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The fundamental limitations, design practice, and operating experience of high-stress and 
highly irradiated normal magnets are discussed. Magnet performance is limited by mechanical 
stresses, temperature limits, oxidation, and erosion. Electrical performance is limited by 
dielectric breakdown, flashover, and tracking. Degradation of mechanical and electrical 
properties of metals and insulators by electromagnetic and neutron irradiation is discussed. 
The failure mechanisms due to irradiation include increased conductor resistance, destruction 
of chemical bonds, electrolysis, mad photoconductivity. The operating experience of high-per- 
formance magnets at magnet laboratories, accelerators, and fusion experimental facifities is 
discussed. 
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1. INTRODUCTION 

The title of this paper is a misnomer, as there are 
no magnets which can really be considered to be 
simultaneously high performance (high mechanical 
stress, high current density, high electric field, high 
coolant velocity) and highly irradiated (by neutrons, 
gamma rays, or X-rays). However, the well-estab- 
lished trends of the two most important users of large 
air core magnets, the thermonuclear fusion and par- 
ticle physics programs, strongly suggest the need for 
such magnets in future reactors and accelerators. In 
both programs, there is a high order dependence of 
all physics figures of merit on magnetic field and a 
first order dependence of cost on magnet aperture. 
Since magnet aperture can only be decreased by 
decreasing physics performance or by decreasing the 
radiation shielding of the magnets, there is a need to 
develop high performance, lightly shielded magnets. 

Although the ultimate goal of a highly irradia- 
ted, high performance solenoid magnet has not been 
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achieved, a number of magnets that are either high 
performance or highly irradiated have been designed, 
built and operated. Many high performance magnets 
have been built for the purpose of investigating the 
effects of high magnetic fields in matter, most nota- 
bly at solid-state physics laboratories, such as the 
M.I.T. Francis Bitter National Magnet Laboratory. 
Magnets in which one or another allowable parame- 
ter has been highly stressed exist throughout the 
fusion, particle physics, magnetohydrodynamics, and 
solid state physics programs. Irradiated magnets have, 
so far, been used exclusively in particle physics, but 
have been designed for the first major neutron pro- 
ducing experiments in magnetic confinement: the 
Tokamak Fusion Test Reactor (TFTR) at Princeton 
and the Joint European Tokamak (JET) at Culham, 
England. A review of the design practice and operat- 
ing experience of these magnets is a logical starting 
point for the design of more ambitious future genera- 
tion magnets. Unfortunately, there has never been a 
development program specifically aimed at char- 
acterizing either high performance or highly irradia- 
ted magnets. Almost all of the magnets that have 
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been built support scientific programs considered to 
be more important than the magnets themselves, so 
that the magnet histories are poorly recorded. The 
irradiation of magnets in accelerators is generally not 
measured. Erosion rates of material in high perfor- 
mance magnets are not measured. Electric fields and 
mechanical stresses in magnets are frequently not 
measured. 

2. LIMITATIONS OF HIGH P E R F O R M A N C E  
MAGNETS 

2.1. Mechanical Limits 

Like all structures, magnets are limited by the 
strength of the materials used in the magnet. All 
magnets must have a conductor, usually copper and 
occasionally aluminum. Most magnets have an insu- 
lation system and a structural case or internal struct- 
ural reinforcement, usually of stainless steel. Magnets 
are usually considered to be a type of pressure vessel 
by their designers, because of the similarity of the 
force fields created in a magnet winding by magnetic 
field and those created in a containment vessel by 
pressurized fluids. Recently, large magnets have been 
designed according to the specifications of the ASME 
Pressure Vessel Code [AS80]. A tabulation of the 
specifications in the Power Boiler Code for Nuclear 
Power Plant Components is shown in Table I. The 
three large copper magnet systems for TFTR,  JET, 
and JT-60 are built to similar overall design allowable 
limits, as shown in Table I1. (13'60'81'93) The peak stress 
intensities in copper vary between 170 and 220 MPa 
(25-32 ksi). 

Operating experience at the National Magnet 
Laboratory suggests a recommended design peak 
stress of 25 ksi in copper, according to R. Weggel 
(FBNML, private communication, 1980). The stress 
in the insulation has generally been dominated by the 
clamping prestress at about a level of 2 ksi. Most of 
the designs Weggel worked on were coils with uniaxial 
tensile stresses. While the most common failure mode 
has been insulator aging, particularly in Kapton insu- 
lation, which has low resistance to aging by water, 
there have been occasional failures caused by yielding 
in the copper, leading to explosion of the magnet. 
This is at a design stress level of 25 ksi, overall. These 
may be considered fatigue failures, in that they don't  
occur on the magnet's first shot at full current. 

Table I. ASME Boiler Code Limitations on Material 
Stress 

Primary yield 2/3 
Ultimate tensile strength 1/3 
Membrane plus bending min(YS, 1/2 UTS) 
Primary buckling 0.2 

Table II. Design Allowables in Large Normal Magnets 

Parameter TFTR JET JT-60 Units 

Copper tensile stress 90 (MPa) 
Copper compressive stress 80 (MPa) 
Copper stress intensity 220 (MPa) 
Copper temperature 65.5 72 (C) 
Structure stress intensity 380 (MPa) 
Insulation compressive stress (MPa) 
Insulation shear stress 5 (MPa) 
Water temperature (C) 
Water velocity (m/s) 
Peak current density 2.7 2.68 (kA/cm 2) 
(Overall conductor) 
Peak voltage 2.0 4.6 7.5 (kV) 
Layer-layer voltage 288 (V) 
Turn-turn voltage 9 12 (V) 

In an irradiated environment, H. Becker (M.I.T. 
Plasma Fusion Center, private comm.) has designed 
to a stress in G-10 of 18 ksi, using thin disks or sheets 
of insulation, no greater than 20 mils thick. For 
fatigue-limited operation, Becker recommended a de- 
sign stress of 20 ksi for either an epoxy or polyimide 
composite matrix. The reason that they are both the 
same is that, after irradiation, most of the strength is 
coming from the glass filler. 

2.1.1. Availability and Size Limitations 

Surveys that have been made at the National 
Magnet Laboratory indicated the following capabili- 
ties of domestic manufacturers, as of 1981. Revere 
can cold roll copper to widths of 120 in., in thick- 
nesses up to 10 in., and in lengths over 20 ft. G. O. 
Carlsen can hot roll steel to widths of 196 in. Accord- 
ing to Becker (private comm.), Revere rolls copper in 
5 foot widths to thicknesses between �89 in. and 2 in., 
routinely. The faces of the composite sheets in Zephyr 
were to be cemented with epoxy to the copper and 
steel plates adjacent to it. Two 48 in. widths of G-10 
sheet were to be cemented together to form the 
insulation for the Zephyr TF coils. 
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2.2. Temperature Limits 

Magnet temperatures and heat generation are 
limited by aging of the insulation, annealing of 
copper, and boiling of liquid coolants, such as water. 
Temperature limits are also linked to stress limits 
through the thermal stresses generated by tempera- 
ture differences within a magnet. 

field and elevated temperature. In the case of temper- 
ature alone, the aging rate has the form of the 
Arrhenius equation: 

R t = A e B / r  

where A and B are characteristic constants of the 
material. The most popular model of the endurance 
of insulation again voltage is the inverse power law (96): 

2.2.1. Temperature Limits of  Copper L e = c G - "  

Copper temperatures are limited by annealing of 
cold-worked copper, oxidation of copper, and ther- 
mal stresses, usually due to interturn temperature 
differentials. According to manufacturer's curves from 
Amax, 200 C is a temperature at which cold-worked 
copper begins to anneal. The application literature of 
Pyrotenax of Canada, Ltd., suggests that 250 C is the 
temperature limit of copper if one wishes to avoid 
progressive oxidation. A table of the decrease of 
copper sheath thickness versus time and temperature 
shows a loss of 1 mil in 2.57 years at 250 C, 2 mils in 
10.3 years at 250 C, 1 mil in 0.0583 years at 400 C, 
and 2 mils in 0.233 years at 400 C. 

where L e is the electrical life, G is the electrical stress, 
and c and n are constants. 

There are various ways to combine these models, 
which are not necessarily compatible, in an integrated 
model of insulator aging. A key to an integrated 
model is the observation that insulator lifetime tends 
to infinity below a certain value of voltage gradient 
Gs, (96) called the threshold gradient. Dakin first pro- 
posed a model using a threshold gradient (28) that was 
in good agreement with experimental data, although 
it is inconsistent with the Arrhenius model: 

exp( - h / G )  
L e = a  

G - G  s 

2.2.2. Temperature Limits of  Insulation 

Organic insulations are temperature limited due 
to depolymerization reactions and outgassing of 
water. The absorption of water and the chemical 
attack of water on copper-insulation bonds, in axially 
cooled magnets are also accelerated by increased 
temperature. A typical manufacturers' recommended 
design limit for epoxies is 65-85 C. Polyimides are 
preferred at elevated temperatures, up to 250-300 C. 
R. Weggel (private comm.) of the M.I.T. National 
Magnet Laboratory recommended a temperature 
limitation of 100 C for polyimide insulations im- 
mersed in water and 150 C for insulations that are 
protected from water, in order to avoid aging of the 
insulator. Magnets at FBNML have been run to 150 
C, immersed in water, and have failed. The most 
common failure mode is embrittlement of the insula- 
tion, cracking of the insulation, and some form of 
dielectric breakdown through the water gap. 

