 5 1.4 

ND ND .4 

56 .47 5 .1 
140 .18 2.5 

200+ ND 
400 . 25 10. 0  200 ,_. 15 3. 0 

ND .24 ND 
ND .2- .5 ND 

-78 
-190 

Comments 

Tons 
Metal 
x105 

ND Possible deeper 
ores 

ND 

ND 
.1 -

.4 

. 5 

.9 
Uncertain ID • 

"Abundant pyro-
chlore" 

.7 Uncertain 

*6 
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IV-K. -Summary Report on the Availability of Metals for the UWMAK-I Reactor 

IV-K-1. Introduction 

Five factors will govern the availability of metals for a Tokamak Reactor 
of the U. W. type in the year 2000 A.D. 

1) The size of known reserves of metals and ores 
2) Mine production capacity 
3) The ability of the United States to compete in world markets for 

those metals that must be imported. 
4) Smelting and refining capacities 
5) Manufacturing capacity for alloy production and production of final 

shapes 
The availability of each metal listed in the b ill of materials for the 

U.W. Tokamak Reactor must be evaluated separately in terms of these factors. 
This . section is a preliminary evaluation. It serves to indicate that 
each metal on the list will present its own peculiar problems of procurement. 

In Table1 : K-l, metal requirements for the construction of 106 MWe Tokamak* 
capacity are listed, together with estimated U. S. reserves at present and 3X 
present prices, U.S. conspumption and production of each metal in 1973, world 
reserves at present and 3X present prices, and world production of each metal 
in 1973. In any one year, world production is approximately the same as 
world consumption. 

IV-K-2. 316 ss 
Metals required for 316 SS are iron, c hromium, nickel molybdenum and 

manganese. 

a) Iron: U.S. iron ore reserves at present prices are ample to sustain 
normal consumption plus reactor requirements well beyond the year 2000. T he 
total requirement of 106 MWe, even if produced in a single year, would require 
gnly. a 95% increase in U.S. iron ore production of 1973, not a serious matter. Unless 
steel mills happened to be operating at full capacity for normal requirements, 
there would be no maj or problem there. 

b) Chromium: There are no U.S. reserves of chromium at present prices. 
At 3X J:)resent prices, domestic production of chromium to attain approximately 10% of 
the 10° MWe target would require tapping the chromite deposits of the 
Stillwater Complex, Montana. The mine and mill would have to be restored, 
and there would have to be adj ustment of American metallurgical practice to 
permit use of the low grade concentrates t�at would be produced. Satisfactory 
procedures for controlling mine and mill waste would have to be developed. 
The proposed copper-nickel mining operatio�, by Anaconda Copper Corp., at the 
same site has met strong opposition from en,vironmental groups. A lead time 
of 3-5 years would probably be needed, and .. for economy, production should be  
spread over a 15 to 20-year period. 

Supply of chromium from sources abroad is a much simpler problem, provided 
that access to these supplies can be had whien they are nedded. World reserves 
are ample to supply the target amount, eveni allowing for consumption between 
now and 2020 A.D., but an increase in mine il)roduction capacity over and above 
normal capacity would be required. If spread over the period 2000 to 2020, 
however, the increase necessary would not b� large. Corresponding increases 

*This is the amount of electricity that wou�d represent 1/3 of the proj ected 
U.S. installed capacity in the year 2020. (UWFDM-82, Aug. 1973). 
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Metal 
Reg. For 
10 MWe --

TABLE K- 1-r- tJ .  'W . TOKAMAK F"SACTOR 

Data Relating to Metal_ Avai!abil1ty_ (All Quantities 

1x.±1 3xY 
U . S. Reserves 

U . S. 1974 U . S . 19 7 4  3/ Production3/ Consumption-

in 106 m . t . )  
World - Ex - U . S .A. 

Reserves 
���i�x-1�/ 3x21 1974 Prod . 

304 & 3 16SS!/ 56 . 89 

Fe 86 . 87 2000 > 10 , 0 00 

Fe Ore ( 1973) 

Cr 

Ni 

Mo 

Mn 

Ph 

Cu 

Li 

B 

Nb 

Ti 

Al 

11 
y 
y 
y 
.Y 
y 

10 . 55 

7 . 95 0.2 

0 . 70 5 .  4-

1 . 1 3 0 . 0  

13 . 9 0 59 . 0 

7 . 42 >90 . 0 

1 . 1� 0 . 50 

1 .  07 10 . 1  

0 . 09 . 0054-

0.05 > 34 . 0 

0 . 68 ""-"2 . 0 

Reserves at present prices 
Reserves at 3X present prices . 
Primary metal only .  

1 . 53 

rvl 6 . 0  

> 2 . 08 

>10 . 0  

>100 . 0  

3 0 9 

Large 

.06 9 

-' 2 9 . 0 

.).1000 . 0 

316 SS taken as Cr - 18%- Ni - 14%- Mo -' ' 
Primary metal from domestic bauxite . 
Free World only . Ti me tals only . 

91 . 4-9 ca 91 . 0 24-6 , 000 . 0  413 . 0 

88 . 0  14-2 . 0  725 . 0  

0 . 0  0 . 4-8 370 . 0 890.0 - 2 . 0 

0 0 015 0 . 2 0 -..i24- . 0  ?906 . 0  . 67 

0 . 06 0.0 27 r',.I LJ. . a "-' 13 . 0 . 02 1  

0.0 ca 0 .81 - 9 . 0 

0 . 68 0 .82 160 . 0 >500 . 0  2 . 81 

1 .  70 1 .  79 >300 . 0  ..)500 . 0 5 . 75 

0 0 003 0 . 003 l . 3J./ 0 . 2  . 002 

-0.18 0 . 15 10 . l  >0 . 15 

0.0 0 . 001 7 . 00 17 . 2  - . 006§_/ 

ca O .  2 9�_/ o . 200Y 14-7 . 0  -.1 . 0 2sY 

0 . 40V 4 "  86 2000 . 0  13 . 4-

2% ; Mn - 2%; Si - 1 .  0%; Cu-1 . 0%-; Fe-62%; 3 04SS as Cr-20%; 
Ni-12%; Mn-2% and Fe-66% • 

Of this amount 1 . 1  x 106 tons is Li estimated in brines of the Salar de Atacama; the validity of this 
estimate is ·in question . 

�/ Titanium content of titanium minerals p roduced and consumed . 
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in smelting and alloy production capacities would be required. I should point 
out here that all major sources of chromium ores known in the world today are, 
to some extent, politically unreliable, particularly over the long term. 
The countries are Soviet Russ ia, Turkey, Rhodesia, and South Africa. Between 
to and 70% of the world ' s  known reserves of chromite are in South Africa or 
Rhodesia. Both face difficult racial and political problems during the 
remainder of the century. 

c) Nickel: U.S. reserves of nickel at present prices are very small and 
will be largely depleted by mining between now and the end of the century. 
Reserves of nickel at 3X present prices are largely in the Duluth Gabbro 
C omplex in Minnesota. There are no mines operating in the CompleJt: at the 
present time. There is only a very small domestic smelting and refining capacity. 
Inasmuch as the target amount is 40 times U.S. annual consumption of nickel in 1974 
at leas t a 200% increase in alloy production and fabrication facilities per year 
will be required during the period 2000 to 2020. 

World reserves of nickel at present prices are very large relative to 
the target amount, and new reserves are being developed. The sources of 
of nickel are now spread fairly widely over the world, and this provides 
some assurance of future availability. In addition, the rapid progress of 
research and development of the deep sea nodule deposits gives promise 
of availability of very large amounts of nickel from that source. U.S. 
organizations are active in this work. 

d) Mo lybdenum: The U.S. reserve position for molybdenum is very good. 
It is likely that reserves remaining toward the end of the century will 
be adequate to supply t he target requirement at present prices, or certainly 
at 3X present prices. The target requirement is 5X present annual U.S. 
production of molybdenum. The U.S. is currently exporting 30 to 40 percent 
of annual production, There should be no great difficulty in meeting the 
106 MWe requirement, if necessary increase in production capacity is 
planned properly in advance. 

e) Manganese: The U.S. has no reserves of manganese at present prices, 
being totally dependent on sources abroad for its manganese supply. At 
3X present prices ,  however, the target requirement could be met from domestic 
resources.  It s hould be emphas ized, however, that a 5-10 years lead time 
would be required to achieve s ignificant U . S. production from these resources, 
s ince every one of them presents difficult metallurgical problems. In the 
smelting process, some increase in capacity would be required. 

Summary for 316 SS: From the above it is  evident that the most serious 
raw metal procurement problems are those f9r chromium and nickel. There 
could be an additional problem of creating additional capacity for the 
manufacture of 316 SS. 

IV-K-3 Lead 

Lead presents one of the most serious problems of metal procurement for 
the U. W. Tokamak Reactor. The target requlrement is equal to nearly 4 times  the 1973 
world annual production of lead, and it is 24 times U.S. annual production. · 
The latter, in turn, is only 6 7% of U.S. n�rmal annual consumption. Both world 
and U.S. reserves of lead at present prices are large, but major increases 
in mine, mill, smelter, refinery and manufacturing capacities would be neces sary 
in order to meet the 106 MWe requirement by the year 2020. These increase s  
would be over and above those needed t o  meet the predicted 1.7 percent per year 
increase in world consumption for non-nucl�ar purposes. To the extent that 

-
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international competition for lead supply restricts the availability of lead 
to the U. S.,  large increases in U. S.  mining, smelting, and refining capacity 
would be required. This could be a maj or problem. The U.S. lead industry 
presently is beset with serious environmental problems. Overcoming these is 
requiring large capital investments. The development of world and U.S. 
lead-producing industries should be watched carefully between now and the end 
of the century. It is possible that availability of lead could set a limit 
on the rate of development of generating capacity in fission reactors. 

IV-K-4 Copper 

Copper presents essentially the same problems as lead. It is difficult 
at this point to j udge their potential severity. U. S.  and world reserves of 
copper are extremely large relative to present rates of production. On the 
other hand, demand for copper is rising, and there is a great deal of concern 
over the ability of the U.S .  copper mining industry to maintain even the 
present mining rates. Like lead, the copper industry is plagued with 
environmental problems and with the problem of restricted access to areas 
that offer promise of discovery of new deposits. Access to such areas is 
absolutely essential if even the present production rate from U.S.  mines is 
to be maintained to the end of the century. 

IV-K-5 Lithium 

The problem for lithium is not one of reserves. A very large proportion 
of world reserves, at present prices and 3X present prices, is in the U.S .  
The problem here is one of mine production capacity. The target amount for 
106 MWe is more than 200X present annual U.S . production. It is vefy difficult 
to see how more than a ten-fold increase in mine output can be achieved by the 
recov�ry methods currently in use. Inasmuch as large amounts of lithium are 
essential for the operation of any D-T reactor. I would stFongly recommend 
that the matter of scale lithium production be explored with .the lithium .mining 
industry well bef ore the end of the century ! The available reserves of lithium 
are impressive, but their size gives no assurance that lithium can be produced . at 
the necessary rates. - �  

IV-K-6 Niobium 

U.S.  niobium reserves at present prices are less than 5%  of  the target 
requirement and, allowing for incomplete recovery of the metal from ores, not even 
adequate at 3X present prices. There is no niobium mining industry in the 
United States, and the alloy-producing industry has an annual capacity that 
is only about 1/60 of the target requirement. Total world production of niobium 
at the present time is only about 1/15 of the target requirement. World reserves 
are ample, but a very large increase in mining, smelting, alloy production, 
and fabricating capacities would have to be achieved. A substantial lead time 
is indicated. 

IV-K-7 Titanium 

Titanium is no problem from the standpoint of reserves available. The · 
target amount is not large--it is approximately equal to current annual production 
of titanium metal. S ome increase in metal producing and fabricating capacity 
would be required. 
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The United States has about half of the world reserves of boron. These 
are large relative to present production and consumption, and the U.S .  is 
currently an important exporting nation. Eyen against the target requirements 
for 106 MWe, reserves are large, but there is a problem of rate of production 
if the target amount is to be achieved. This is approximately five times 
current annual rate of production, so that boron presents the same problem 
as lithium on a reduced scale. 

World reserves of boron are large, ancl U. S.  and world reserves at 3X 
present prices are unquestionably enormous • . 