Aging." Insulation Endurance Limits. Organic 
polymers can be destroyed by reverse depolymeriza- 
tion reactions, accelerated by the presence of electric 

where a and h are material constants at the frequency 
of interest, and G is the electrical field. In tests done 
by Simoni (96) on a polyaliphatic epoxy and on a layer 
of Mylar between two layers of Nomex, the threshold 
field for the epoxy resin was 0.15 of the short-time 
breakdown field, while the threshold for the Mylar- 
Nomex sandwich was 0.17-0.19 of the short-time 
breakdown field. The existence of a threshold tem- 
perature is also inferred from the unified aging theory 
of Simoni, related to the threshold voltage by 

G B 1 
1 

( r ,o /Vo)-  1 

so that for an insulator with a G,o between 0.17 and 
0.19, T~o varies between 77 and 86 C. 

Insulation Water Loss. A special concern for 
insulations in a vacuum environment is that outgass- 
ing of water at elevated temperatures could cause 
significant weight loss and degradation of mechanical 
properties. The insulation testing program for the 
Tokamak Fusion Test Reactor (TFTR) tested high 
temperature effects on several candidate vacuum 
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chamber insulations, (84) including the polyimide based 
Vespel SP-1 (DuPont), PMR-15 (Grumman), and 
Kapton Type-H (DuPont), along with two inorganic 
bonded micas. The insulator materials were aged at 
elevated temperatures in the inert gas argon. At 350 
C, Kapton Type-H lost 6% of its weight in 65 h, and 
PMR-15 lost 3% of its weight in 120 h. After an 
initial dip in weight of 1% in Vespel SP-1, probably 
due to water vapor outgassing, the weight remained 
stable at 350 C to 120 h. Outgassing caused a pres- 
sure buildup in a mass spectrometer of greater than 
5 • 10 .6 torr at 400 C for PMR-15 and at 500 C for 
Vespel SP-1. This pressure buildup was not reached 
for either of the micas, up to 1000 C. Changes in 
postaging mechanical properties could not be unam- 
biguously detected. 

2.2.3. Cooling Limitations 

Magnet cooling is limited by the surface heat 
flux into the water that can be supported without 
boiling and by the need to remove heat from the 
inside to the outside of a magnet, which is particu- 
larly a problem for internally cooled conductors. 
Heat removal also ties into the abovementioned limi- 
tations in thermal stresses, as well as the temperature 
limitations, which are the primary purpose of cooling 
systems. The maximum heat flux from copper to 
water has been studied in the most depth by manu- 
facturers of evacuated tubes, for applications such as 
the anodes, vanes, and cavities of radio frequency 
transmitters, ~68) and, more recently, by the magnetic 
fusion program for neutral-beam injector grids (5~ 
and neutral beam dump calorimeters. (46" 47) These 
programs have provided the benchmarks for the 
ultimate performance of copper-water cooling sys- 
tems. The 15 A, 120 keV, 0.5 s pulse facility at the 
Lawrence Berkeley Laboratory is designed to a maxi- 
mum heat flux density of 2.6 kW/cm 2 for 0.5 s, with 
a projected heat flux on the acutely angled cooling 
surface of 20.5 kW/cm2. (46) 

The National Magnet Laboratory routinely runs 
steady-state Bitter magnets at current densities up to 
10,000-15,000 A/cm 2. Coolant holes are about 2 mm 
diameter and spacings are about 2 mm. The water 
velocity is typically 15 m/s.  The average lifetime of 
these magnets is 100-150 h, with insulation failure 
dominating. The copper hot-spot design temperature 
is 150 C. R. Weggel (private comm.) recommends 
designing to a calculated heat flux of 500 W/cm 2 for 
a "reliable" magnet. FBNML operates water-cooled 

magnets routinely at heat fluxes of 1000-1500 
W/cm 2. Typical water velocities are 10 m/s  and a 
typical Reynold's number is 10,000. P. Griffith 
(M.I.T., private comm.) suggests that two practical 
rules-of-thumb for high performance water cooling 
systems are to keep the temperature of the water at 
least 100 F below saturation at the design pressure at 
all points in the cooling loop and to build a full-scale 
model of the system, burn it out, and design to half 
the burn-out heat flux. 

According to S. Thomson (Bechtel, private 
comm.), standard industrial practice in large utilities 
is to restrict the inlet water for a cooling system to no 
lower than 105 F. Typical velocities in the plumbing 
from the pump buildings to the reactor cell is 15 
m/s.  Pumps can be expected to be at least 80% 
efficient. There should be about a nominal head loss 
of 100 feet in the main. If the calculated head loss is 
greater than 100 feet, a separate water line should be 
used. The load water outlet temperature should be 
limited to less than 200 C or 100 C in an unpres- 
surized system. 

Oxidation. Oxidation of copper surfaces is sus- 
pected of being an occasional cause of magnet failure. 
It is mentioned in manufacturer's literature as being 
the cause of temperature limits (see Section 2.2.1), 
implying that it is more restrictive than copper an- 
nealing. Oxidation at mechanical contacts, leading to 
hot spots, accelerated oxidation, and ultimately 
burnout, is certainly a cause of magnet failure. Copper 
oxide whiskers have been found in water-cooled mag- 
nets built at the National Magnet Laboratory (see 
below), but are not known to be a cause of failure. 
The oxidation of copper in air has been reviewed by 
R~nnquist (86) and others. 

Oxidation rate laws are usually presented as 
approximate solutions in limiting cases of a general 
rate equation, first proposed by Mott(74): 

~t = Cs inh  E 
ykT 

where y is the thickness of the oxide layer, and E is 
the energy of activation for the migration of cations 
in the direction of growth under the influence of 
concentration and electrical potential gradients. Over 
limited ranges of thickness and temperature, diffu- 
sion based rate laws can be approximated by a re- 
lation of the form: 

m n = K /  
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where, in the magnet range of temperatures, n is 
generally found to equal 2. In other words, the thick- 
ness of the coating increases with the square root 
of time. However, according to Campbell and 
Thomas, (18) the oxide formation rate at 100 C is 
O.06t 1/3 (/xg/cm2), where t is the time (s). 

Erosion. Dielectric breakdown in water is usu- 
ally not a problem, since the high dielectric constant 
of water, as well as its ability to carry away ions in 
solution, give it a high dielectric strength, typically 
500 kV/cm.  ~ However, the presence of chemically 
active species in aqueous solution as well as the 
hydraulic forces exerted by a high performance water 
cooling system can lead to rapid erosion and failure 
of a copper/ insulator  magnet structure. Erosion of 
copper by cooling water is observed when the impur- 
ity level of the water is too high (or, paradoxically, 
too low) or when the velocity of the water is suffi- 
ciently high that the dynamic head of the coolant 
becomes a few percent of the yield strength of copper. 
A lower limit for erosion of copper by deionized 
water was measured by Johnson (Sv) in standing water 
at 38 C. The initial rate of weight change was 0.025 
/~g/cm2-day at 38 C, with a saturation value of 0.14 
~ g / c m  2 with a water concentration of 1.2 mg/L .  
Saturation is due to the formation of a protective 
copper oxide coating. 

Erosion of copper tubing by water under various 
conditions was studied by Knutsson, (62) using tap 
water from the Finspang Water Works. The tempera- 
ture, pH, oxygen content, water velocity, and tubing 
size were varied, and the tubes were inspected after 
12 months. The most significant result was the be- 
neficial effect of deaeration. Deaerated water with a 
pH of 8.0 could be run up to 12.0 m / s  with no 
observable depth of attack. Aerated water with a pH 
of 8 could only be run to 3 m / s  with no observable 
corrosion at 65 C and 6.0 m/s at 30 C. If the aerated 
water had a pH of 6.5, corrosive attack was found 
when the velocity was > 1 m/s .  No differences in 
corrosion resistance were observed between annealed 
and hard-drawn copper tubes, even at the highest 
water velocities. 

Corrosion of a large number of structural 
materials by pure water (resistivity > 1 • 106 f~-cm) 
was studied by Roebuck et al. at Argonne. (85~ Copper 
was screened against a number of materials, inchid- 
ing stainless steel~ which had the highest corrosion 
resistance, and was rated in the low corrosion resis- 
tance group, along with bronze and plain carbon 

steels. Unfortunately, the exact quantitative results 
are not reported. However, it can be inferred from 
this report that somewhere between 300 and 400 F, 
the erosion rate of copper is 0.3 mg/cm2-mho at a 
water velocity of 30 f t / s .  Since this is a very high 
erosion rate, corresponding to 3.4 ram/year ,  it im- 
plies that the water temperature should be kept below 
300 F. 

The erosion of different alloys of copper was 
measured by Von H. Sick, (9a~ using water at velocities 
of 4.7, 8, and 12 m/s .  The best performance was by 
CuNi30Fe, which eroded at a rate of 0.1 r am/year  in 
12 m / s  water and 0.03 ram/year  in 4.7 m / s  water. 
The worst performance at 12 m / s  was by CuNi5Fe, 
which eroded at 0.26 mm/year ,  while the worst per- 
formance at 4.7 m / s  was by CuZn30, which eroded 
at 0.09 mm/year .  Thus there was about a factor of 
three difference between the best and worst alloy at 
each water velocity. The water had a pH of 7.5 with 
impurities including 7 m g / L  of oxygen, 16 m g / L  of 
chloride, 27 m g / L  of sulfates, and 35 m g / L  of silicic 
acid. 