IV-K-"9 Aluminum 

U.S. reserves of aluminum ore are smai1 at present prices ,  but it appears 
likely that by the end of the century the iµdustry will be at least partly 
converted to use of clays, shales , and other lower grade metals available in 
enormous amounts in domestic deposits. The . target amount is small relative 
to present metal production and fabricating ' capacities . Aluminum should, 
therefore, present no serious problems . 

IV-K-10 Summary 

From the above discussion it is evideµt that the most severe problems 
of metal availability are presented by chro�ium, lead, copper, boron, lithium 
and niobium; but nickel may also be somewha� difficult to procure in adequate 
amounts, especially from domestic sources. : The general conclusion that one 
can draw from this appraisal is that in ord�r to insure availability of the _, 
metals needed, the necessary increases in ptoduction ca1Jacity at all levels 
must be initiated well in advance of reac tor coDs i:ruction. It is most essential 
that as soon as firm c hoices of reactor designs have been made, target amounts 
of metals be made known to the producing industries, and that they be 
encouraged to undertake promptly the development of neces sary production capacity. 

From the standpoint of industry , the tontinuing level of d emand for metals 
for use in nuc lear reactors is a matter o f  critical importance, s ince it governs 
the rate at which capital investments in mining, smelting, refining, and 
fabricating facilities must be amortized . It is therefore important that we 
arrive at figures for the amounts of the metals that will be required at various 
stages of development of the nuclear fusion ' energy industry. Estimates must 
be made of the amounts of metal that will be required both for construction 
and for maintenance of generating capacity . This will have an important bearing 
on industry plans. 

-



V.  Economics 

A. Introduction 

V-1 

The primary measures of the practicality of a power plant design are 
the reliability and cost of the electricity produced. Reliability is 
primarily a function of the plant des ign and the dependability of the fuel 
s upply but will not be discussed in detail here becaus e  the design and 
operating details of UWMA..T(-I are not known well enough.  We can only ass ume 
that the plant will be designed, built and operated s uch that it has 
adequate reliability. The reliability of the fuel s upply is essentially 
100 percent since it depends on purchase of relatively small amounts of 
readily-available deuterium and proper d es ign and operation of the tritium 
recovery systems within the plant. The environmental costs , were discussed in 
Section III . The purpose of the remainder of this section is to describe the 
economics of UWMAK-I and estimate the cost of the electricity produced. 

The cos t of electricity produced in a power plant is determined 
primarily by the operating costs, the fueling costs, the capital costs, the 
amount of e lectricity generated, and the financial conditions for the 
utility operating the plant. Each of these primary factors is address ed 
below. 

Firs t, the plant operating cycle is des cribed. Because Tokamak reactors 
have a unique operating cycle in comparison to conventional power plants , 
it is important that the operating cycle is unders tood well enough that 
the plant factor and operating costs can be estimated. The s econd s ection 
then determines the plant factors that appear attainable. It is des irable 
to have the plant factor as large as poss ible s ince the electricity 
production is essentially proportional to the plant factor, and the unit 
cos t of electricity generally decreases as the plant factor increases. In 
addition, the plant factor s hould be high enough that the plant can be 
considered a reliable s ource of electricity during the s eas onal peak periods 
of elec tricity consumption. In any case, the plant factor mus t be known 
before the electricity production and unit cost can be estimated . 

The third section describes the UWMAK-I capital cos ts and presents 
the philcs ophy and basic assumptions used during development of the capital 
costs. The fourth and fifth sections estimate the electricity unit costs. 
Firs t, the annual operations, maintenance, and fueling costs are estimated. 
Ti!ese costs are then combined with the annual return on capital to determine 
the annual electricity cost and resultant electricity unit cost. . All costs 
in this paper are on the bas is of 1974 dollars .  

V-B. The UWMAK-I Operating Cycle 

The UWMAK.-1 has a three phase operating cycle c onsisting of 
1 The initial loading and heating to ignition and operating conditions· ; 
2. Tlie fuel burning period ; 
3. The plasma s hutdmm, reactor evacuation, and transformer res et period. 
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During operating periods* this cy cle is repeated at about 95 rninut� 
intervals as shown on Figure V-1. The operating conditions for each of 
the major equipment items throughout the operating cycle are shown on 
Figure V-2 . 

The equipment conditions listed at the upper left of Figure V-2 are 
the base conditions created during the startup preparation period at the end 
of an outage . At that time, the reactor divertor system is at its normal 
operating temperatures with all coolant and most vacuum systems operating. 
The cryogenic systems are holding the magnet coils at about 4 °K .  The Li 
and Na systenIB associated with the divertor are at the normal operating 
temperatures because of heating by use of the startup heaters. The core 
has be2n evacuated to 1 x 10-S torr by the vacuum system, and the currents 
in the transformer have been reversed in preparation for startup of the 
next cycle . 

These initial operating conditions are repeated at the beginning of 
each cycle . However, after the first operating cycle following an outage , 
the Li and He systems are maintained at the normal operating temperatures 
by heat due to the fusion reaction . The startup heaters are shut off as 
soon as ignition occurs in the first operating cycle following an outage . 
They remain off during the rest of the operating period . 

At the beginning of an operating cycle , the transformer current is 
reversed into the normal operating mode , and the core is loaded with a 
fuel mixture of 50% D and 50% T until the pressure reaches 2 . 3  x 10-3 torr. 
During the next 100 seconds, as the plasma current increases , the currents 
in the vertical field (or divertor) coils are increased at the same rate 
as the plasma current. The plasma temperature rises during this period as 
a result of ohmic heating . 

At 1 00 seconds, the neutral beams are turned on for a 20 second period 
to heat the plasma to ignition and then to the equilibrium operating conditions. 
Ohmic heating alone will not provide sufficient heating . The ignition occurs 
10 seconds after the beams are turned on but the beams continue operating 
for another 10 seconds until the stable operating conditions for the plasma 
burn are achieved . During this latter 10 second period, fuel inj ection 
begins and raises the average ion densi ty from 4 x 10l3cm-3 to the operating 
value of 8 x 1013crn-3 , 

At the beginning of the burn period, the neutral beams are turned off 
but fuel injection continues for the entire burn period. The fuel is 
assumed to be injected as solid (DtT) pellets . The cryopumps are valved 
into the vacuum system duri ng the initial operation to assist in maintaining 
the desired vacuum. 

------· ----·· - ----
>� An o'J:: :c·a ting p2riod is defined , ,s a period of time in which the operating 

c :TcJ. 0 is  repeated ,vithout interrupt ion er pause between opera ting cycles , 

__ , 
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"1-· :  

--.. . .. .. . .. ... --------·--- > 

Une operating cycle 
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Fig. V-l The U'vJMAK-I Operating Cyc le 

Phase 3 

50 Sec 110 Sec. 100 Sec. 
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Purge Coil Reset Rise Time 



At end of prestart
up period : 

1. Lithium and 
sodium systems near 
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by use of startup 
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Core Loaded with 50% D-T mixture to 23 x 10-3 
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Transformer current reversed. 

Divertor current turned on and gradually increased for 10 sec. 
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The reactor system is designed t0 have about a ninety minute burn 
period .  The transf ormer coils are designed to have adequate current capacity 
to maintain the plasma current during the burn phase. 

The burn is terminated by cooling the plasma below the ignition temper
ature. This is done by shutting off the fuel inj ectors and inj ecting impurities 
which increase the heat transfer to the wall by radiation. At the same time, 
the cryopumps are isolated from the reaction chamber to avoid s wamping them 
with impurities . The transformer and divertor currents are reduced to zero 
over a 110 s econd period. 

The reaction chamber then is purged with deuterium gas to reduce the 
concentration of impurities low enough that the s ubsequent evacuation to 
1 x 10-5 torr will reduce the quantity of impurities to the desired amount 
at the beginning of the next burn period. The transf ormer coils are then 
reset over 110 s econds to the desired currents at the s tart of the next 
operating cycle. 

V-C. Fus i on Reactor Plant Faclor 

The plant factor f or a power plant is defined aa the ratio between the 
actual power generation and the power generation that would occur if the 
plant operated 100 percent of the time at the design power level. The plant 
factor is always less than 100 percent because of (1) outage time f or 
maintenance (and refueling, in s ome cases) and (2) operation at less than the 
design level during startup periods and periods of time when there is not a 
need for all  the electricity which could be generated . 

The plant factor for the UWMAK.-I will be determined primarily by 
four factors : 

1. The time required f or wall replacement outages, 

2. The amount of unscheduled outage time due to miscellaneous equipment 
fai] ures and transmission sys tem abnormal conditions, 

3. The average length of the plasma burn, and 

4 .  The length of the reactor rej uvenation time between plasma burns . 

Each of these f our factors will be brief ly discussed and then a general 
correlation between these factors and the plant factor will be made. 

V-C-1. The Biennial Wall Replacements 

The inner wall is des igned t o  last two years before replacement is 
necessary to prevent failure. During each two year period, the inner wall 
in each of thE: twelve reactor segments will be replaced as described 
in Chapter IV. 

The optimum schedule for replacing the wall segments is determined by 
making an economic balance of (1) the costs f or keeping spare wall segments 
in inventory, (2) the costs f or replacement of the s egments, and (3) loss 
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o f  j n-::ome from sale of electricity during the outage periods. The cost for 
keeping spare segments in inventory is quite large and is directly proportional 
to the number replaced per outage. This cos t  decreas es as the interval 
between outages decreas es. Both the costs d ue to replacement of the segments 
and the loss of income from sale of electricity increase as the interval 
between outages decreases because the amount of outage time increases . 
(More time is required to prepare for the replacement and to prepare the 
reactor for operation after the replacements are completed . )  

An economic balance for UWMAK.-I s hows that the optimum wall replacement 
interval is between 4 and 6 months. (See Table V-1) This interval would 
res ult in an outage during the spring and fall of each year when most  
utilities have minimum demand for electric�ty. Therefore, a 6 month replacement 
time was chosen for UWMAK.-I. 

During the wall replacement outages, all routine maj or outage maintenance 
would be done. This includes s uch items as periodic ins pection and maintenance 
of the turbine-generators, inspection and maintenance of large motors and 
pumps, etc. Als o maj or equipment modifications would be done. 

V-C-2. Unscheduled Outage Time 

All power plants are plagued by numerous outages due to minor equipment 
failures, loss of transmission system, etc. In addition, it is probable 
that a segment of the fusion reactor will occas ionally have to be replaced 
because of a failure in one of the heat transfer walls, the inner wall, the 
divertor system, or the magnets. If s uch a replacement is necessary, it 
probably could be done rapidly (in less than a week) because a spare s egment 
would be kept ready for installation. * The failed segment would be simply 
moved to a storage cell, and the spare put in its place. The failed segment 
then would be repaired during the s ubsequent reactor operating period. 

An exact estimate of the amount of miscellaneous outage time cannot 
be made because the design of s ome of the equipment is not known at present. 
However, based on initial operating experience at nuclear power plants, a 
total mis cellaneous outage time of four weeks per year appears reasonable. 
It s hould be noted that this four weeks per year of outage time represents 
the average conditions for ,  a debugged reactor sys tem. The initial operating 
period for large nuclear reactors has required more than four weeks per 
year of mis cellaneous outage time (or equivalent loss of time due to operations 
at less than design power level. ) 

V-C-3. The Length of the Burn Period 

The current design burn period is expectP.d to be 90 minutes . If the burn 
is for a s horter time period, the plant factor is reduced because a larger 
fraction of the available reactor time is useci for rej uvenation periods 

(which are relatively insensitive to burn time). 

* A total of four complete spare segments would be kept in inventory. During 
each wall s egment replacement outage, three would be installed on the reactor. ' - I 
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TABLE V-1 

Wall Replacement Costs for UWMAK-I 

Intervals Number Annual Annual Costs - millions of dollars 
Between Segments Outage Segment Outage Los s  
Replacement Replaced Time Inventory Costs of 
Outages Per outage* (days) Costs Income Total 

2 yrs. 12 20.5 37 0.58 7 . 4  4 5  

1 yr. 6 23 18 0.66 8.3 27 

6 mo . 3 28 9 0.8 10 19.8 

4 mo. 2 33 6 0.94 11. 9 18.8 

3 mo , 1 38 3 1 .  09 17.3 21. 7 

Basis : Outage time (days) = (3) (No ,  segments replaced) + (5) (No. outages) 

Inventory cos t ($) = (20,300,000) (No ,  segments replaced/outage) (0.15) 

Outage labor costs = (Annual outage time) x ( $ 28,500/day) 

Loss o f  income is 10 mills / kWh. or $360, 000 per day 

* Eqmd s number segments in inventory in order to perform out ages . 
Does not include one additional segment in inventory to ccvcr failures 
immediately following a replac <:'.ment outage. 
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It is assumed that during the burn period, the average thermal power 
will equal the design power level of 5000 MWt · This is a reasonable 
assumption because the life of the inner wall is determined primarily by the 
total number of neutrons passing through the wall not by the flux . Minor 
fluctuations of the thermal power level around the design level should not 
have a significant effect on the wall life as long as the average power 
level is 5000 MWt • 

V-C-4. The Length of the Rejuvenation Period 

The rejuvenation period is essentially a non-productive time for heat 
generation.  Any fusion reactions occurring during that period represent a 
minute fraction of the total heat generation. As explained in Section V-B 
the rejuvenation period is estimated to last approximately 390 seconds. 
During the time when the £us.Lon reaction is shut off, the reactor is 
evacuated, the ree.ctor is refueled, and the fusion reaction is re-established. 
The various actions during this period will have to be controlled by auto
matic control systems because of the numerous sophisticated actions that 
are necessary in a short time period. 

Experience or detailed design may demonstrate that the rejuvenation 
would require a different time period. However, a cha�ge in the length 
of the rejuvenation period will not have a significant effect on the plant 
factor if the burn period is as long as 90 minutes and the rejuvenation 
period does not increase significantly. (See Figure V-3 ) .  

V-C-5. The General Plant Factor Correlation 

The plant factor is cefinej 2s : 

, whE·re 

Ha is the actual heat produc t i on during a time period , and H is the 
maximum possible heat product ion during the same time period� If it is 
assumed that UWMAK-I operates at the design power level throughout its 
burn periods, the annual heat production can be stated as : 

, 
T

b 
Ha = (P

d
) (T

b
+ T

r
) (WY 

- Wuot 
- W

sot) 

whf'r2 

pd is the design power level (:MWt ) 

Tb is the average burn time (seconds) 

Tr is the average rej uvenation time (seconds ) 

w is the number of Wf'.eks in a year , y 
w uot is the number of weeks of unscheduled outc:.�E time in a year, 

and w is 
sot 

the number of weeks of scheduled outage time in a year. 
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The 1:1aximum possible heat generation is the amount of heat that would 
be generated if the reactor operated in the burn mode throughout the year. 
Therefore: 

Ht
= (Pd) (Wy) 

The plant factor is then given by 

w - w - w 
) (

�y��u_o_t���s_o_t
) w 

Figures V-3 to V-5 present general correlations between the plant factor, 
the lenr,th of the burn, the length of the rej uvenation period and the length 
of the wall replacement outages. The star represents the design 
conditions. 

In general, the correlations show that a plant factor of about 80% can 
b,� achieved with reasonable values of the design parameters . To achieve 
130% plant factor, the permissible values for each of the design parameters 
are a !)c· q r  � 

L an outage time of 4 weeks each year for wall replacement 

2. an outage time of 4 weeks each year for unscheduled maintenance 

3 ,  a 90 minute burn time, and 

4 .  a rejuvenation period length of about 390 seconds. 

Tt1 coughout this analysis of plant factors, it has been assumed that 
the totc:1 1  electricity prod11ction will be proportional to the heat generation. 
This assumption is correct only if the design of the heat storage system is 
adjusted whenever the lengths of the burn and rejuvenation periods change 
so that the inlet steam conditions to the turbine generator are the same 
for all operating schedules . If the heat storage system design is not adj usted , 
a correction factor must be added to the plant factor equation to compensate 
for the changes in thermal efficiency as the lengths of the burn and rej uvenation 
period changes. 

V-C-- 6. Summary 

A p lant factor of about 80% can be achieved for UWMAK-I with reasonable 
,nlues uf design parameters. To achieve this plant factor, it is necessary 
that the total outage time per year be no more than eight weeks when the 
rejuvenacion time is about 7 percent of the total time for the reactor 
burn and rej uvenation. These conditions are satisfied by the design 
conditions of a 90 minute burn, a 390 second rej uvenation time, four weeks 
of uns ,_, · : .::duled outage time per year, and four weeks of scheduled outage time 
1)'. r year for wall replacements. 
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V-D. Capital Cos ts 

The capit al costs for UWMAK-I were estimated by use of standard preliminary 
capital cost estimating procedures. The primary guide for estimation of the 
capital cost was the document NUS-531 "Guide for Economic Evaluation of Nuclear 
Reactor Plant Design. ' 1 (1) That document presents the general philosophy, 
procedures, and record tables for estimating all costs for a power plant. 

A conservative approach was used in estimating the capital costs . Past 
experience has demonstrated that advocates of new facilities frequently under
estimate the capital costs because of optimism in design and failure to include 
sufficient contingency for unforeseen difficulties. In this analysis, the 
construction costs were deliberately overestimated whenever uncertainties 
existed. As an example, current maximum equipment sizes were used whenever 
there was any doubt that larger equipment could be produced. This eliminated 
the economies-of-scale that might be realized by use of larger equipment or by 
increases in quantities manufactured. 

No attempt was made to develop detailed designs for the numerous small 
support systems. It became apparent early in the effort that order-of
magnitude costs for such items would be adequate. Large errors in these costs 
would have no significant effect on the total capital costs because they 
cause a smal l fraction of the total costs . 

Most of the coats were estimated by use of standard costs per unit of 
material. After development of a general design for a facility, the quantities 
of material needed for construction of that facility were estimated and then 
multiplied by the standard cost per unit of material to obtain the installed 
cost. The standard unit costs are presented in Table V--2.  

The estimated capital costs are presented in Tables V-3 and V-4.  Table 
V-·3 present s the summarized costs by maj or plant components. Table V-4 
presents a breakdown of the costs in the greater detail developed during the 
cost estimating . The basis for each of the costs is presented in Appendix A. 

Several reference documents were used to obtain quantity requirements 
and unit costs. These costs were adj usted as appropriate for differences in 
size and for cost escalation . The primary s ource of information was WASH 
1230 (Vol . 1 ) . (2) 

References 

1 .  NUS-531, "Guide for Economic Evaluation of Nuclear Reactor Plant 
Designs , "  NUS Corporation , January, 1969. 

2. WASH-1230 (Vol. l), "Press urized Water Reactor Plant, 1000-MWe Central 
Station Power Plants - lnvestment Cost Study," United Engineers and 
Contractors, June, 197 1 .  
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TABLE V-2 

Standard Mdt2rial Unit Costs 

Materi9.l 

Argon 

Deuterium 

Helium 

Lithium 

Nitrogen 

Sodium 

Tri.ti um 

B/; 
Stainless Steel 

Lead 

Sheet or bulk usage 

Special sh apes 

Zirconium get ter 

Yttri11m �;ettr,r 

Concrete 

Alloy St eel 

Struct ural 

S pecial shares 

Nb-Ti 

Copper 

Copper matrix 

Copper stab ilizer 

Copper conductor 

Aluminum 

Alu minum cond uctor 

Purchase 
co�,t 

$0 . 80/kg 

$440/kg 

$1 .  22/1. 

SlO/kg 

$0.25/1  

$0 . 55/kg 

No cost)'t 

$6.60/kg 

$33 .00/kg 

$1 . 10/kg 

$2.20/kg 

$ 3 . .30/kg 

*Mature industry assumed with a surplus of tritium 

Installed 
Cost 

------
------
------
------
------
------
------
$ 3/kg 

$8 . 80/kg 

$17.60/kg 

$0.60/kg 

$45/kg 

$3 30/kg 
$206/m3 

$4. 40/kg 

up to $13 .20/kg 

------
------
------
------
$4. 29/kg 

$1.10/kg 

$5 . 50/kg 
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Table V-3 

Cost data 

(Prices are Present Day and Based on a 40 Hour Work Week) 

Account 
Number Account Title 

DIRECT COSTS : 

Nondepreciating Assets : 

20 Land and Land Rights 

Depreciating Assets : 

26 Special Materials 

Fhysical Plant 

21 Structures and Site Faci lities 

22 Reactor Plant Equipment 

23 Turbine Plant Equipment 

24 El2ctric Plant Equipment 

25 Mi scellaneous Plant Equipment 

SU B-TOTAL Physical Plant 

INDIRECT COSTS (All Depreciating Assets) : 

91 Construction Facilities, Equipment 

92 Engineering Services 

93 Other Costs 

94 Interest During Construction 

SUB-TOTAL 

SUB-TOTAL (Total Depreciating Assets) 

TOTAL PLANT CAPITAL INVESTMENT : 

CCS T  PER KILOWATT GENERATED 

Total 

$ 1, 200, 000 

2 8, 290, 000 

139, 807, 000 

573, 636, 000 

170, 580, 000 

142, 859, 000 

9, 410, 000 

1, 036, 292, 000 

2 4,300, 000 

48, 500, 000 

76, 600, 000 

2 18, 618, 000 

367, 018, 000 

1, 431, 600, 000 

1, 432, 800, 000 

971 



Account 
Number 

20 

201 

202 

21 

211 

. 1  

. 11 

. 12 

.13 

.14 

. 15 

. 151 

. 152 

.153 

.154 

.155 
.16 

.161 

.162 

.163 

. 164 
.17 
.18 

• 2 
• 21 
. 22 
.23 

• 3 
. 31 
. 32 
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TABLE V-!f 

COST DATA 

(Prices are Present Day and Based on a 40 Hour Work Week) 

Account Title 

Land and Land Rights 

Land and Privilege Acquisition 

Relocation of Buildings, Utilities, 
Etc. 

TOTAL - ACCOUNT 20 

S tructures & Site Facilities 

Site Improvements and Facilities 

General Yard Improvements 

) 
) 
) 
) 

Grading, General Excavation and/or Fill and 
Landscaping 
Roads, Sidewalks & Parking Areas 
Ret aining Walls 
Fences, Railings, and Gateways 
Sanitary Sewer System : 

Connection to Existing System 
Septic Tank 
Distribution Box 
Tile Field (Drainage) 
Piping, Conduits, & Manholes 

Yard Drainage & S torm Sewer System: 

Connection to Existing System 
Manholes, Catch Basins & Inlets 
Outfall Structure 
Piping, Cond uit s , Open Ditc hes 

Roadway & General Yard Lighting 
Cathodic Protection 

Waterfront Improvements 
Revetments 
Levees 
Breakwaters 

Highway Access 
Grading 
S urfacing 

) 
) 
) 
) 
) 
) 
) 
) 
) 
) 
) 
) 
) 
) 
) 
) 
) 
) 
) 
) 
) 
) 
) 
) 
) 
) 
) 
) 
) 
) 

) 
) 
) 

Total* 

$1,200,000 

$1,200,000 

See Page 3 

*Cost data as of Januarj 1974 



Ac.count 
Number 

21 
211 

. 3  

. 33 

. 34 

.35 

. 36 

. 4  

. 41 

. 42 

. 43 
.44 
.4 5 

. 5  

.51 

. 52 

. 1  

.11 

. 13 

. 14 

.141 

.14 2 
.14 3 
.144 
. 147  
.14 8 
. 149  

. 16 

V-17  

Account Title 

Structures & Site Facilities (Cont ' d) 
Site Improvements and Facilities (Cont ' d) 

Highway Access (Cont ' d) 
Culverts 
Bridges , Trestles, and Caus eways 
Guards and Signs 
Lighting 

Railway Access 
Grading 
Bridges, Culverts & Trestles 
Ballast, Ties, Rails & Accessories 
Signals & interlocks 
Switches, Crossovers & Bumpers 

Waterway Access Facilities 
Dred •sing 
Piers, Barge Docks, Etc . 