Marshakov (7~ has established a relation between 
the erosion rate and the resistivity of the water. 
Copper corroded uniformly in all the water samples 
he studied at a rate of 0.0041-0.0065 mg/cm2-day. 
The depletion of oxygen in the water drops the rate 
of copper corrosion to 0.0004 mg/cm2-day. The cor- 
rosion rate of both copper and brass is found to be 
minimum in water with a specific resistance of l 
Mf~-cm. Tunder (97~ compared the corrosion currents 
of copper into water of different compositions, in the 
range of 2--10 M~2-cm. Using sodium sulfate, copper 
sulfate, sodium carbonate, and ferrous sulfate solu- 
tions, Tunder concluded that the effect of an additive 
cannot be predicted solely in terms of its effect on 
conductivity, pH, or any other general aqueous prop- 
erty. Erosion of copper by high speed water has been 
observed at the National Magnet Laboratory, but has 
not ted to any known magnet failures. Water is 
distilled and deionized, before being run through the 
magnets, to a purity of 106 f~-cm. (99~ Wegge[ (private 
comm.) infers the existence of erosion from the pres- 
ence of a powdery black residue in the water and a 
coating of CuO on all the copper surfaces in contact 
with cooling water (see below). 

No magnet failures are attributed to erosion at 
mechanical joints. However, pitting has been ob- 
served at joints. In one case, when a magnet was 
inspected, it was found that the Belleville washers 
providing the "follow-up" of the bolted contact were 
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rattling and that a large part of the first turn had 
been eaten away. One of the high-field magnets at the 
S.N.C.I. facility in Grenoble, France (see below) had 
joints with hydraulic clamping, to avoid the loss of 
clamping pressure through bolt loosening. 

Water Resistivity. It is widely recognized that 
the conductivity of water in a water-cooled magnet 
must be held to a relatively low value. The quantita- 
tive effects of water conductivity on erosion and 
corrosion are discussed further below, including ra- 
diotytic effects. The effect of water conductivity on 
leakage currents is always a design concern in axially 
cooled magnets, but is too obvious to require discus- 
sion here. This section reviews design practice in the 
selection of water resistivity. The magnet shop of the 
Princeton Plasma Physics Laboratory (K. Wakefield, 
private comm., 1982) used chilled deionized water in 
the PDX and PLT tokamaks with a design level of 
water conductivity of 0.2 /~S/cm and an alarm-trip 
level of about 0.5 /~S/cm. Measured values of con- 
ductivity in these cooling circuits is typically 0.12-0.17 
/~S/cm, but a few unusual instances have been re- 
corded during which operations continued when the 
resistivity was about a factor of 10 lower than normal 
(K. Wakefield, private comm.). At FBNML (M. J. 
Leupold, private comm.), a fraction of initially dis- 
tilled water is bled through a deionizing and a de- 
mineralizing bed in order to keep magnet cooling 
water at a conductivity of 1 /~S/cm. The water resis- 
tivity is monitored, but there are no trip levels. 

2.3. Electrical Limits 

2.3.1. Dielectric Breakdown in Air 

The dielectric strength of air is described by the 
familiar Paschen's law: 

V = f ( p d )  

which has a voltage minimum of 300 V at a pressure- 
distance product of pd = 5 mmHg-cm. Gaps of more 
than 10 -2 cm in air at s.t.p, have density-distance 
values far higher than that at the minimum Paschen 
voltage, and the breakdown voltage increases mono- 
tonically with pd. In air, the formula for the break- 
down voltage is~ 

293p 2 9 / ~ -  d 
V= 24.22 7 ~ d  +6.08 v 

where p is the pressure (mmHg), T is the temperature 
(K), d is the gap (cm), and V is the voltage (kV). In a 
uniform field, the dielectric strength (kV/cm) is 

6.08 
E = 24.22 + - -  

(d 

which has an asymptotic value of 24 kV/cm at long 
gaps. 

Corona. According to Alston, (4) if the maximum 
stress in a gap is less than five times the mean stress, 
breakdown phenomena are very similar to those in a 
uniform field. At higher stress ratios, corona ioniza- 
tion may be maintained locally in the region of high 
stress. PeeD TM obtained relations for corona incep- 
tion field in air between cylinders. For concentric 
cylinders, with an inner cylinder radius r (cm), the 
corona inception field (kV/cm) is 

0.308 ] 
El=31 p 1+ V/~ ] 

where p is the air pressure (atm). The corona incep- 
tion field for parallel cylinders with radius r (cm) is 
nearly identical: 

30p/1 + 0.301 ] E i=  

2.3.2. Dielectric Breakdown in Helium 

Although this paper deals exclusively with the 
failure mechanisms of normal magnets, dielectric 
breakdown in helium is included here, both because 
normal magnets can be gas cooled and because the 
mechanisms of failure are similar in all gases, helium 
being one of the best studied. The dielectric strength 
of liquid helium is comparable to that of air at 
standard temperature and pressure. Unfortunately, 
since breakdown accompanies heating due to a nor- 
mal event and rapidly heats local helium, the actual 
breakdown strength of liquid helium in a magnet is 
hard to interpret. It is conservative and probably 
correct to always consider gaseous helium to be the 
insulant in a pool boiling magnet. 

The breakdown strength of gaseous helium at 
ambient temperature is only a small fraction of that 
of air because the electrons can gather kinetic energy 
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from electrical field drift up to the ionization level in 
this noble gas. Paschen's law should hold for gaseous 
helium at any temperature. The Paschen curve shows 
that no breakdown can occur in helium below 160 V, 
corresponding to a density-spacing product value of 
1 • 10 ~ (kg/m3)-m, or a gap of less than 1 /~m filled 
with helium vapor at 4.2 K. However, as soon as the 
helium density exceeds 15-20 kg/m 3, the Paschen 
law is no longer valid and field emission becomes 
dominant. D. Marcowitz, a senior magnet designer at 
Intermagnetics General, reports that the PMS coil for 
TRW was built with an insulator flashover design 
field of 20 V/mil across the insulating spacer (private 
comm.). Marcowitz has built a magnet that flashed 
over at 30-40 V/mil. The design method for the 
PMS coil was to take the Paschen curve worst pres- 
sure breakdown field at 300 K and then add a safety 
factor. 

Johnson et al/s8) measured a large number of 
ground insulation samples that simulated the insula- 
tion system for the toroidal and poloidal field coils of 
the Princeton Tokamak Fusion Test Reactor (TFTR). 
A 100 mil kapton-glass epoxy and a 375 mil epoxy- 
glass ground wrap were tested. A relatively high 
statistical spread was observed between the best and 
worst specimens in a test, about a factor of 2 for low 
cycle ac tests. For high cycle survival at 60 Hz, it is 
necessary to design to 100 V/rail (37.5 kV) with the 
epoxy-glass. There were fewer cycles with kapton-glass 
epoxy, but it appears that 500 V/mil (50 kV) is 
necessary to be below the minimum voltage to failure. 
However, corona was detected across 100 rail insula- 
tion at 3.8 kV (38 V/mil) for the fiberglass-epoxy 
insulation and at 6.8 kV (68 kV) for the kapton-glass 
epoxy insulation. 

May and Krauth studied the influence of elec- 
trode surface conditions on the breakdown of liquid 
helium at 1 atm57~) Over a range of 0.5-3.0 mm gaps, 
the breakdown voltage of electropolished niobium, 
the best surface, varied from 25 kV (50 kV/mm) to 
92 kV at 2 mm (46 kV/mm), while the breakdown 
voltage of brass, the worst surface, varied from 8 kV 
at 0.5 mm (16 kV/mm) to 40 kV at 3.0 mm (13 
kV/mm). The breakdown was a strong function of 
time, interpreted as the growth of a channel of super- 
heated helium with a very slow rate of heat removal 
(characteristic time of 5 h). Hwang and Hong (56) 
measured dielectric breakdown in liquid and gaseous 
helium across epoxy insulation and arrived at 
flashover fields of 24 kV/mm in liquid helium at 0.27 
mm and 12 kV/mm (400 V/mil) in gaseous helium. 

This degraded slightly at the higher gap length of 
0.63 mm to 18 kV/mm in liquid helium and 10.5 
kV/mm (250 V/mil) in gaseous helium at 4.2 K. The 
point-to-plane dielectric strength of epoxy at 4.2 K 
was 136 kV/mm (3000 V/mil). The point-to-plane 
dielectric strength of helium is at least 2.5 kV/mm 
(60 V/mit) up to a separation gap of 2 mm. 

Olivier (77) measured voltage breakdown in helium 
as a function of conditioning and electrode polarity. 
He discovered a large conditioning effect and occa- 
sional deconditioning. A 0.5 mm gap in liquid helium 
between brass and steel had an initial breakdown 
voltage of 25 kV on the first discharge, a minimum 
breakdown voltage of 12 kV on the 24th discharge, 
and a maximum breakdown voltage of 55 kV on the 
last and 50th discharge. The vast majority of break- 
downs occurred with the brass electrode as the 
cathode. However, the ratios of the maximum and 
minimum breakdown voltages are not highly depen- 
dent on the electrode polarity. Thoris et al. (96) in- 
vestigated striking distances between electrodes in 
helium over a range of temperatures and at high 
voltages. They discovered a 1/T dependence of the 
breakdown voltage over a broad range of tempera- 
tures. They also found dramatic deterioration of the 
breakdown electric field at large gaps. This is particu- 
larly striking at high voltages. For instance, within 
the limitations of a very large graph-reading error, a 
peak voltage of 10 kV requires a gap of 6 mm at 30 K 
(40 V/rail), 17 mm at 60 K (15 V/milL and 80 mm 
at 240 K (3 V/rail). 