TOTAL ACCOUNT 211 

F e :i c  tor Building Incl. Radwaste & Fuel 
Handling Areas 

Basic Building Structures 
Earth Work Including Dewatering, Walers 
Steel Sheeting 
Substructure Up to Grade Incl. Concrete, 
Reinforcing, Forms 
Superstructure 

Concrete Work Incl. Floors, Exterior 
Walls, Interior Walls Piers, Col ' s. 
Reactor Area Concrete, Etc. 
Structural & Gallery Steel 
Exterior Metal Siding Walls 
Roof Slabs , Roofing, Flashing Etc. 
Doors & Windows & Wall Lauvers 
Floor Finishes 
Painting Incl. Special Coating 

Str uct ural Steel Stack 

TOTAL . 1  

) 
) 
) 
) 
) 
) 
) 
) 
) 
) 
) 
) 
) 
) 
) 

) 
) 
) 
) 
) 
) 
) 
) 
) 
) 
) 
) 
) 
) 
) 

Total 

$8 ,000,000 

$8,000,000 

$65 ,000,000 

$ 65 ,000,000 



Account 
Number 

21 

212 

• 2 
. 21 
.22 
. 23 

. 24 

.25 

• 3 
. 31 
• 32 

. 33 

. 34 

213 

.1 
. 11 
.13 
.14 

. 2  
. 21 
.22 
. 23 
• 24 

.25 
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Account Title 

Structures & Site Facilities (Cont ' d) 

Reactor Building Incl. Radwaste & Fuel 
Handling Areas (Con' td) 

Building Service 
Plumbi ng Below & Above Grade 
Heai: ing , Ventilation, P ir-Conditioning 
Fire Protection System 
Electrical & Lighting 
Elevator 

TO�'AL • 2 

Containment Structures 
Primary Containment Liners at Reactor Area 
Secondary Liner Plate Work for Walls , 
Floors , Roof 
Penetrations (Mechanical & Electrical) 
Revolving Containment Door, CoMplete 
TOTAL . 3 

TOTAL - ACCOUNT 212 

Tur� ine Building Incl. Control Room , 
Heater Bay , Diesel Generator Area 
Basic Building Structures 
Earth Work 
Substructure 
Superst ructure Incl. Structural & 
Gallery Steel 

Buildin� Service3 
Plumbing 
Heating , Ventilation Air- Conditioning 
Fire Protection Systrnu 
Electrical & Lighting 
Elevator 

TOTAL . ...  
TOTAL �\CCOUNT 213 

) 
) 
) 
) 

) 
) 
) 

Total 

$200 , 000 
5, 800 , 000 

150 , 000 
Incl. Acct . 24 

100 , 000 

$ 6, 2 50 , 000 

18 , 667 , 000 

2 , 2 50, 000 
ll , OQ0 , 000 

31, 917 , 000 

17 , 000 , 000 

Incl. -.1 
1,300 , 000 

300 , 000 
Incl. Acct. 24 

50 , 000 

$ 1 , 650 , 000 

$18 , 65 0 , 000 



KC count 
Number 

21 
214 

.1 

.2 

.21 

.22 

.23 

.3 

.31 
.32 
.33 
.34 
.35 

. 4  

.5 

.51 

. 52 

.53 

. 54 

. 6  

.7 
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Account Title 

Structures & Site Facilities (Cont ' d) 
Intake & Discharge Structures 
(Cooling Tower Building Work) 
Circulating Water Cooling Tower Concrete 
Basins Incl. Outlet Structures 

Earth Work 
Circulating Water Pipe Excavation, 
Backfill, Disposal & Dewatering 
Blow-down Pipe Excavation Backfill, 
Disposal & Dewatering 
Make-up Pipe Excavation Backfill, 
Disposal & Dewatering 

Make-up Pump House 
Dredging River & Forebay Construction 
Substructure 
Superstructure 
Structural Steel 
Building Services 

) 
) 
) 
) 
) 

Retention Basin & Drain Line for Blow-Down 

Waste Heat Cooling Tower Building Work 
Substructure 
Superstructure 
Structural Steel 
Earth Work for Waste Heat Pipe 

Protection Relief Slabs for Circulating 
Water, Blow-Down & Make-Up Pipe Lines 

Circulating Water Blow-Down Make-Up 
& Waste Heat Cooling Piping, Valves, 
Fittings, Etc. 

TOTAL ACCOUNT 214 

) 
) 
) 
) 
) 
) 

Total 

Incl. Acct. 232.3 

Incl. Acct. 232.0 

$1,000,000 

100,000 

Incl. Acct. 232.3 

Incl. Acct. 232.0 

200,000 

Incl. Acct. 232.2 

$1,300,000 



Account 
Number 

21 

215 

.1 
. 11 
.13 
.14 

. 2  

.21 

. 22 

.23 

.24 

.25 

216 

. 1  
• 2 

217 

. 1  
• 2 

218 
A 
.1 
. 11 
.13 

.14 

V-19 b 

Account Title 

Structures & Site Facilities (Cont' d )  

Reactor Auxiliaries Building Including 
Switchgear Bay 

Basic Building Structures 
Earth Work 
Substructure 
Superstructure Including Gallery Steel 

Building Services 
Plumbing 
Heating Ventilation & Air-Conditioning 
Fire Protection System 
Electrical & Lighting 
Elevator 

TOTAL • 2 

TOTAL ACCOUNT 215 

Radioactive Waste Building 

Basic Building Structures 
Building Services 

Fuel Storage Building 

Basic Building Structures ) 
Building Services ) 

Miscellaneous Buildings 
Service Building 
Basic Building Structures 
Earth Work 
Substructure 

) 
) 

Superstructure Including Structura.L 
Steel 

TOTAL . 1  

) 
) 
) 
) 
) 

) 
) 
) 
) 

Total 

54, 626, 000 

75, 000 
1, 100, 000 

100, 000 
Incl. Acct. 24 

100, 000 

$1, 375, 000 

56, 001, 000 

Incl . Acct. 215 

Incl. Acct. 215 

4, 500, 000 

$4, 500, 000 

i _ _,, 



Account 
Number 

21 

218 
A 

. 2 
. 21 
• 22 
. 23 
. 24 
. 25 

B 

. 1  
. 11 
. 13 
. 14 

• 2 

. 23 

. 124 

C 

. 1 

. 11 
. 13 
. 14 

• 2 

. 23 

. 24 

V-20 

Account Title 

Structures & Site Facilities (Cont ' d) 

Miscellaneous Buildings (Cont ' d) 
Service Building (Cont 'd)  

Building Services 
Plumbing 
Heating , Ventilation & Air-Conditioning 
Fire Protection System 
Electrical & Lighting 
Elevators 

TOTAL • 2 

TOTAL ACCOUNT 218-A 

Harmonic Filter Area 

Basic Building Structures 
Earth Work 
Substructure 

TOTAL . 1  

Services 

Fire Protection System 
Electrical & Lighting 

TOTAL . 2  

TOTAL ACCOUNT 218-B 

Inverter Area 

Basic Structures 
Earth Work 
Substructure 
Structural Steel 

Services 

Fire Protection System 
Electrical & Lighting 

TOTAL . 2 

TOTAL ACCOUNT 

) 
) 
) 
) 
) 
) 
) 
) 
) 
) 
) 
) 

) 
) 
) 
) 
) 
) 
) 
) 
) 
) 
) 

Total 

Incl. , 1  
$900, 000 

50, 000 
Incl. Acct. 24 

100, 000 

$1 , 050,000 

$5,550, 000 

Incl. Acct. 24 

Incl. Acct. 24 

Incl. Acct. 24 

Incl. Acct. 24 

Incl. Acct. 24 

Incl. Acct. 24 



Account 
Number 

21 

218 
D 

.1 
. 11 

.13 

.14 

.2 

. 21 

.22 

.23 

.24 

E 
. 1  
. 11 

.13 

.14 

• 2 
.21 

.23 

. 24 

F 
. 1  

.2 

.3 

.4 

• 5 

. 6  

• 7 

. 8  
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Account Title 

Structures & Site Facilities (Cont' d) 

Miscellaneous Buildings (Cont' d) 
Inductive Coil Storage Building 

Basic Building Structures 
Earth Work 
Substructure 
Superstructure Incl. Structural Steel 

Building Services 
Plumbing 
Heating Ventilation & Air-Condition:i,ng 
Fire Protection System 
Electrical & Lighting 

',�OTAL ACCOUNT 218-D 

Helium Storage Building 
Basic Building Structures 
Earth Work 
Substructure 
Superstructure Incl. S tructural Steel 

Building Services 
Plumbing 

Fire Protection System 
Electrical & Lighting 

TOTAL ACCOUNT 218-E 

Miscellaneous Structures & Building Work 
Gate House (Perma:i.ent) 

Visitor Center Building 

Electrical Yard Foundations & 
Structures 

Heatin� Boiler House 

Hypochlorination Solution Tank Foundation 

Oil Separator Under-ground Vault 

Foundation for Tanks (Water Storage) 

Berm & Foundation for Oil Storage Tahks 

) 
) 
) 
) 
) 
) 
) 
) 
) 
) 

) 
) 
) 
) 
) 
) 
) 
) 
) 
) 

Total 

$ 790,000 

$ 790,000 

$100,000 

$100,000 

25,000 

Not Incl. 

Incl. Acct. 24 

$200,000 

15,000 

Incl. Acct. 24 

150,000 

10,000 



Account 
Number 

21 

218 
F 

. 9  

.11 

.12 

. 13 

. 131 

. 132 

.133 

.134 

. 135 

.136 

. 137 

. 138 

.14 

219 

V- 22 

Account Title 

Structures & Site Facilities (Cont ' d )  

Miscellaneous Buildings (Cont ' d) 
Miscellaneous Structures & Building Work (Cont ' d) 

Test Borings 

Laboratory Material Testing & Structural 
Steel Inspection (Not Incl. Quality 
Control & Assurance) 

Temporary Construction Buildings, 
Field Office Building, Toilet & Wash 
Building for Construction Employees 

Maintenance & Services for Various Contractors 
Scope of Work 
Maintenance of Roads & Track 
Maintenance & Servicing of Sewage Plant 
& Lift Station 
Maintenance & Servicing Construction 
Employees Wash & Toilet Buildings 
Snow & Ice Removal Maintenance 
Guards Service 
Switching & Handling of Railroad Cars on 
Station Property Incl. Necessary Yard Mobile 
Switching Equipment 
Traffic Flagman 
Miscellaneous Other Provisions 
Miscellaneous Yard Structures & Building Work 

TOTAL F 

TOTAL ACCOUNT 218 

Ventilation Stack 

TOTAL ACCOUNTS 211 to 219 Inclusive 

Contingency 

TOTAL ACCOUNT 21 STRUCTURES & 
SITE FACILITIES 

) 
) 
) 
) 
) 
) 
) 
) 
) 
) 
) 
) 

Total 

$200,000 

75,000 

Not Incl • 

Incl . 
in Acct. 91 

200,000 

$875,000 

$ 7 ,315,000' 

Incl. Acct. 212.2 

139 , 807,000 

Incl. Above 

139,807,000 



Account 
Number 

22 

221 

. 1  

. 2  
. 3  

0. 4 
0. 5 
0. 6 

222 

. 1  

. 11 

. 12 
. 13 

.14 

. 141 

. 142 

. 143 

. 144 

. 15 

. 16 

. 17 

. 2  

. 21 

. 22 

. 23 

. 24 

. 25 

. 26 

,3 

. 31 
• 32 
. 33 

Account Title 

Reactor Plant Equipment 

Reactor Equipment 

Magnets 
Shield 
Blanket 
Neutral Beam Injectors 
Equipment Foundation 
Reactor Seals 

TOTAL ACCOUNT 221 

V-23 

Main Heat Transfer & Transport S!)'stems 

Primary Lithium Coolant System 

Pumps & Motor Drives Modular & 
Non Modular 

Piping 
Heat Exchangers (IHX and Clean-up Regenerative 
Tanks) 

Dump Tanks 
Make-Up Tanks 
Clean-Up Tanks 
Tritium Extraction 

Clean-Up System (Tank Including . 14) 
Thermal Insulation Pip ing & Equipment 
Tritium Extraction 
Divertor Lithium System 

Pumping 
Pi.ping 
Heat Exchangers 
Tanks 
Clean-Up 
Tritium Extraction 

Intermediate Sodium Loop System 

Pumps & Motor Drives Modular & Non modular 
Piping 
Heat Exchangers (Steam Gen. & Clean-Up 
Regenerative) 

Total 

$189,900, 000 
41,333,000 
74,160,000 

6,000,000 
250,000 

1,400,000 

313,043,000 

16,625,000 

40,000,000 
37,800,000 

9,700,000 

6,500,000 
5,000,000 

60,000 

focl. . 11 
Incl , . 12 
2,550, 000 
Incl . •  14 

7 60,000 
460,000 

31,300,000 
15,000,000 

2 5,300,000 



Account 
Number 

22 

222 

. 3  

• 34 
• 36 

.361 

.362 

.363 

.364 

.365 

. 37 

.38 

223 

.11 

.12 

.13 

.14 

.15 

. 2  

.21 

.22 
• 23 
. 24 

224 

. 1  

.2  

.3 

.4 

V-24 

Account Title 

Reactor Plant Equipment (Cont ' d) 