D. Weldon (LASL, CTR-9, private comm., 1980) 
has designed and tested many high-voltage leads, up 
to a lead to ground voltage of 60 kV, pulsed over 2 
ms. These leads have �88 in. G-10 sleeves, which were 
fit directly over the leads. One of these leads has 
failed; it burned up, accompanied by high thermal 
stresses and cracking of the insulation, leading to 
arcover through the crack. The lead insulation has a 
nominal dielectric strength of over 1000 V/mit. 
Weldon stated that helium should generally be de- 
signed to have a dielectric strength 5-10 times worse 
than air. In air, one might design to a striking field of 
25 V/rail and a tracking field of 5-10 V/rail. 
Weldon's numbers come from Haarman and 
Williamson, (45) who also reported nearly identical 
tracking breakdown fields for paper phenolic, poly- 
ethylene, nylon, and teflon. Therefore, the tracking 
strength for any wrap should be about 4 kV/cm. A 
factor of 5 safety margin would imply that tracking 
should be limited to 2 V/rail. Typical electrical de- 
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sign limits in a cryogenic environment are: 

Flashover along an insulating 
spacer in helium 

Tracking along an insulating 
wrap 

Breakdown through an epoxy 
Breakdown through a kapton 

wrap 
Maximum temperature on 

quench 

7 V/rail 

2 V/rail 
150 V/rail 

1000 V/rail 

120 K 

2.3.3. Flashover and Dielectric Breakdown in Vacuum 

Flashover is loosely defined as dielectric break- 
down along the surface of an insulator. It is dis- 
tinguished from tracking by its sudden avalanchelike 
character and is distinguished from arcing by the 
dominance of surface effects. The dielectric strength 
of the surface of an insulator is always weaker than 
that of a vacuum gap of similar dimensions. The 
strength of high voltage standoffs for utility applica- 
tions is made to be greater than that of air by 
crenellating the insulator surface in order to make the 
flashover length much greater than the air gap be- 
tween electrodes. In a magnet, substantial enhance- 
ment of the path length along an insulator is 
frequently not possible. Therefore, unless one can 
design a magnet with clever, crenellated standoffs 
between layers, the problems of flashover and dielec- 
tric breakdown in vacuum are essentially identical. 

Flashover is believed to be caused by secondary 
electron emission leading to positive charging of the 
insulator surface. The necessary condition for initiat- 
ing a breakdown event is that the applied electric 
field exceed a threshold value at the cathode 
vacuum/conductor/insulator junction, permitting 
field emission of electrons. Positive charging of the 
insulator can occur when the secondary electron 
emission ratio is greater than 1. For most insulations, 
this regime begins at a primary electron lower energy 
level of 20-100 eV and ends at a higher energy level 
of 1-5 keV. The positive charging of the insulation 
leads to enhancement of the electric field at the 
cathode/insulator interface. The positively charged 
insulator reattracts the secondary electrons, so an 
avalanche of electrons can "hop" along the insulator 
surface from the cathode to the anode. The buildup 
of charge can be extremely rapid, typically tens of 
nanoseconds, while the relaxation of charge is slow in 

vacuum, typically several hours at a pressure of 10 -9 
torr. (16) The dominant relaxation mechanism is be- 
lieved to be the bulk electronic relaxation time of the 
insulating material, so that the time is not expected to 
decrease linearly with pressure. 

A dominant feature of flashover in vacuum is 
the role of gas that is desorbed thermally or electroni- 
cally from the insulator surface. This gas is assumed 
to create an ionizable medium in the vicinity of the 
surface that can support the regenerative ionization 
processes that permit arcing. Anderson (5) showed that 
low thermal conductivity insulators could develop a 
temperature rise adequate for rapid desorption of gas 
in a few nanoseconds. Ohki  (76) found indirect experi- 
mental evidence that the surface flashover voltage of 
polyethylene decreases with temperature according to 
a model of surface gas desorption. More recently, 
Anderson and Brainard (6) developed a theoretical 
model based on electron stimulated desorption of 
gas, which showed good agreement between experi- 
mental observations and the predicted dependence of 
the breakdown delay time on the length of the insula- 
tor and electric field. Cross (27) suggests a similar 
model which assumes that the secondary electron 
emission avalanche is followed by a final flashover 
stage, initiated by a large burst of electron emission 
from the cathode insulator junction. This burst 
charges successive regions of the insulator negatively 
until the burst reaches the anode, leaving a channel 
of excited gas in its wake along which flashover 
occurs. A few procedures, relevant to magnet design, 
can be used to improve the resistance to flashover of 
an insulating spacer. 

1. Junction shaping: The shape of the insulator, 
in particular, its angle with the metal electrodes, can 
be used to control the trajectories of the secondary 
electrons, improving the flashover voltage. A bibliog- 
raphy of junction shaping approaches is included in 
Latham.(66) 

2. Magnetic insulation: As with vacuum gap 
breakdown, a transverse magnetic field will also sup- 
press insulation flashover, as shown by Bergeron and 
McDaniel.(1 l~ If the magnetic field is transverse to the 
electric field, as would normally be expected between 
the layers of a solenoid magnet, there is a critical 
impedance ratio R c between the impedance of the 
load and the region in the vicinity of the insulator, 
above which an avalanche will be depleted: 

3. Material selection: According to Latham, (66) 
there is a considerable divergence among the pub- 
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lished data as to the correct hierarchy of materials 
versus surface flashover. However, there is a con- 
sensus that the best insulators have a glasslike struc- 
ture, because of the superior resistance to gas 
evolution in comparison with porous ceramics or 
organic insulations. 

4. Surface roughening: Gleichauf (41) found that 
roughening of the insulator near the cathode interface 
improved ftashover performance. 

5. Surface coating: If a material were found with 
a secondary electron emission yield less than one for 
all impact energies, flashover presumably could not 
occur. Insulating materials generally have high values 
of secondary electron emission, while metals and 
semiconductors are low. Good results have been ob- 
tained using Fe203 (36) and Cr203 (94) coatings. DC 
insulating performance can be improved by a factor 
of 2-3 using coatings, while surge protection is less 
marked. It is almost impossible to create a secondary 
electron emission yield which is less than one for all 
impact energies, because of the yield enhancement 
that occurs at glancing angles of incidence, which are 
common in avalanche. 

All methods of voltage flashover are very sen- 
sitive to surface contamination. Chatterton and 
Davies (23) have systematically studied the effect of 
contamination of the hold-off voltages of Macor, 
Lucalox, and Plexiglas insulators. They were able to 
form a model of flashover conditioning, showing 
improvement of hold-off voltage after successive 
flashovers for uncoated surfaces. However, they were 
unable to form such a model for the more complex 
case of insulators coated with C or Ti, which is 
believed to be a better simulation of surface condi- 
tions after flashover. 

2.3.4. Tracking 

Tracking is the leakage current due to the forma- 
tion of a conducting path across the surface of an 
insulator. In most cases, the conduction results from 
degradation of the insulation itself, implying organic 
insulation. However, in the case of the water-cooled 
inorganic insulations postulated for highly irradiated 
magnets, tracking may also be observable. The con- 
ducting film is usually moisture from the atmosphere 
absorbed by some form of contamination, such as 
dust. Tracking does not depend upon Paschen 
breakdown and can occur at well below 100 V in air, 
while a gaseous discharge at s.t.p, cannot exist below 

380 V. Degradation of the insulation is caused by 
heat from tracking, which either carbonizes or volati- 
lizes the insulation. Carbonization results in a perma- 
nent extension of the electrodes and usually takes the 
form of a dendritic growth. Erosion of the insulation 
also occurs, although the dominant failure mecha- 
nism is usually carbonization. 

Low-voltage test methods for tracking have been 
established by the International Electrotechnical 
Commission (I.E.C.) in Publication 112. Two chisel- 
edged electrodes, usually of brass, are rested on a 
horizontal test piece 4 mm apart. Drops of a specified 
size of 0.1% ammonium chloride solution fall be- 
tween the electrodes at 30 s intervals. A curve of 
drops-to-failure versus voltage is then constructed. At 
a particular voltage, called the comparative tracking 
index (CTI), this curve becomes asymptotic. CTI 
values on the I.E.C. test range from 100 to 140 for a 
phenolic bonded paper board, to 200 to 300 for 
mineral-filled alkyd resins, to 600 for silicone rubber. 
Many of the materials with the highest CTFs would 
fail by erosion. (3~ 

3. MAGNET LIMITS UNDER IRRADIATION 

Magnets that are highly irradiated by neutrons, 
gamma rays, or X-rays have the same limitations as 
unirradiated magnets, as well as some entirely new 
limitations. The limitations on irradiated magnets can 
be placed in three broad categories: (a) fluence- 
related changes in bulk material properties, (b) 
flux-related acceleration or catalysis of surface elec- 
trochemistry, and (c) new chem/stry and new struct- 
ural behavior due to the creation of otherwise absent 
species or microstructures. Almost all of the study of 
radiation limits on materials has concentrated on the 
first category. Almost all magnet failures, one sus- 
pects, will be caused by the latter two. 

3.1. Properties of Candidate Insulations for a Highly 
Irradiated Environment 

3.1.1. Irradiated Properties of G- 10 

G-10, a fiberglass reinforced epoxy, is the most 
popular insulation for large, air-core magnets in both 
the cryogenic and room-temperature environments 
for nonirradiated magnets. G-10 has also been 
selected for the mildly irradiated toroidal field mag- 
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nets of TFTR. Recent experiments conducted on the 
INEL reactor by Erez and Becker O2) confirmed 
Becker's theory that G-10 in thin disks will have 
considerably higher strength after irradiation than 
G-10 rods. The total dose was 1011 rads of gamma 
radiation, 1019 (n/cm 2) at energies greater than 0.1 
MeV and 102~ total (n/cm2). Twenty rail disks of 
G-10 withstood 200 MPa (30 ksi) peak stress under 
cyclic loading at room temperature for 200,000 cycles 
without any observable failure. Some samples also 
withstood up to 85,000 cycles at 207 MPa (40 ksi) 
peak stress. G-7 samples failed at 30 ksi after 10,000 
cycles. G-11 samples with a thickness of 150 mils 
showed partial destruction after 10,000 cycles. Prom- 
ising inorganic insulations are discussed in the next 
several sections, but a recent experiment by Erez and 
Becker (32~ is a strong counterindicator for mica-glass, 
the most popular inorganic sheet insulation. Simulat- 
ing the insulation conditions for Zephyr, a German 
ignition experiment using cryocooled Bitter plates, 
0.5 mm samples of G-7, G-10, and mica-glass were 
tested for unirradiated compression fatigue. While a 
stack of 5 G-10 specimens, separated by steel plates, 
survived 60,000 cycles at a maximum applied stress 
of 310 MPa (45 ksi), several mica-glass samples failed 
at 10,000 cycles at 207 MPa (30 ksi). G-10 was 
irradiated to a level of 1.6 • 1019 n / c m  2 for neutron 
energies greater than 0.1 Mev, 1020 n /cm 2 for all 
neutrons and 3.8• rads of gamma radiation, 
simulating an environment similar to that planned 
for the resistive toroidal field magnets in Zephyr. ~176 
A stack of 5 irradiated G-10 samples survived 200,000 
cycles at a peak compressional stress of 207 MPa (30 
ksi). Another counterindicator for mica was that its 
coefficient of friction was only 0.033-0.049 at room 
temperature, while G-10 had a minimum coefficient 
of friction of 0.33, implying an order of magnitude 
better ability to carry out-of-plane loads without 
slippage. The implication of this experiment, in which 
highly irradiated G-10 was stronger than unirradiated 
mica, is a counterexample to the supposedly longer 
irradiation life of ceramics. As will be seen in the 
discussion on MgO powder, ceramics have endured 
more irradiation in accelerator environments than 
organic insulations, but in many applications, organic 
insulation will be longer lived under intense irradia- 
tion. With or without irradiation, the most likely 
failure mode for either organic or inorganic sheet 
insulation in a magnetic fusion reactor magnet is 
powdering of the insulation. A common fear is that 

Table III. Properties of MgA1204 and A1203 
i 

A1203 
Property MgA1204 99.7% Units 

Young's modulus 35 50 Msi 
Shear modulus 15 Msi 
Compressive strength 270 380 ksi 
Bending strength 20-32 50 ksi 
Tensile strength 19 30 ksi 
Shear strength 9 ksi 
Specific gravity 3.94 
Dielectric strength 230 V/rail 
Dielectric constant 9.5 

initial cracking of the insulation could lead to shak- 
ing out the insulation from between the copper plates 
by a combination of gravity and the "breathing" of 
the magnets on each pulse, leading to failure signifi- 
cantly before failure due to the loss of all strength in 
compression, which Becker showed to occur at very 
high irradiations for thin disks. 

3.1.2. Properties of Alumina 

Alumina, A1203, is probably the most com- 
monly used ceramic insulation, as well as being the 
natural insulating coating on all aluminum surfaces 
exposed to air. It has been used as an insulator in 
highly irradiated environments in the Triumf septum 
magnet (see below). Properties of alumina are shown 
in Table III. According to Clinard (LASL, private 
comm., 1981), bulk A1203 is unusable after an irradi- 
ation of 102z (n/cm2), because of structural failure 
due to swelling. 

3.1.3. Properties of Spinel 

Spinel, or MgA1204, has been suggested by 
J. E. C. Williams (private comm., 1982) as the 
candidate insulation for FED-R (fusion engineering 
device-resistive) in the form of a plasma arc sprayed 
coating, and by Aggarwal et al. (9) for the plug mag- 
nets in TDF (tandem mirror demonstration facility) 
in the form of interturn spacer chocks. For an insula- 
tion that has never been used in any magnet, it enjoys 
remarkable agreement at this writing as the most 
desirable material for high stress, high irradiation 
applications. Spinel is an attractive ceramic insu!a- 
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tion because of its high strength, good thermal con- 
ductivity, low neutron swelling, and low solubility in 
water. Typical mechanical properties of spinel at 
room temperature are shown in Table III. 

Spinel is of particular interest in a high neutron 
irradiation environment, because of its tow swelling. 
Hurley and Bunch (s2~ irradiated 15 ceramics with a 
fast-fission spectrum, including 2.8 • 10 2t n /cm 2 of 
E n > 0.1 MeV fast neutrons. While the (0001)-plane 
and (1012)-plane slices of A1203 experienced identi- 
cal volume swelling of 1.6% and a reduction of ther- 
mal diffusivity of 45%, the single crystal MgA1204 
had a volume swelling of only 0.1% and a thermal 
diffusivity reduction of only 8%. However, polycrys- 
talline spinel had a swelling of 0.3% and a thermal 
diffusivity reduction of 45%. Irradiation was at a 
temperature of roughly 740 C, and it is likely that 
radiation damage may have a strong temperature 
dependence. (52) In another set of experiments by 
Hurley etal., (54~ polycrystalline spinel was irradiated 
to a fast neutron fluence of 2.1 x 10 22 n /cm 2 and a 
thermal fluence of 4.6 • 10 22 n / c m  2, at a calculated 
temperature of 430 K. In this case, the swelling of the 
spinel was 0.8%, while the compressive strength was 
increased from 127 MPa to 152 MPa. The strength of 
the spinel was five times as high as that of two MgO 
samples irradiated along with the spinel. 

Clinard etal. (25~ reported the mechanical effects 
of fast fission neutron irradiation ( > 0. I MeV) from 
the EBR-II reactor on spinel at 430 K. In single 
crystals, little gross damage was reported after 30 
dpa. In contrast with A1203, hardly any of the de- 
fects were aggregated. At 20 dpa, only 0.05% of the 
total displacements were stabilized in aggregates. The 
concentration of interstitials contained in loops in 
MgA1204, expressed as a fraction of the total atoms 
present, was 5 • 10 4, after an irradiation of 2 • 1022 
n / cm 2. The failure of loops to unfault and develop 
into dislocation networks probably explains the su- 
perior absence of void swelling in spinel Vacancy- 
interstitial recombination is the only important mode 
of defect accommodation in single-crystal spinel. 
However, in polycrystalline spinel, excess interstitials 
reach the grain boundaries, leaving behind an excess 
of vacancies to agglomerate as voids. While single 
crystal spinel showed essentially no swelling ( < 0.1%) 
at irradiations from 0.3 to 2.3 • 1022 n /cm 2 at high 
temperatures, polycrystalline spinel swelled by 0.8% 
after a fast neutron fluence of > 10 z2 n /cm 2 ( > 0.2 
MeV) at 430 K. The authors' conclusions are that the 

qualitatively different damage mechanism would pre- 
dict significant differences in the irradiation behavior 
of single and polycrystalline states of many ceramics, 
in particular spinel. 

3.1.4. Properties of Magnesia 

Magnesia is the most popular form of powdered 
insulation, being used in ovens, thermocouples, and 
accelerator magnets. It has been recommended for 
use in the bundle divertor magnets of the fusion 
engineering test facility. (87~ A particular concern with 
MgO design in a highly irradiated env~ironment is its 
photoconductivity under irradiation. Lynch (69~ tested 
two MgO coaxial cables over a range of temperatures 
and irradiation. In each cable the MgO was com- 
pacted to 70% of the density of single crystal MgO. 
One cable had a gamma-induced conductivity of 
1.9• 10 -t~ ~2 -1 m -1 rad -I h, while that of the other 
had a conductivity of 1.1 • 10 -17 ~-1 m-i  rad-i  h. 
The lower value corresponds to the photoconductiv- 
ity of most organic materials, according to Wintle. (I~176 

3.2. Comparison of Candidate Organic Insulations for 
Use in Irradiated Environments 

3.2.1. Service Histol 7 

Most large magnets are insulated with epoxy 
fiberglass composites, in particular G-10. With the 
exception of the new CR grade, G-10 does not have a 
fixed composition, although the resin is generally 
DGEBA (diglycidal ether of Bisphenol A). To the 
best of our knowledge, the organic insulations with 
superior radiation resistance, such as TGPAP (tri- 
glycidal polyamine phenol) or polyimide resins, have 
not been used in large magnets. The commonly used 
high dielectric strength sheet or wrap, Kapton, is atso 
a polyimide, and polyimides are the leading candi- 
date for the insulating chocks in Tore Supra. ~8) 

The NINA quadrupole bending magnets in Eng- 
land are insulated with an imide epoxy and are 
believed to have been irradiated to several 10 L~ rads 
with no failures, according to Sheldon, which would 
be the best known irradiation survival for an organic 
magnet insulation. The design and construction of 
the magnets were described by Poole (82) before exten- 
sive operation had been achieved. The description did 
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not feature radiation resistance, but stated simply 
that the coils were wrapped with a layer of woven 
glass tape, and that a further layer of glass tape was 
added after winding to give 1 mm of ground insula- 
tion. The coil was then vacuum impregnated with a 
resin designated MY720/HY906, with a permitted 
operating temperature of 150 C. It was stated that 
this resin system is the standard choice for magnets 
at Daresbury, because of its superior physical proper- 
ties and radiation resistance. 