Main Heat Transfer & Transport Systems 

Intermediate S odium Loop Systems 

Clean-Up System 
Tanks 

S odium Dump Tanks 
Hot S torage Tanks 
Make-Up Tanks 
Clean-Up Tanks 
Tritium Extraction Tanks 

Thermal Insulation Piping and Equipment 
Tritium Extraction 

TOTAL ACCOUNT 222 

Auxiliary Heating S ys tems 

Shield Cooling (He) 

Pumping 
Piping 
Heat Exchangers 
Purification 
Tritium Extraction 

Magnet Cooling System 
Cryogenic System 
Piping 
Transport System 
Tanks 

TOTAL ACCOUNT 223 

Radioactive Waste Treatment & Dis posal 

Liquid Waste Processing & Equipment 
Gaseous Wastes and Off-Gas Processing System 
Solid Wastes Processing Equipment 
W2.U Liner Disposal Equipment 

TOTAL ACCOUNT 224 

Total 

$700,000 

$20,000,000 

2,900,000 
230,000 

$214,885,000 

372,000 
212,000 
492,000 
36,000 
30,000 

8,750,000 
250,000 
250,000 

50,000 

10,442,000 

180,000 
0 

90,000 
60,000 

$330,000 



Account 
Number 

22 

225 

. 1 

. 2 

.3 
.4 
.5 

226 

. 1 

• 2 

. 3 

. 4  

. 5 

• 6 

• 7 

. 8 

227 

. 1 

. 2  

.3 

. 4 

• 5 

V-25 

Account Title 

Reactor Plant Equipment (Cont ' d) 

Nuclear Fuel Handling & Storage 
Systems (Fuel Inj ection) 

Tritium Purification System 

Liquefaction 
Pellet Fabrication 
Pellet Inj ection 
Storage Equipment 
TOTAL ACCOUNT 225 

Other Reactor Plant Equipment 

Gas Systems 

Special Heating Systems 

Coolant Recieving, Storage & Make-up 
Systems 
Fluid Leak Detection 

Auxiliary Cooling Systems 

Maintenance Equipment 

Building Vacuum Systems 

Core Vacuum System 

TOTAL ACCOUNT 226 

Instrumentation & Control 

Reactor & Process I&C Equipment 

Automatic Monitoring & Computation Equipment 

Radiation Monitoring Systems 

Isolated Indicating & Recording Gauges, Etc • 

Control & Instrument Piping , Tubing, & Wiring 

TOTAL 

Total 

60,000 

100,000 
180, 000 

1, 480, 000 
50, 000 

$1, 870, 000 

321, 000 

2, 200, 000 

73,000 
200,000 

2,300,000 

9,352,000 

360, 000 

6, 560,000 

$21,366, 000 

11,700, 000 

$11, 700,000 



Account 
Number 

22 

228 

.1  

. 2 

.3 

.4 

23 

231 

. 1  

. 11 

.12 

.13 

.14 

.15 

. 16 

. 17 

.2 
. 3 
. 4  

. 41 
. 42 
. 43 

V-26 

Account Title 

Reactor Plant Eguipment (Cont ' d) 

Fossil-Fueled Boilers & Super heaters 

Boiler and/or Super heaters 

Draft Systems 

Fuel Handling Systems 

Ash Handling Systems 

TOTAL FOR ACCOUNT 22 

Turbine Plant Eguipment 

Turbine-Generators 

Turbine-Generators & Accessories 
I ncluding: 

) 
) 
) 
) 
) 
) 

Two (2) 840.7 MW 1800 RPM Tandem Compound 
Four (4) Flow Nuclear Steam Turbines 
with 38" Last Stage B lades 
Two (2) 934.0 MVA Generators @ . 90P.F. 
and . 50 SCR 
Non Standard Accessories 
Steam By-Pass System 
Live Steam Reheaters 
Piping, Valves & Hangers for By-Pass 
System 
Thermal Insulation 

Foundations 
Standby Exciters 
Lubricating System 

Oil Conditioning Equipment 
Clean & Dirty Oil Storage Tanks 
Turbine Oil Transfer Pumps & Motors 

) 
) 
) 

) 
) 
) 
) 
) 
) 
) 
) 

Total 

Not Req ' d. 

$573,636,000 

57,400,000 

300,000 
300,000 

3,350,000 

95,000 



Account 
Number 

23 

231 

. 5  

. 6  

• 7 

. 8  

232 

. 1  

. 11 
. 12 
. 14 
. 15 

. 2 

• 21 
. 22 

. 23 

• 24 
. 25 
. 26 

. 3  

. 31 

. 311 
. 312 
. 313 

. 33 

. 34 

. 35 

. 4  

V-27 

Account Title 

Turbine Plant Equipment (Cont' d) 

Turbine Generators {Cont ' d) 

Gas Systems 

Reheaters 

S hielding 

Weather-Proof Housing 

TOTAL ACCOUNT 231 

Heat Rej ection S ystems 

Water Intake Common Facilities 

Traveling Screens 
Screen Wash Pumps 
Piping 
Chlorination 

) 
) 
) 
) 

Circulating Water Systems 

Circulating Water Pumps & Motor Drives 
Circulating Water Piping, Valves & Fittings 
from Pumps to Condensers and to 
the Cooling Towers 
Waste Heat Cooling Tower Circulating 
Water Piping 
Cooling Tower Make-up Pipe Lines 
Cooling Tower Blow-Down Pipe Lines 
Trench Work for Circulating Water Piping 
Systems 

Cooling Towers 
Foundations & Basins 

Mechanical Draft Towers 
Waste Heat Tower Structure 
Waste Heat Tower Circulating Water Pumps 

Four (4 ) Mechanical Draft Cooling Towers 
Mechanical Draft Waste Heat Cooling' Tower 
Waste Heat System Heat Exchanger 

Other Systems Which Reject Heat to 
the Atmosphere 

TOTAL ACCOUNT 232 

Total 

60,000 

Incl. . 1  

$61,505,000 

200,000 

1,125,000 

10,500, 000 

10,000 
Not Incl • 

125,000 

1,150,000 

1 , 050,000 
4 ,000,000 

110,000 

5,300,000 
500,000 
775,000 

$24 ,84 5,000 

-



Account 
Number 

23 

233 

.1 

.11 

.12 

.13 

.14 

.16 

. 2  
• 21 
• 22 

.221 

.222 

.3 

.31 
• 32 
'33 

. 4  

234 
.1 
.11 

.12 

• 2 
.21 

.22 

.23 

• 24 

V-28 

Account Title 

Turbine Plant Equipment (Cont ' d) 

Condensing Systems 

Condensers 
Condensers Complete Including Shells, 
Tube Plates, Water Boxes, Hot Wells, Etc. 
Condenser Tubes 
Expansion Joints & Exhaust Stack Extensions 
Supervision of Erection 
Foundations 

Condensate System 
Condensate Pumps Suction Piping, Valves, Etc • 
Condensate Pumping Units Consisting 
of: 
Condensate Pumps & Motor Drives 
Condensate Booster Pumps & Motor Drives 

Gas Removal System 
Vacuum Pumps & Motor Drives 
Air Ej ector Equipment 
Priming Ej ectors 

TOTAL ACCOUNT 233 

Turbine By-Pass System 

Feed Heating System 
RE:ge,1erative Heat Exchangers 

) 
) 
) 

Four ( 4) Strings of H.P. Closed Feedwater ) 
Heaters ) 
Four (4) Strings of L.P. Closed Feed- ) 
water Heaters ) 

Pumps 
Four(4) Turbine Driven Reactor Feed 
Pumps, Bedplates, Complete with 
Appurtenances 
Two(2) Motor Driven Reactor Feed Pumps Bed
Plates complete with Motor Drives 
Four (4) Turbine Drives, for Reactor Feed 
Pumps 
Exhaust Ducts & Appurtenances to Main 
Condenser 

) 
) 

) 
) 
) 
) 
) 
) 
) 
) 
) 

) 
) 
) 
) 
) 
) 
) 

Total 

$6,300 , 000 

100,000 

Incl , 235 

550,000 

115,000 

$ 7,065,000 

Incl. 231 

3,775, 000 

3,870,000 



Account 
Number 

23 
234 

• 2 
• 25 
. 26 
• 27 

.3 

. 31 

. 33 

235 
. 1  

.331 
. 332 
. 333 

. 11 

. 12 
, 13 
. 14 
. 15 

. 1 6 

. 2  

.3 

. 4  
, 5  

. 51 

. 52 

. 53 

• 54 

V-29 

Account Title 

Turbine Plant Equipment (Cont' d) 
Feed Heating System (Cont ' d) .  
Pumps (Cont ' d) 
Heater Drain Pumps & Motor Drives 
All Other Miscellaneous Pumps & Mot1ors 
Foundations 

Piping & Tanks 
Piping Systems 
Tanks 

Condensate ) 
Chemicals ) 
Oil ) 

TOTAL ACCOUNT 234 

Other Turbine Plant Equipment 
Main Steam (or Other Vapor) Piping 

Main Steam 
Extraction 
Condensate 
Feedwater 

and Valves 

All Other Miscellaneous Systems, Drips , 
Drains and Vents 
Thermal Insulation 

Turbine Auxiliaries 
Auxiliaries Cooling System 
Make-Up Treatment System 
Chemical Treatment & Condensate 
Purification Systems 
Filtration Equipment , Including Sand 
Filters, Aerators, Retention Tanks , 
Pumps, Etc . 
Demineralizing Equipment , Including Anion 
& Cation Units, Decarbonator,  Mixed Bed 
Units, Pumps Regeneration Units 
Condensate Polishing Equipment Including 
Polishers, Anion & Cation Regeneration 
Equipment, Resin Mixing & Storage V�ssels, 
Pumps,  Tanks, Instruments,  Control s  
Chemical Feed Equipment Including Mixing 
Tanks , Pumps 

) 
) 
) 
) 
) 
) 

) 
) 
) 
) 
) 
) 
) 
) 
) 
) 
) 
) 

Total 

$4 35, 000 
1 ,300, 000 

50, 000 

Incl. 235 

1 , 100, 000 

$10 , 530 , 000 

53, 000, 000 

6 , 500, 000 

Incl. 231 . 1  & 235. 1  
Incl . 212.2 
Incl. 235 . 5  

4 , 900 , 000 

-



Account 
Number 

23 

235 

. 6  
. 61 
.62 
. 63 

. 64 

.65 

.66 

236 
.1 
.2 
.3 

. 4  

24 

24 1 

.1 

.2 

24 2 
. 1  
.2 

.3  

.4 

V-30 

Account Title 

Turbine Plant Equipment (Cont' d) 

Other Turbine Plant Equipment (Cont ' d) 

Central Lubrication Service System 
Clean Oil Tank 
Dirty Oil Tank 
Turbine Oil Conditioning Equipment 
Including Pumps 
Turbine Oil Transfer Pumps & Motors 
Portable Oil Centrifuge & Filters 
Miscellaneous 

TOTAL ACCOUNT 235 

Instrumentation & Control 
Pro cess I&C Equipment 
Automatic Monitoring & Control Equipment 
Isolated Indicating & Recording Gauges, 
Meters, and Instruments 
Control & Instrument Piping, Tubing, 
& Wiring 

TOTAL ACCOUNT 236 

TOTAL FOR ACCOUNT 23 

Contingency 

Spare Parts 

TOTAL FOR ACCOUNT 23 

Electric Plant Equipment 

Switchgear 

Generator Circuits 
Station Service 

TOTAL FOR ACCOUNT 24 1 

Station Service Equipment 
Station Service & 
Low Voltage Unit Substations & Lighting 
Transformers 

) 
) 
) 
) 
) 
) 
) 

) 
) 
) 
) 

Total 

$85,000 

$64 ,4 85,000 

2,000,000 

Incl. 235, 1 

$2� 000,000 

$170,4 30,000 

Incl . abpve 

150,000 

$17 0,580,000 

53 6,000 
3,756,000 

$4 ,292,000 

54 9,000 

Auxiliary Power Sources (Incl. Four(4 ) 5000KW Diesels) 
Main Power Transformers 

1,24 6,000 
3 , 370,000 
3 , 362,000 

TOTAL FOR ACCOUNT 24 2 $8,527,000 



Account 
Number 

24 

243 

244 

245 

246 

. 1  
• 2 
. 3  

247 

248 

249 
. 1  

• 2 

25 

251 

. 1  

. 11 

. 12 

. 13 

. 14 

. 15 
. 16 

• 2-. 6 

V-31 

Account Title 

Electric Plant Equipment (Cont 'd) 