According to Stapleton at Rutherford and 
Sheldon, several magnets for British and German 
accelerators have been built by Brown Boveri, using a 
tetraglycidal amine, similar in its properties to the 
TGPAP tested by Evans et al. (35~ and Erez. (33~ 
According to Sheldon, the chemical composition of 
the resin is tetraglycidal diamino diphenyl methane 
with methyl "medic" anhydride. Both Stapleton and 
Sheldon state that the insulation, while very good, is 
difficult to prepare and far from ideal for producing 
vacuum impregnated coils. Polyimides have been used 
in irradiated environments, if not in large magnets. 
According to A. Harvey (private commun.), polyim- 
ides used in strain gauges in nuclear reactors are 
"certainly good" to 1011 rads, without failure or 
sufficient change in electrical properties to invalidate 
the strain gauge reading. Polyimide varnishes have 
been used at Los Alamos on 18 gauge wire, wrapped 
around toroidal particle detectors (A. Harvey, private 
comm.). 

3.2.2. Ceramic Insulated Magnets: Service History 

The MgO powder insulated conductor, manufac- 
tured by Pyrotenax of Canada, has been used at 
S.I.N. in magnets built by George. (39~ The two most 
highly irradiated magnets in this class are target area 
quadrupoles, called QTA and QTB. These magnets 
used solid mineral filled conductor, externally cooled 
by steel pipes. The conductor is �88 in. square and is 
run at 330 A. The whole magnet was potted in solder. 
The higher performance internally cooled conductor 
was rejected because of concern over water erosion of 
copper. The single most highly irradiated magnet, 
QTA, was taken out of service after 3 years, due to an 
electrical blowout. A postmortem revealed no evi- 
dence that the failure was in any way related to 
radiation damage. The target area is believed to have 
an instantaneous irradiation of 108 rad/h. The avail- 
ability of the accelerator was approximately 50% over 
this period, implying an integrated dose of 1012 rad. 

3.2.3. Screening of Organic Insulations for Radiation 
Resistance 

Materials testing on polyimides, TGPAP, and 
G-10 suggest that polyimides and TGPAP have a 
threshold to damage about an order of magnitude 
higher than that of G-10. A 1970 experiment at the 
Rutherford High Energy Laboratory (35) tested a large 
number of epoxy resins at dosages up to 2• 101~ 
rads. The flexural strength of TGPAP with DDM 
hardener was 4004 kg-cm 2 preirradiation and 3044 
kg-cm 2 after 2• 10 l~ rads, which was the threshold 
to damage irradiation. DGEBA resin with MNA 
hardener (a typical matrix for G-10) had an unirradi- 
ated flexural strength of 3654 kg-cm 2 and an irradia- 
ted flexural strength of 1073 kg-cm 2. The threshold to 
damage was 3 x 109 rads. 

Tests at cryogenic temperatures on epoxies and 
polyimides have been done at Oak Ridge that give 
more qualitative guidance. Coltman and Klabunde (26) 
irradiated polyimides at 4.9 K, warmed them up to 
room temperature, and tested their properties at 77 
K. Their results appeared with the title, "Mechanical 
Strength of Low-Temperature-Irradiated Polyimides: 
A Five to Tenfold Improvement in Dose Resistance 
over Epoxies." The best glass-filled polyimide was 
Spaulrad, an aromatic polyimide resin, reinforced by 
70 wt-%E-glass fabric, Unirradiated at 77 K, Spaul- 
tad has 90% of the strength of G-10 CR. After an 
irradiation of 2.4 • 109 rads, Spaulrad has five times 
the strength of G-11 CR, the best irradiated epoxy. 
By 101~ rads, Spaulrad has 38% of its initial strength 
at 77 K. Norplex, the same material as Kerimid, had 
the highest strength in compression (800 MPa) per- 
pendicular to the plane of the reinforcement, and this 
strength did not deteriorate at all up to an irradiation 
of 101~ rads. The simple fact that polyimides are 
recommended for higher temperature service than 
G-10 (300 C vs 120 C maximum for G-10) is another 
qualitative indicator of higher radiation resistance in 
service, as well as giving more design margin against 
insulation hot spots. 

3.2.4. Radiation Resistance of Glass Filler 

Tests by Erez (33) indicate a strong preference for 
the use of S-glass in a highly irradiated environment, 
instead of the somewhat less expensive E-glass, which 
is most commonly used in unirradiated insulations. 
Erez irradiated 31 insulator specimens in the M.I.T. 
reactor to a total fluence of 1.4• 1018 n /cm 2 and 
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5•  109 rads of gamma radiation. The activity in 
mrems/h was measured immediately after irradia- 
tion, 3 days and 8 days after irradiation. Typically, 
the activity with S-glass 901 size was the lowest on all 
3 days, being about 1/4 the activity of the systems 
with E-glass. The activity was essentially independent 
of the choice of epoxy matrix. Of course, activity per 
se is not a failure mechanism for an insulation, but it 
is a strong qualitative indicator that less radiation 
will be absorbed if S-glass reinforcement is used. 

3.2.5. Price and Availability of Organic Insulations 

All three of the candidate insulations are readily 
available, according to J. Benzinger (Spaulding Fibre, 
private comm.). A manufacturer's estimate in March, 
1982, for the 70,000 ft 2 of 20 mil insulating sheets 
(based on about 200 sheets for FED-R) is $9.33/lb 
for G-10CR with E-glass, $15.40/lb for G10-CR with 
S2-gIass, $20.20/Ib for TGPAP with S2-glass, and 
$38.80/lb for the polyimide Spaulrad with S2-glass. 
The TGPAP resin comes in two grades: a distilled 
resin, available at $14.50/lb, and the regular grade, 
available at $6.55/lb, which was used in the com- 
posite costing. The prices quoted were for 20 rail 
sheets, suggested by the experiments by Becker in 
which thin disks had substantially higher irradiated 
fatigue life than thick disks. However, due to the 
manufacturing difficulties associated with thin sheets, 
the cost of 40 rail sheets was estimated to be only 
slightly higher than that for 20 rail. In all three cases, 
the insulation would be 70 wt-% S-glass. This gives a 
price range of $500,000 for the polyimide composite 
to $120,000 for the G-10 composite with E-glass. 

Although Benzinger stated that polyimides and 
TGPAP are much less available than G-10, he also 
told Erez and Becker that the delay for polyimides 
would be about a week for the Zephyr TF plates, (1~ 
which are about 1/2 the surface area of the FED-R 
plates. Presumably, the delay is just the time it takes 
a boat from France to make a delivery from Rhone- 
Poulenc, and is not a strong function of quantity. 
Another attractive polyimide resin, Kerimid, is 
manufactured by Rhone-Poulenc. According to Erez 
(M.I.T., private comm.), two fabricators in the United 
States are capable of manufacturing laminated sheets 
large enough for the Zephyr TF magnet plates. (~~ 
According to manufacturer's literature, this resin has 
been used as a structural material in nuclear reactors, 
with no damage at irradiations up to 101~ tad, and 

has a flexural strength of 70 ksi and a compressive 
strength of 50 ksi. 

According to J. Dyer at Atlantic Laminates 
(private comm.), 36 • 48 in. is the standard sheet size 
of Kerimid, and it could be fabricated in sizes rang- 
ing from 4-5 mils to 1 in. thick. However, Atlantic 
Laminates does have a 48 • 72 in. press, which can 
only be heated to 250 F. The curing temperature of 
the polyimide is 425 F, so final curing would have to 
be done in a separate oven, but Dyer believes that 
this is feasible. Another limitation is that woven glass 
cloth is available only in rolls no larger than 50 in. 
Dyer said that an overlap between two sheets of cloth 
could be cushioned without damaging the press, al- 
though the flexural strength of the composite would 
be greatly reduced at the overlap plane. 

3.2.6. Availability and Limitations of Powdered MgO 
Insulated Conductor 

Powdered MgO insulated conductor is currently 
the only conductor with proven long life in a highly 
irradiated environment. It is used at the LAMPF 
facility in Los Alamos (43~ and at the Schweizerisches 
Institut fiir Nuklearforschung (SIN) in Villigen. (39) 
All conductor to these two facilities has been delivered 
by Pyrotenax of Canada. Presently, the available size 
and current density of this type of conductor is very 
limited. Although there are also fundamental limits 
on conductor performance of this technology, prim- 
arily because of the need for an external jacket, as 
well as limitations on conductor bending radius, pre- 
sent size and performance limitations reflect prim- 
arily the small size of the market for this conductor. 
According to D. Main (private comm.), Pyrotenax 
has supplied conductors to scientific laboratories in 
the United States, particularly the LAMPF facility at 
Los Alamos, and abroad in sizes up to 0.35 in. 
flat-to-fiat on the copper, 0.53 in. overall for a solid 
conductor, 0.75 in. fiat-to-flat in the coolant hole, 
0.57 in. on the copper, and 0.75 in. overall for a 
hollow water-cooled conductor. The latter conductor 
is rated at 1800 A and is manufactured in 230 ft 
lengths. 