Switchboards (Incl. Heat Tracing) 

Protective Equipment 

Electrical Structures & Wiring Containers 

Power and Control Wiring 

Generator Circuits Wiring 
Station Service Power Wiring ) 
Control Wiring ) 

TOTAL FOR ACCOUNT 246 

Diverter Coil Power Supply System 

Poloidal Magnet Rectifiers 

Electrical Installation 
Contractor Furnished Material-Conduits , 
Lighting Fixtures , Etc. 
Construction & Erection Labor 

TOTAL FOR ACCOUNT 249 

TOTAL FOR ACCOUNT 24 

Contingency 

Spare Parts 

TOTAL FOR ACCOUNT 24 

Miscellaneous Plant Equipment 

Transportation & Lifting Equipment 

Cranes , Hoists , Monorails & Conveyors 
Two (2) 175 Ton/25 Ton Capacity 
Turbine Room Cranes 
Hot Cell Cranes 
Miscellaneous Hoists Cranes , Jibs & 
Trolleys for Equipment Maintenance 
One(l) 150 Ton/10 Ton Inductive Coil 
Storage Building Crane 
He Storage Building Crane 
Reactor Hall Crane 
Railway & Roadway Equipment, Watercraft 
Aircraft, & Vehicle Maintenance Equipment 

TOTAL ACCOUNT 251 

Total 

$2 , 786 , 000 

*95, 000 

1 , 150, 000 

677 , 000 
7 , 941 , 000 

$8 , 618 , 000 

64 , 600, 000 

700, 000 

3 , 27 6 , 000 
48 , 815, 000 

$52 , 091 , 000 

$142 , 859, 000 

Incl , Above 

Incl , Above 

$14 2 , 859, 000 

525 , 000 
1 , 000, 000 

575, 000 

300, 000 
100, 000 
500, 000 

50,000 

$3 , 050, 000 

-' 



_ Account 
Number 

25 

252 

.1 

.11 

.12 
. 13 
.14 
.15 

.2  
. 3  

253 

254 

26 

261 

262 

263 

264 

265 

266 

V-32 

Account Title 

Miscellaneous Plant Equipment (Cont ' d) 

Air and Water Service Systems 

Air Systems 
Service Air Compressors & Motor Drives 
Service Air Receivers 
Instrument Air Compressors & Motor Drives 
Instrument Air Receivers 
Instrument Air Dryers 

Water Systems 
Auxiliary Heating Boilers 

TOTAL ACCOUNT 252 

Communications Equipment 

Furnishings & Fixtures 

TOTAL FOR ACCOUNT 25 

Contingency 

Spare Parts 

TOTAL FOR ACCOUNT 25  

Special Materials 

Moderator 

Reflector 

Reactor Coolant 

Int ermediate Coolant (Sodium) 

Turbine Cycle Working Fluids 

Other Materials 

TOTAL FOR ACCOUNT 26  

) 
) 
) 
) 
) 

Total 

$460, 000 

3,400,000 
1,800, 000 

$5,660, 000 

220 , 000 

480,000 

$9,410,000 

9, 410, 000 

0 

0 

$17,000,000 

9,804,000 

0 

1,486, 000 

28,290,000 



Account 
Number 

91 

911 

912 

913 

92 

921 

922 

93 

931 

932 

933 

94 

941 

942 

943 

V-33 

Account Title 

Construction Facilities, Equipment 
and Services 

Temporary Facilities 

Construction Equipment 

Construction Services 

TOTAL 

Contingency 

TOTAL FOR ACCOUNT 91 

Engineering Services 

Design Engineering 

Other 

TOTAL FOR ACCOUNT 92 

Other Costs 

Taxes and Insurance 

Staff Training and Plant S tartup 

Owner ' s  G&A 

TOTAL FOR ACCOUNT 93 

Interest During Construction (@8%) 

Physical Plant and Associated (5yrs) 
Indirect Costs 

Land and Land Rights (6yrs) 

Special Materials (lyr) 

TOTAL FOR ACCOUNT 94 

) 
) 
) 
) 
) 
) 
) 
) 
) 
) 
) 
) 
) 
) 
) 
) 
) 
) 
) 
) 
) 
) 
) 
) 
) 
) 
) 
) 
) 
) 
) 
) 
) 
) 
) 
) 
) 
) 

Total 

$7,300,000 

12,200,000 

4,800,000 

$24,300,000 

23 , 100 , 000 

25,400 , 000 

$48 , 500,000 

69,300,000 

900,000 

4 ,900 , 000 

75,100,000 

215,614,000 

704 , 000 

2 ,3 00,000 --� 
218,618,000 



NO'•. I. 3 ;  

1. 

,, .t.. ,  

S ee detailed e ii timate for sccpe e f  work included. 

The cost of construction .i abo r  included in thf' estimnte  
is basc1 on Ll1e  �ollowin g: 

a. .  Current labor rates and fringe benE fi u. a � .  nc,w apply 
in the stnte o f Wis2 onsir. 

l,. Manhour:, . [. eff iciency of work as haf. occurred in 
s iT'lilar H,:s i ·k area. 

c. Manhour conts - as r equired to attrac t labor to man 
th,� . i o b. 

3. Prices for equ: r�cnt and matE.Y 5 :ils are pres .:::nt day and 40 
hour week. 

4. Allowance:;  for f·J ture escalation of material s  dn :1 
corHtruct ion labor �re not includ ed. 
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V-E. The Electricity Production Cost 

The electricity cost f or a power plant normally is determined by 
calculating three general types of costs: 

1. The operation and maintenance cost, 

2. The fuel cost, and 

3. The annual return on capital. 

V-E-1. The �perations and Maintenance Cos ts 

The operations and maintenance (0 & M) cost consists of the routine 
day-to-day expenditures f or salaries , supplies , maintenance materials, 
process chemicals, etc. As a general rule, t hese costs are essentially 
constant from year to year. 

Because the exact design for many of the UWMAK-1 components is not 
known, an exact estimate of the O & M costs is not possible. However, a 
reasonable estimate can be made by use of known design features and experience 
at fission power plants. 

The potential components of the O & M cost are: 

a. Salaries , 

b. Miscellaneous s upplies and equipme�t , 

c. Outside support services, 

d.  Miscellaneous costs , 

e. General & Administrative, 

f.  Replacement inner walls , 

g. Coolant make-up, 

and h. Working capital requirements .  

Each of these items is briefly described and estimated below, and then 
the total O & M cost  is determined . 

V-E-1-a. Salaries 

The size of the operating crew needed � or a power plant depends on many 
fact ors such as the number of power plants 4t t he s ite, the utility ' s  personnel 
policies , the amount of aut omation, etc. Cq nsequently, a set of operation 
conditions and policies must be assumed in order to  permit estimation of the 
size of the operating crew. The following assumptions were used for UWMAK-1 : 

1. It is the only power plant at the �ite, 

2. The design and operation has been debugged s o  that only rout ine 
technical assistance is needed , 

3. The plant operates 24 hours per day, 365 days per year, 
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4 .  Five complete operating crews are used to provide full operating 
plus day crew and relief coverage, 

5. The additional maintenance personnel needed for the wall replacement 
outages are provided by an outside independent maintenance contractor, 

6 .  General and administrative services are provided by the utility ' s  
central administrative organization, 

7. The plant operations are highly automated and computer controlled 
from the central control room, 

8.  Specialty services such as non-routine analysis, film badge processing, 
etc. , are provided by outside contractors. 

9. A special crew rebuilds the inner wall segments and assists in 
performance of wall replacement outages. 

The plant is expected to have a typical utility organization as d escribed 
in NUS-531, and on Figure V-6. Each of the four functional groups - operations, 
maintenance, technical and clerical & services - is headed by a supervisor 
with full responsibility for his function. These four supervisors, in turn, 
report to an assistant superintendent and plant superintendent, who are 
resp onsible for overall plant safety and efficient operations. 

The total normal operating staff for the plant is estimated to be 112 
persons as shown in Table V.5.* This staff varies from that in NUS-531 
primarily in the operations and maintenance activities, where additional 
personnel are included because of the more numerous and more s ophisticated 
equipment and instrumentation systems. 

Based on an assumed average personnel cost of $12,000 per year, the 
total salary cost including fringe benefits is estimated to be $1,350,000 
per year. 

V-E-1-b. Miscellaneous Supplies and Equipment 

This cost center includes such items as ion-exchange chemicals, _ biocides 
for fouling protection, gases, routine maintenance materials , waste containers, 
etc. - the multitude of material items used by the personnel during routine 
day-to-day operations . Because of the larger operating staff and more 
sophisticated equipment systems, it is estimated that this cost would be 
about 50% higher than for a fission reactor or about $1,000,000 per year . 

*The normal operating staff performs all activities except rebuilding the inner 
wall segments. A special crew, described below, is responsible for rebuil4ing 
the segments and assisting in replacement of those segments. 
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OPER.4 Tl ONS 

O P E R A T I O N S  
SUPERVI SOR * 

SHI FT 

SUPERVI SORS * 
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CONTROL OPERATORS* 

CONTROL OPERA TORS * 
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SUP ERI NTENDENT * 
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TECHNI CAL 
SUPERVI SOR* 
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CHEMI ST 

NUCLEAR ENGI NEER* 

I NSTRU�1ENT ENGI NEER 

PLANT ENGI NEER 

I 
LAB. TECHNI CI ANS 

I NSTRUMENT TECHNI CI ANS 

( 

CLER! CAL & SERVI CES 

CLERI CAL & SERVI CES 
SUPERVI SOR 

I 
TYPI STS 

CLERKS 

STOREKEEPER 

GUARDS 

JANI TORS 

w 
-..J 
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TABLE V-5 

UWMAK-I Personnel 

Position 

Superintendents office 
Plant superintendent 
Assistant 
Secretary 

Operations 
Operations supervisor 
Shift supervisors 
Senior control room operator 
Control room operator 
Equipment operator 
Equipment attendant 

Maintenance 
Maintenance supervisor 
Mechanical Foreman 
Electrical foreman 
Instrument foreman 
Mechanic 
Mechanics helper 
Welder 
Machinist 
Electrician 
Electrician helper 
Instrument mechanic 
Instrument helper 

Technical 
Technical supervisor 
Plant Engineer 
Instrument Engineer 
Nuclear Engineer 
Health Physicist 
Chemist 
Technicians 

Clerical and Services 
Clerical & services s upervisor 
Typist 
Storekeeper 
Clerk 
Yardman 
Janitor 
Messenger and handyman 
Guard 

Total 

Number persons 
Per Crew 

1 
1 
2 
1 
1 

1 
1 
1 

2 
1 

1 

1 

14 

Total Persons 

1 
1 
1 

1 
5 

5 

10 
5 

4 

1 
1 
1 
5 
5 
5 
4 
4 
3 
3 

10 
5 

1 
1 
1 
1 
1 
1 
8 

1 
2 
1 
2 
1 
5 

1 
5 

112 
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V-E-1-c. Outs ide Support Services 

Two general types of outside support services probably will be needed 
for UWMAK-I . The firs t  is the routine speciality services such as radioactive 
was te dis posal, laundry, film-badge pro ce�sing, etc. for which installation 
and s taffing of facilities generally is mQre cos tly than use of outside help. 
Included in this category are personnel bqrrowed from other power plants. 
The total cos t  for the firs t  type of outside services is es timated to be 
about $350,000 per year, based on fission reactor experience. 

The second type of outside support is the s pecial maintenance force 
that is needed for replacing the inner wall. This requires a s pecial 
crew trained to dissassemble the reactor, move the irradiated s egments to 
the storage cells, move rebuilt segments back to the reactor hall and then 
reassemble the reactor. It is expected that this will require 24 hours /day 
effort for four weeks per year with the asso ciated higher cos ts for premium 
pay. 

A crew of 96 men working each s hift would expend about 16 man years of 
effort during each outage . If thes e men cost about 50% more than the average 
maintenance craftsmen becaus e of special �raining, shift premiums, living 
expenses, and extra adminis trative cos ts, , the total annual labor cos ts for 
these outages would be about $800,000. T�is includes miscellaneous outage 
material costs. 

V-E-1-d. Mis cellaneous Cos ts 

The mis cellaneous cos ts are the nume�ous relatively small costs that 
do not fit into the other cos t  centers lis ted here. It includes such items 
as office supplies, vehicle maintenance, public relations expenses, travel, 
rent, training, etc. Ass uming that these cos ts would be about 50 percent 
larger than for a fissio n reactor of the same capacity, yields an annual 
cos t  of about $200,000. 

V-E-1-e. General and Adminis trative Cos ts 

General and administrative cos ts are the charges for activities such as 
fringe benefit adminis tration, purchasing, divis ion level management, etc. 
Thes e usually average about 15 percent of the cos t  for salaries, supplies, 
and equipment, outside support services, and mis cellaneous cos ts .  This 
cos t is calculated below on Table V-6 . 

V-E-1-f . Replacement Inner Walls 

This cost is shown as a separate item becaus e it is unique for fusion 
reactors and because of its magnitude. The s tainless steel inner wall is 
replaced each two years . The total amount of s tainless s teel in that wall 
is 491,000 kg, costing approximately $8,64:0,000 at the current typical unit 
cos t  for s pecialty S. S. shapes .  One half! of this cos t  would be cha:cged . 
against the electricity produced each year. In addition to the firs t  wall, 
the rest of the blanket mus t  be replaced every 10 years .  The total material 
here amounts to 384,100 kg/year and an an�ual cost of $3,380,000 . The total ..-
annual cost for replacing the blanket is $7,700,000 . 
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TABLE V-6 

UWMAK-I Operations & Maintenance Costs 

Cost Item Annual Cost 

Salaries, including fringe benefits 

Miscellaneous supplies and equipment 

Outside support services 

Miscellaneous costs 

Sub total 

General and Administrative (15% of above) 

Replacement inner walls (annual share) 

Coolant makeup (Li, Na, He(liq) He(gas) ) 

Total annual cost 

$1,350,000 

1,000,000 

1,150,000 

200,000 

$3,700,000 

560,000 

7,700,000 

38,000 

$11,998,000 
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V-E-1-g. Coolant Makeu_p 

The two coolants of importance for tqis cost center are lithium and 
helium. 

Lithium is lost due to reaction with neutrons, leakage, and adherence 
to components when they are removed or op�ned for maintenance. Because 
of the dangers resulting from leakage, lo�ses will be kept as low as is 
economically possib le and generally can b� considered to have negligible 
impact. Losses due to neutron reactions �annot be  avoided and result 
in destruction of ab out 400 kg per year. At a cost of $10/kg, this is 
a cost of only $4, 000/yr. However, by de�inition that cost is a fuel 
cost and is not included in the coolant cost account. 

Helium on the other hand is difficult to contain - continuous effort 
is necessary to prevent high leakage rates. The total inventory (cryogenic + 
shield cooling + energy storage unit) is about 621, 000 liters (liquid) 
costing $ 760, 000. A typical loss of 5% per year would cost $38, 000/yr. 

The cost for loss of nitrogen used to cool the shield is low enough 
that the cost can be considered to be  included in the miscellaneous supplies 
and equipment costs. 

Because sodium costs only $0. 25/lb a�d because leakage is kept to a 
low level for safety reasons the annual cdst due to loss of sodium is 
considered to be negligible. 

V-E-1-h. Working Capital Requirement's 

The working capital is the amount of money that must be on hand to pay 
day-to-day expenses or has been expended tb purchase inventories of materials 
and supplies. The interest payment on the working capital generally is 
paid for in the annual return on capital and is not included in the O & M 
costs . Consequently, it will not be included in the O & M costs for UWMAK.-I. 

V-E-1-i. Total Operations and Maintenance Costs 

The total O & M costs are summarized bn Table V-6. The general and 
administrative costs were calculated during preparation of that table. 

V-E-2. The Fuel Costs 

The UWMAK-I operates on a mixture of �0% Dz and 50% Tz. Because of 
the high breeding ratio and short doubling time, a surplus of T2 will exist 
within six months of start of routine operation. The excess T2 will have 
to be disposed of by sale to other fusion reactors which are j ust starting to 
operate, by storage, or by burial as solid waste . In this study, it is 
assumed that a surplus of Tz will exist so' that it has essentially zero value. 
In that case, there is no fuel purchase cost for the T2• 

---
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The Dz , on the other hand, will have to be purchased at the current 
market price of about $ 440 per kg. ($200 per lb). The quantity of D2 
burned per year is about 140 kg. If a fifty percent loss occurs during 
the numerous recycles through the reactor, divertors, and fuel fabrications, 
the annual cost would be about $123,000. 

Because the fuel pellets are fabricated on site, the c ost for fabrication 
is included in the O & M costs. The fuel cost normally includes only the 
cost of the fuel as delivered to the site. 

Part of the lithium coolant is converted to tritium by absorption of 
neutrons. By definition , the cost of that lithium is a fuel cost because 
the tritium is recovered and used as fuel in the plasma. This loss of 
lithium is about 400 kgs per year. At a value of $10/kg, this lithium c osts 
about $4 , 000/yr. 

The total fuel cost is about $127,000/year, consisting of about 
$ 123,000 for Dz and $ 4,000 for lithium. 

V-E-3. The Annual Return on Capital 

Many of the costs for producing electricity can be related directly 
to the total capital costs for the plant. Examples are the real estate taxes, 
the interest on bonds, the dividends on stocks, insurance and unusual 
maintenance costs. Normal financial practice is to sum all such costs for 
a utility and then calculate a percent annual return on capital that will 
pay for these costs. 

The annual return on capital depends primarily on the financial structure 
of the utility and on the amount of taxes that it must pay. The normal 
range is from 12 to 18 percent for private utilities and from 6 to 9 percent 
for public utilities. 

Assuming a typical 15 percent annual return on the capital cost of 
1 , 432,809 , 000 for a private utility (see Table V-3) results in an annual 
cost of approximately 214,92 0,000 f or UWMAK-I. 

V-E-4. The Total Electricity Cost 

If the UWMAK-I operates at an eighty percent plant factor, the annual 
elec tricity production would be about 1. 07 x 101�Wh/yr. Sunnning the c osts 
for that reactor results in the following total costs and unit cost for the 
electricity production. It is found that electricity from UWMAK-1 should cost 
in the neighborhood of 2 1 mills per kW-hr . 
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Table V-7 

UWMAK-1 Electrici�y Cos ts 

Cost Item Annual Cost 

Operations & Maintenance $12 , 000 , 000 

Fuel 127 ,,000 

Return on Capital 212 ,865,000 

Total 224 ,992 ,;ooo 

Unit Cost 
(mills /kwh) 

1. 1 

0 . 01 

19. 9 

21. 0 

-
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VI. Conclusj ons 

There is a great deal that could be said about the results of this study, 
but in order not to double the volume of this report we will reiterate, in 
one sentence or so, some of the maj or conclusions of each chapter. The reader 
is cautioned that it is very difficult to sunnnarize, in a few words,  the 
rest:lts of many calculati ons and conceptual design considerations. It is 
important to read both Vol. I and II  to appreciate this fact, and it should 
be restated that the following conclusions apply to only UWMAK.-I and cannot 
be blindly applied to other reactor concepts. 

VI-A. Power Cycle 

• The use of 12 separate reactor loops on the UWNAK.-I reactor will reduce 
the leakage of tritium in the event of a catastrophic accident as well as to 
reduce the number of welds that need to be broken during a first wall replacement • 

• The use of a secondary sodium  loop accorr.plishes several obj ectives, 
including the reduction of tritium leakage , isolation of radioac tive corrosion 
products from the steam cycle and the abiJ ity to provide a constant electrical 
power output, even during the period between burns • 

• The Li primary coolant (Tmax = 4 8 9° C) i s  used to produce 4 04 ° C steam at 
2 000 psia (1 .4 x 106 kg/m2) via a secor..d ary sodium loop , This temperature and 
pressure requires the use of special, but readily attainable turbine-generator 
units . 

. The Na "thermal flywheel" concept can even out Lhe power generation of 
a pulsed reactor like UWMAK-I . 

• The use of a sodium 1 1 thermal flywheel" requires large ,1.mounts of Na 
(-15,000 tonnes) not normally required for heat transfe� . The associated stor
age tanks also place considerable demands on metal resou"t�ces • 

. A unique steam generator design utilizing helium ga s doped with oxygen 
can be used to  reduce tritium leakage into the steam cycle • 

. The gross electrical output of the UWlAK-I reactor is 1681  MWe and the 
net constant output is 14 73 M1Je • 

• Approximately 2 08 MWe of auxili .s.ry power is required within the plant 
and this amoc nts to -13% of gross output. 

Fifty three (53)  percent of the auxiliary power is required for the 
liquid metal pumps and another 18% is required for the pumping of vater. 

The energy conversion efficiency for UWMAK-I is 34 % of the instantaneous 
power output and 32% of the average power output. 

VI- B .  Plant Layout 

. Tokamak reactor bu:i.ldings will be very large and may require special 
atmospheres (or lack of such) to prevent liquid metal fires , reduce tritium 
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leakage and to reduce vacuum pumping requirements • 

. Attempts to  completely contain tritium may require large amounts of 
steel liner on the inside of the large reactor buildings. This steel should 
be nonmagnetic in tokamak reactors and may amount to several thousand tonnes • 

• Very thick concrete shielding (2.44  meters) is required to  reduce t he 
radiation levels due to neutron leakage from the UWMAK-I shield. This is 
required because the shield was only designed to reduce the nuclear heating 
and radiation damage in the magnets , not to i provide protection for operating 
personnel 

• The :::-epair of damaged UW-ml<.-1 modules will require at least 3 large hot 
cells which have minimum dimensions of 35-40  meters high, 20 meters wide and 
25 meters d eep. The design and construction of such large hot cells will 
certainly be challenge to  the current state of the art • 

• The problem of on-site storage of discarded f irst wall segments must 
be addressed more fully before the total extent of building requirements can 
be estimated . 

VI-C. Environmental Impact 

. Siting of the UWMAK-1 react or and associated buildings may be hindered 
by the large building size (102 m tall , 120 : m  in diameter and up to 300 m long 
when the turbine building is attached) . 

. No :::ierious problems are expected fro� the standpoint of magnetic field 
leakage ,  noise . air pollution or thermal poilution from UWMAK-I • 

• By far the most serious operational telease of radioactivity is the 
leakage of tritium through the power cycle. ! Calculations show that this can 
be kept to �10 curies per day (or less) whi¢ h is � 6% of t he regulatory limit 
on such releases • 

• Attempts to clearly identify the wori;;t possible fusion plant accidents 
are hampered by the lack of operating experience wit h large reactor systems. 
�owever if some, as of yet undefined,  accident could release as much as 1% of 
the total tritium inventory, then an exclusion radius of -2100 meters would be 
required to keep the radiat ion dose t o  25 rem t o  a person at the edge of the 
exclusion radius. Release of this tritium through a 100 m stack would greatly 
reduce these problems (i. e . to 2 rem at a 6©0 m exclusion radius) • 

• Preliminary considerat ions of lithiu$ fires, loss of cooling accidents, 
helium gas pressurization, and magnet failufes reveal that while such accidents 
have the potential to do great damage to tht reactor , protection of the popula
tion around t he reactor can be readily achieved • 

• The generation of large amounts of high level radioactive waste in UWMAK-I 
(an average of -736 metric tonnes per year) l is more than a fact or of 10 greater 
than that associated amount with a similar $ized fission plant . On-site stor
age versus offsite storage requires that a complete assessment be made of t he 
transportation problems. 
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, The biological hazard potentials of UWMAK-I radioactive wastes are 
considerably less than for those emanating from a similar sized fission reac
tor. This is mainly due to the lack of actinides , lack of extremely long-lived 
isotopes, and the more stable chemical nature of the isotopes. 

VI-D. Materials Resources 

• The construction of a large number of UWMAK.-I reactors will place severe 
demands on critical elements because of (1) the low power density and (2) the 
use of relatively scarce materials ( Nb, Cr , Mn .  etc. ) in UWMAK-I • 

. The amount of metal required in UWMAK-I is 144 tonnes per MWe. 

The nuclear island accounts for 40% of all the metallic resource require
ments and the balance of plant for the other 6 0% . 

, Sixty ( 60) percent of the metals requirement is for Fe, 1 0% for Pb, 
8% for Na, 7% for Cr, 6% for Ni and 5% for Cu.  