The manufacturing process used by Pyrotenax is 
to draw a 2.5 in. o.d. copper sheath to approximately 
the correct size and then to square the conductor, 
with, perhaps, some more drawing. It is necessary to 
leave a �88 in. gap between the conductor and the 
sheath, in order to fill the conductor gap with MgO 
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powder. This is apparently a fundamental limitation 
on the space taken up by the insulation. For a fusion 
reactor application, where a high current is desired, it 
would probably be possible to just square up the 
original 2.5 in. o.d. pipe. The manufacturer recom- 
mends not bending the conductor to a radius of less 
than 12 times the conductor width. Main observed 
that at least one coil wound at LASL can be seen to 
be bent to a radius less than that, but he cautions 
that if we used the original 2.5 in. o.d. pipe, it would 
probably not be very flexible and that the original 
rule of thumb should apply. An undrawn conductor 
would only be available in a maximum length of 30 
ft. Main said that no conductors have been manufac- 
tured with coolant channels between the current- 
carrying copper and the MgO insulation. If that 
topology were used, thermal runaway should not be a 
problem in the insulator, and only bending radius 
and the avoidance of temperatures above 250 C in 
the copper would limit the conductor current density. 

Main reports that the largest cable that Pyro- 
tenax can manufacture with their present technology 
is 2.07 in. flat-to-flat, where the included copper 
conductor is 1.63 in. flat-to-flat and the jacket thick- 
ness is ~6 in. A minimum bending radius of 24 in. is 
recommended. The failure mode due to overbending 
is rippling of the jacket inside surface. Main said that 
the coil could probably be manufactured with a 
stainless-steel jacket, if desired. The coolant hole can 
be made any reasonable size desired. Main confirmed 
the manufacturer's literature that 250-300 C is the 
design limit due to oxidation of the copper. 

3.3. Neutron and Ionizing Radiation Damage to 
Copper 

3.3.1. Lattice Displacements 

The resistivity of copper is increased by irradia- 
tion through the introduction of defects into the 
copper lattice. These defects include the transmuta- 
tion of copper into other elements, and the introduc- 
tion of voids, dislocations, and intrinsic point defects, 
such as vacancies and interstitials. According to T. H. 
Blewitt (private comm.), almost all neutron energy is 
lost by elastic collisions. About 95% is lost in heat 
and 5% in defects. Of the 95% lost in heat, 85% is due 
to ion-ion interactions and 10% to electron excitation. 
The mean free path of a high-energy neutron in 
copper is about 1 cm. About half of the collisions will 

cause excitations and half displacements. A 2 MeV 
neutron will require about 500 collisions to thermal- 
ize in copper. The scattering angle will be nearly 
arbitrary, with only a slight tendency for a neutron to 
make forward progress in its initial direction. 

A rough conversion between dpa (displacement/ 
atom) and appm (atomic parts per million of an 
impurity) is made as follows: the neutrons in a 
typical fusion first-wall spectrum may typically expe- 
rience 400 matrix displacing collisions (400 displace- 
ments) before being captured (1 impurity atom). This 
was the ratio in the RTPR reference design. (24) A 
direct fusion neutron should cause about 1200 dis- 
placements. Therefore, at low integrated fluences and 
low temperatures, there are approximately 400 dis- 
placements/impurity. However, at room temperature 
about 85% of the defects will be annealed out at 
steady state. At the most elevated of possible magnet 
temperatures (250 C), about 95% of the defects will 
be annealed out. Each transmutation causes an incre- 
ment in the copper resistivity 3-4 times greater than 
the increment from each displacement. Therefore, for 
an unsaturated matrix, the effect of displacements 
may be less than an order of magnitude greater than 
the effect of transmutations. At room temperature, 
the copper matrix will only support about 0.1% de- 
fects. Above the fluence necessary to produce the 
saturation level of lattice defects, only the resistivity 
due to transmutations continues to increment. At 
room temperature, the incremental resistivity due to 
lattice defects is no more than 3 x 10 -9 ~-m. At room 
temperature, the additional resistivity due to point 
defects saturates at 0.34• 10-* ~2-m. (48) T. H. Blewitt 
(private comm.) reports that there is an overall upper 
bound of a resistivity increase of 4.0 • 10 -7 fbm due 
to lattice defects, after which the lattice won't sup- 
port any more defects. A rule of thumb is that the 
resistivity of copper at room temperature or above 
increases at a rate of 1%/300 appm. The thermal 
conductivity decreases at the same rate. 

3.3.2. Transmutation of Copper 

Transmutation of the elements in magnets oc- 
curs in fusion reactors, because of the copious pro- 
duction of neutrons by deuterium-tritium reactions. 
The cross-section graphs in Garber and Kinsey Or) 
showed that (n,2n) reactions in copper peak at about 
14 MeV. Weighted over the two principle isotopes 
29Cu 63 and 29Cu 65, this reaction has an equivalent 
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cross-section of 1 barn. According to T. H. Blewitt 
(private comm.), transmutations occur primarily at 
thermal velocities, because at room temperature, the 
absorption cross-section is 3.69 barns, while the 
scattering cross-section is 7.2 barns. Between 1 and 
100 eV, the total cross-section is nearly constant at 
7-8 barns. Since the scattering cross-section does not 
change much with neutron energy in this region, the 
absorption cross-section must be reduced below 1 
barn. Copper does have resonance absorption peaks 
at epithermal energies below 1 Mev, but Blewitt said 
that the areas under those peaks is small. 

proceed at a rate of 

appm(H + He) = 0.6 • 10- 194 

where appm is the atomic parts per million of hydro- 
gen and helium in the ceramic, and ~ is the in- 
tegrated neutron fluence in n/cm2; thus 

dpa = 0.8• 10-2aq~ 

where dpa is the total number of lattice displace- 
ments per atom. 

3. 3.3. Mechanical Effects of Radiation on Conductor 

Glowinski found that the peak swelling range for 
copper is from 500 to 775 K, with a peak at 625 K 
and an initial swelling rate at that temperature of 0.4 
vol%/dpa. Saturation effects may set in before a 
damage level of 30 dpa is reached. Blewitt states that 
copper is strengthened by irradiation, at least up to 
400 K. Blewitt (private comm.) states that there should 
be no significant loss of ductility in copper (or any 
other metal with face-centered-cubic crystals) up to a 
fluence of 10 20 n /cm 2. Blewitt had irradiated pure 
copper crystals to an irradiation of 10 22 on the HIFR 
reactor, and the yield strength was nearly the same as 
in the unirradiated case at room temperature. 

3.3. 4. Blistering 

Blisters can form in copper, due to helium trap- 
ping. In a fusion magnet, no magnet component 
would be in direct contact with helium produced by 
the fusion reaction. However, helium can form within 
the copper conductor, due to Cu65[(n, nc0+ 
(n, an)]Co 61 reactions. Terreault etal. (95~ found a 
sharp threshold for blistering of 4• 10 iv He/cm 2 in 
copper foil under irradiation by 20 keV helium ions. 

3.4. Radiation Damage Mechanisms in Insulation 

Neutron irradiation causes swelling in ceramics, 
which is probably the dominant long term cause of 
failure. Neutron, gamma, and X-radiation break 
organic bonds in organic insulators, as well as evolv- 
ing trapped hydrogen and helium gas. Based on 
measurements in A1203, the accumulation of defects 
in a ceramic due to neutron irradiation is expected to 

3.4.1. Electrolysis 

At elevated temperatures in an electric field, a 
ceramic insulation can be destroyed by electrolysis, 
the migration of impurity ions within the body of the 
ceramic. Narayan et al. (vS) investigated 1.5 x 1.5 cm 
samples of single-crystal MgO at 1273 K. The maxi- 
mum dc electrical field was 1000 V/cm. Catastrophic 
breakdown occurred after periods ranging from 5 to 
150 h. Since diffusivity is typically enhanced by 
irradiation, it is anticipated that a significant neutron 
flux will accelerate electrolysis. Weeks tested A1203 
and didn't find evidence of electrolysis at tempera- 
tures up to 800-1000 C. According Weeks atso found 
that, even under intense neutron irradiation, a mag- 
net insulator operating at the relatively low tempera- 
tures typical of magnets ( < 300 C) should not exhibit 
significant electrolysis. Weeks's experiments were 
performed on single-crystal samples; it is possible 
that iron migration will be significantly worse along 
grain boundaries in polycrystalline bulk ceramics. 

3.4.2. Photoconductivity 

The conductivity of any insulation is increased 
by ionizing radiation, due to the excitation of valence 
electrons across the band gap into the conduction 
band. This mechanism and the consequences for 
highly irradiated magnet design have been reviewed 
by Perkins. (79~ Van Lint reviewed the data on photo- 
conductivity and concluded that a linear relation 
between dose rate and additional conductivity existed 
where the proportionality constant ranged between 
10 -9 and 10-13 (~2-m) l/(Gy/s). The proportional- 
ity constant is a function of the material, the temper- 
ature, and the integrated fluence. 
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Lynch (69) measured the photoconductivity of two 
MgO coaxial cables over a range of temperatures and 
irradiation. In each cable the MgO was compacted to 
70% of the density of single crystal MgO. One cable 
had a gamma-induced conductivity of 1.9• 10 -1* 
f~ I m-l  rad-I h, while that of the other had a 
conductivity of 1.1• 10 -iv fa -1 m -I rad -1 h. The 
increase was an order of magnitude greater than that 
measured by Davis (29} in solid ceramic. F. Clinard 
(LASL, private comm.) suggested that the increase in 
conductivity may be due to ionization of the trapped 
and compressed gas in the powder matrix. 