The total helium requi.rement is 138 tonnes (-1, 100, 000 liquid liters) • 

• Approximately 25% of all the Cr and Ni requirements results from replac
ing blanket materials due to radiation damage and another 25% is associated 
with the reinforcing for the superconducting magnets • 

. Replacement of the 316 SS in the blanket with another metal such as V 
or Al would only reduce the Cr, Ni or Mn requirements by - 25% • 

• Complete assessments of the availability of Li, Cr, Ni, Cu, Ti, Al, V, 
Mo and Nb at present, 3 times present, and 10 times present prices show that 
there are severe resource problems for some elements if a large amount of 
electricity (-106 MWe) were to be provided by UWMAK- I type reactors in the 
21st century • 

. There are reasonable U. S .  reserves and production capabilities for the 
Fe, Mo, Cu, Ti and Al requirements of a large number (- 680) of UWMAK-I type 
reactors • 

• The U. S. has ample reserves at present, or 3 times present, prices 
for Ni, Mn, Pb, Li, Nb and B but significant increases in mine and mill pro
duction would be required to satisfy the UWMAK-I requirements to generate 
106 MWe • 

• The U. S .  has neither the reserves, resources, or production capability 
for the Cr required by a large (-106 MWe) electrical generating capacity from 
UWMAK type reactors . There are ample world reserves but the question of reli
ance on foreign sources for critical materials must be assessed.  

VI-E. Economics 

. A complete analysis of the burn cycle, sc heduled outage and unscheduled 
maintenance for UWMAK.-I shows that a plant factor of -80% is reasonable but 
probably a maximum value for UWMAK-I • 

. The capital cost for the UWMAK-I reactor is $971 .  
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Approximately 51% of the capital costs is associated with the nuclear 
island and 49% is associated with the balance of plant • 

• The high capital costs of UWMAK-I reactors could be lowered by reducing 
the number of power loops from 12 to 3 or 4 ,  and reducing the costs associated 
with the superconducting stored energy building • 

• Interest during construction contrib�tes 15% to the total plant costs • 

• The electricity production cost for VWMAK-I is 21 mills per kwh. Most 
of t his (95%) is associated with a 15% return on capital and essentially the 
rest of the costs are associated with the operation and maintenance costs .  
The fuel costs are only 0. 01 mill  per kwh • 

. The cost of UWMAK-I and its electrictty is felt to be quite reasonable 
considering the state-of-the-art assessment , and conservative approach taken in 
this design. 

-· 
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�ndix A 

Basis for Capital Cost Estimates for UWMAK-I 

Account 
Number 

20 

21 

211 

212 

213 

214 

215 

218 

Account Title and 
Estimating Philosphy 

Land and Land Rights 
Same as for a PWR 

Structures & Site Facilities 

Site Improvements and Facilities 

Reactor Building 

Turbine Building 

Intake & Discharge Structures 

Reactor Auxiliaries Building 

Miscellaneous Building 

22 React9r Plant Equipment 

221 Reactor Equipment 

500 acres 

* 

* 

* 

* 

(4 spare reflector elements included) 

221.1 

221.3 

221.4 

221.5 

Magnets (s�e Table V-4) 

Shield 

316 S.S. 

B
1
C 

'+ 

Pb 

Blan�et (316 SS) 

Neutral Beam Injectors 

Equipment Foundations and Supports 

2539 MT 

2029 MT 

20,500 MT 

610 MT 

7210 MT 

15 MW 

60 MT 

Unit 
Cost 

$2400 

Total 
Cost 

Ieference 
Document 

$1,200,000 WASH 1230(Vol.1) 

$189,900,000 

8.80 

3.00 

0.60 

17.60 

8.80 

$22,343,000 

$ 6,690,000 

$12,300,000 

$41,333,000 

$10,740,000 

$63,420,000 

$0.40/watt $6,000,000 

$4.40/kg $ 250,000 

221.6 Reactor Seals 470 meters $3000/m $1,400,000 

222 Main Heat Transfer be Transp<?rt System 

222.1 to 222.14 
222.15 Cleanup System 

Zr 100 MT 

222.16 
222.17 

Filtration System (design unknown) 
Thermal insulation piping & equipment.* 
Tritium Extraction 180 kg 

* means inf0rmation must be provided by others 

* 

$45/kg 

$330/kg 

$4,500,000 
$2,000,000 

$ 60,000 



222.21 to 

222.25 

222.26 

222.31 to 

222.34 

222.35 to 

222.38 

223 

223.1 

223.11 

223.12 

223.13 

223.14 

223.15 

223.2 

223.21 

223.22 

223.23 

223.24 

224 

224.1 

A-2 

222.24 * 

Clean-up 

Zr. 8,000 kg $45/kg $ 360,000 

Filtration System (design unknown) 400,000 

$760,000 

1,400 kg $330/kg 460)000 Tritium Extraction 

222.33 

Clean-up Systems 

Zr 

Filtration system 

222.37 

Tritium Extraction 

Auxiliary Heating Systems 

Shield Cooling 

700 kg 

Pumping 12 pumps 

Pipiug (Estimated pipe length and size) 

Heat Excha�gers 12 units 

Purifications (filter systems, tanks) 

Lithium extraction yttrium cost 80kg 

Magnet Cooling Systems 

Cryogenic System 15 kW 

Piping (Estimated pipe length and size) 

Transport systems (cryogenic pump costs 

Tanks 200,000 liter tank 

Radioactive Waste Treatment & Disposed 

Liquid Radwaste System 

Waste Holdup Tank 

Sump tank 

Sump pump and motor 

Disposal pumps and motors 

Waste evaporator 

* 

$45/kg $450,000 

250,000 

$700,000 

* 

$330 kg $230,000 

$31,000 $372,000 

$212,000 

$42,000 $492,000 

$ 36,000 

$330/kg 30,000 

$583,000/kW $ 8,750,000 

250,000 

250,000 

50,000 

WASH 1230 (Vol. 1) 

$33,000 

4,000 

8,000 

3,000 

132,000 

$180,000 
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224.3 

224.4 
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Caseous Radwaste System - No special equipment required 

Tritium extraction equipment and filters indicated in room ventilation costs. 

Solid Radwaste System (same as for PWR) 

Wall liner disposal equipment 3 crushers 

$90,000 

$20,000 

Wash 1230 (Vol.1) 

$60,000 

225 Fuel Hap.dling & Storage Systems 

225.1 

225.2 

225.3 

225.4 

225.5 

226 
226.1 

226.2 

226.4 

226.5 

226.6 

226.7 

226.8 

Used Fuel Purification system 
2-50kg/day Cryogenic stills 

Liquefaction Heat exchange systems (50 kg/day) 

Pellet Fabrication 20kg/day capacity 

Pellet Injection (design unknown) 

Storage equipment 200 kgs gas and 200 kgs liquid 

Other Reactor Plant Equipment 
Inert gas systems - nitrogen only 

Same capacity as PWR 
Argon (3 months supply) 
Helium (3 months supply )  
Piping and Pumps 

Special heating systems 

$30,000 

$11, ()()0 
50,000 
90,000 

110,000 

$60,000 

$100,000 

$180,000 

1,480,000 

50,000 

WASH 1230 - Vol. 

Estimated pipe lengths, electric and steam capacity 
Cooling receiving, storage and makeup systems 

$2,200,000 

Lithium 10,000 gallon tank 41,000 

Sodium 5,000 gallon tank 32,000 

Fluid leak detectors 500 $400 200,000 

Auxiliary Cooling Systems 150% of PWR cost 2,300,000 

Maintenance equipment 
Segment Transporters 
Segment impact wrenches 
Maintenance and Inspection Cab 
Segment Radiation Shields 
Remote TV Equipment 
Hot Cell Maintenance Cabs 

Building vacuum systems 

1000 cfm vacuum system (1 torr) 

Cryogenic Condensation Equipment 

Core vacuum system 

Cryopumps 

Hg diffusion pumps 

Roots blowers 

Forepumps 

Piping 

6 
12 

12 
5 
3 

192 

96 

384 

96 

$250,000 $1,500,000 
1,000 12,000 

20,000 
150,000 1,800,000 

4,000 20,000 
2,000,000 6,000,000 

120,000 

240,000 

$14,000 $2,690,000 

$8,500 820,000 

$5,443 2,090,000 

$3,780 360,000 

600 1,000 

" 

1 
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Instrumentations & Control 

Fossil-Fueled boilers & superheaters 

Turbine Plant Equipment 

20Q% of PWR costs $11,700,000 

none required 

* 

WASH 1230 (Vol.1 227 

228 

23 

24 Electric Plant Equipment See Appendix B for Energy Storage Unit 

25 Miscellaneous Plant Equipment 

251.11 Turbine Hall 175/25 ton cranes 

251.12 Hot Cell Cranes (200 ton) 

251.13 Miscellaneous Equipment 

251.14 Stored Energy Building Crane (150/10 ton) 

251.15 He Storage Building Crane (20 ton) 

251.16 Reactor Hall Crane (175/35 ton) 

251.2-.6 Mobile Equipment (cars, trucks, etc.) 

252 Air and water service systems 

252.1 

252.2 

252.3 

253 

254 

26 

261 

262 

Air systems 

Water systems 

Auxiliary heating boilers 

Comrnunications Equipment 

Furnishings & Fittings 

Special Materials 

Moderator 

Reflector 

263 Reactor Coolant and cryogenic systems 

2 

3 

150% of PWR 

150% of PWR 

150% of PWR 

125% of PWR 

150% of PWR 

$262,000 $525,000 

$332,000 $1,000,000 WASH 1230-Vol. 1 

$575,000 

$300,000 

$100,000 

$500,000 

$ 50,000 

$ 460,000 

3,400,000 

1,800,000 

220,000 

480,000 

none required 

non:e required 

Lithium 1,700,000 10/kg 17,000�000 

$0.55/kg 9,804,000 264 

265 

266 

91 

911 

92 

921 

922 

Intermediate coolant (sodium) 17.826 x 106 
kg 

Turbine Cycle working fluids 

Other Materials 
Helium 
Deuterium 
Nitrogen 
Argon 

Construction facilities, equipment 

Design engineering 

Engineering Services 

Design engineering 

Other 

no special fluids 

1,102,000 liters 
40 kg-
500,000 liters 
1000: kg 

and services 

1. 22/1 
$440.kg 
0.25/1 
0.80/kg 

150% of PWR cost 

200% of PWR cost 

150% of PWR cost 

1,344,000 
17,600 

125,000 
800 

$24,300,000 

$23,100,000 

$25,400,000 
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93 Other Costs 

931 Taxes and Insurance 10% of material costs 75,000,000 

932 Staff Training & Plant 150% of PWR costs WASH 1230 (vol.!) 
Startup $900,000 

933 Owners G & A 150% of PWR costs $4,900,000 

94 Interest During Construction 

941 Physical Plant 8% for 5 years 215,614,000 

942 Land and Land Rights 8% for 6 years 704,000 

943 Special Materials 8% for 1 year 2,300,000 
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�ndix B 

Cost Data for 15 MWh Energy Storage Unit 

Material (MT) 

A. Storage Magnet 

1. TiNb superconductor 

2. Copper stabilizer 

3. Fabrication of the above conductor 

59.7 

2,800 

(2859. 7) 

1016 4. Reinforcing stainless steel 

5. Mylar insulator 

6. Micarta spacer 

7. Stainless steel cryostat support 

8. Aluminum shield 

9. Assembly and installation 

B. Refrigeration Systems 

1. Refrigerator for S.C. magnet 

2. Refrigerator for Al-shield 

C. Vacuum System 

D. Converter-Inverter System 

1. dc-ac-dc bridge 

2. Shield compensating power supply 

44 

176 

1260 

445 MT 

(5800) 

5.3 kw@ 4.2 K 

184 kw@ 40 K 

560 MW 

367 .5 kW 

Unit Cost 
($ kg) 

33.00 

3.30 

1.10 

4.40 

4.40 

4.40 

4 .40 

3.30 

1.10 

$720/W 

$76 . 70/W 

$15.00/kW 

$40.00/kW 

Total Cost 
$106 

1.97 

9.24 

3.15 

4.47 

0.19 

o. 77 

5.54 

1.47 

6.38 

3.84 

3.07 

0.87 

8.10 

0.015 

E. Conventional Facilities (building, site work, electricity, etc.) 6.01 

Total energy storage and bridge cost 

an ac/dc bridge directly from utility line of 500 MW ($20/MW) 

6 
$54.6 X 10 

.. 6 
$10.0 X 10 

Total power supply system cost for UWMAK-I poloidal coils =$64.6 x 10
6 