3. 4. 3. Swelling 

George Hurley at LASL expressed the opinion 
that swelling in a MgO powder could be life-limiting. 
Hurley observed 4% swelling at 2• t0 ~2 fission 
neutrons ( = 1 • 1022 fusion neutrons) at 'elevated 
temperatures. (There are hardly any data on room- 
temperature irradiation of ceramics; 335 C is about 
the lower limit.) At lower temperatures, a fairly low 
dose (102~ n / cm 2) of neutrons swells either 
MgO or A1203 to 1%, but then saturates. Because of 
the low packing factor of ceramic powder insulation 
( =  95%), along with the long service lives reported 
above, it is not clear that swelling is a life-limiting 
mechanism for ceramic powders, in the way that it is 
for bulk ceramics. If it is not, then there are probably 
no life-limiting mechanisms associated with neutron 
damage per se for the powdered ceramic insulations 
for any reasonable fusion or accelerator application, 
with the possible exception of electrolysis. 

3.5. Radiation Effects on Water 

3.5.1. Radiolysis 

The main initial decomposition reactions of 
irradiation on pure water are 

H20 ~ H + O H  

2H20 ~ H 2 +H202 

The formation of H202 ,  hydrogen peroxide, is largely 
dependent on the presence of free molecular oxygen 
in the water, which is the dominant acceptor of 
atomic hydrogen, through the reaction 

H + O  2 ~ H O  2 

followed by 

2HO 2 ~ H202 + 02 

The back reaction of the reaction products to reform 
water can be formulated as 

H+H202 ~ H20+ OH 

O H + H  a ~ H 2 0 + H  

The presence of solutes can protect the initial decom- 
position products by destroying the free radicals by 
oxidation-reduction reactions, allowing hydrogen to 
evolve and hydrogen peroxide to decompose. Since 
solute molecules vary considerably in specificity of 
reaction, several orders of magnitude differences can 
be obtained in decomposition product concentrations 
when different aqueous solutions are irradiated. The 
steady state concentration of hydrogen peroxide is 
also a strong function of pH, with alkaline pH 
favoring a lower H202 concentration. (1~176 Radiation 
induced chemical reactions in pure water are reversi- 
ble. Borated water will evolve gas irreversibly as a 
linear function of neutron scattering and capture. 
However, ,/-energy absorption favors the back reac- 
tion. Antifreeze solutions will decompose extensively 
under irradiation334) An extensive review of the un- 
classified data available on the decomposition of 
water is summarized by Etherington. ~ Unfor- 
tunately, a typographical error omits the reference. 
The major conclusions are: 

1. Under the average neutron-gamma flux levels ex- 
isting in cooling water of present nuclear reactors, 
the instantaneous decomposition rates and the 
maximum concentrations of decomposition prod- 
ucts are very close to zero for initially gas-free, 
relatively pure water. An initial purity of 106 f~-cm 
or higher is recommended, and can be achieved by 
the use of a bypass, mixed-bed ion-exchange sys- 
tem. 

2. Increased temperature results in reduced decom- 
position rates and equilibrium concentrations of 
decomposition products. Above 300 F, the recom- 
bination rate is high and essentially independent 
of temperature. 

3. At low temperature, decomposition is so repressed 
by excess hydrogen that virtually no decomposi- 
tion occurs at average neutron and gamma irra- 
diation levels in present reactors if hydrogen 
equivalent to 5 to 10 psi partial pressure is initially 
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Table IV. Liquid Water Radiolysis by T- 
Rays 

Dose rate 10t7-102~ eV/(g-s) 
Additives None 
pH 3-13 
G(-H20 ) 4.45 molecules/100 eV 
G(H2) 0.4 molecules/100 eV 
G(H202) 0.63 molecules/100 eV 
G(e~q) 2.63 electrons/100 eV 
G(H) 0.55 radicals/100 eV 
G(OH) 2.72 radicals/100 eV 
G(HO) 2 0.026 radicals/100 eV 

decreased from 0.99 at to an exposure time of 0.001 h 
to 0.2 at 100 h. This suggests that the principal 
oxidizing agent for long term corrosion may be 
oxygen, rather than hydrogen peroxide. Allen sug- 
gested the following reactions to explain the decom- 
position of hydrogen peroxide to oxygen: 

H202 + OH ~ HO 2 + H 2 0  

HO 2 + O H  ~ H 2 0 + O  2 

3.5.2. Water Transmutations 

dissolved and maintained in otherwise relatively 
pure water. 

In 1944, Weiss attempted to show that the much 
larger body of knowledge of photochemistry of solu- 
tions could be applied directly to the radiochemistry 
of aqueous solutions. 0~176 The rate of disappearance 
of any arbitrary solute acceptor molecule would then 
be given by the equation: 

During nuclear reactor operation, the major ra- 
dioactivity in the water is due to N 16, formed from 
016 in H20, and N 17 formed from 017. Short-lived 
activity of 0.3 ~Ci/ml has been reported in the Naval 
Reactor Test Facility. ~ The water transmutation 
and longer lived radioactive corrosion produc'ts in the 
water are probably the greatest environmental hazard 
of highly irradiated magnets, but should not affect 
the magnet lifetime. 

dS gks+oHRabs[S ] 
dt 

where k 2 and k s are rate constants, R,b s is the total 
radiation absorbed per unit of time, ~ is a proportion- 
ality factor, and bracketed symbols are concentra- 
tions in g-mol/L. The rate of radiolytic production of 
water reaction products is summarized by Prelas 
etal. (83~ and given in Table IV. The steady-state 
concentrations of radiolysis breakdown products in 
initially pure water, calculated by Boyd et al. (14) and 
measured by Schwarz (Ss~ can be expressed by the 
correlations: 

(T-'  106)=  
and 

H202 (-m-~ • 106) = 0.719 • 10-10f~ 

where (Ia is the energy deposition flux (eV/L-s). 
The combined effect of neutrons and gamma 

radiation on water and aqueous solution decomposi- 
tion in a reactor pile was measured by Allen. (1) Allen 
discovered that the ratio of hydrogen peroxide to 
total oxidant, i.e., oxygen and hydrogen peroxide, 

3.5.3. Radiolytic Corrosion 

The mechanisms of oxidative corrosion were re- 
viewed by Dorra (31~ in order to elucidate the addi- 
tional mechanisms of corrosion due to radioiysis. 
Chemical corrosion by water occurs because of the 
natural contact potential between copper and water, 
caused by the greater mobility of electrons in a meta| 
than in water. This leads to a diffusive drift of copper 
ions towards the copper-water interface. The electric 
potential causing copper diffusion is higher, the higher 
the oxygen content of the water is. Electron,,;, reach- 
ing the surface first, join with oxygen in the water to 
form copper oxide at the surface. The excess of 
electrons forms the fatrfiliar sheath potential, which 
inhibits further oxidation. However, any sink for 
electrons, such as a voltage, chemical reactions, or 
radiation effects, can cause steady corrosion through 
the sheath. The separation of terms of different cor- 
rosion causes is extremely difficult, because the cor- 
rosion process is complex and is simultaneously a 
strong function of temperature; water velocity and/or 
Reynold's number; water pH; and in particular, the 
oxygen content, content of metal impurities other 
than copper, and radiation dose. 

While some authors use the terms erosion and 
corrosion interchangeably, Dorra considers erosion to 
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be the diffusion of copper into water in the total 
absence of oxygen. He then divides the corrosion 
mechanisms into four dominant regimes. 

1. Erosion dominated-oxygen level=O. In the 
erosion dominated regime, there is no corrosion. This 
limit is theoretical, since oxygen can enter the system 
through whatever air is adsorbed by surfaces in the 
cooling circuit, particularly organic materials. Without 
some sort of degassing apparatus, the corrosion rate 
of initially pure water will rise rapidly. At the lowest 
concentrations of oxygen, corrosion can be high again, 
due to the loss of the copper oxide coating. This can 
be cured by the addition of either hydrogen or helium 
to the water. 

2. Erosion dominated-oxygen level < 50 ppb. Be- 
low an oxygen level of 50 ppb, corrosion exists, but 
erosion still dominates. The conductivity of the water 
increases slowly and can mainly be accounted for by 
the erosion rate. The conversion between erosion and 
conductivity in the regime in which recombination is 
negligible, i.e., most of the copper is in solution as 
Cu 2+, is given by Landolt and B6rnstein(64): 

3.43 • 10 .6 
o 

Cu 

where o is the water conductivity (S/cm), and Ocu is 
the copper ion density (ppb). The presence of other 
ionic species in the water can invalidate the above 
relation, which can only be considered valid in water 
with a resistivity below 0.16 #S/cm at 25 C, accord- 
ing to Dorra. ~ 

3. Oxide coating dominated-500 ppb < oxygen 
level < 2000 ppb. In this regime, the majority of the 
copper ions leaving the bulk copper go to building 
the oxide coating. Chemical combination of copper 
with cations in solution also becomes significant in 
this regime. 

4. Recombination and deposition dominated-2000 
ppb < oxygen level < 8000 ppb. In this regime, it is 
essentially impossible to separate the various corro- 
sion mechanisms. The chemical combination rate is 
the highest in this regime, and the danger of cooling 
channel stoppage because of deposition becomes 
great. The conductivity of the water stops rising in 
this regime. The corrosion rate also ceases to have a 
first-order dependence on the oxygen concentration. 

The presence of radiolytic breakdown products 
in water, particularly hydrogen peroxide, can be 

expected to accelerate the erosion of copper or insula- 
tion described above in the section on erosion. Radio- 
lytic corrosion of copper has been observed in 
accelerator cooling systems (48a) and in an accelerator 
simulation by Hoyer. (49) The corrosive reactions that 
occur in the presence of hydrogen peroxide are 

Cu+ H202 ~ Cu ++ +2OH-  

C u + H f  ~ C u  + + H  2 

Cu + OH ~ Cu + + OH- 

Cu + +H~- ~ Cu ++ + H  2 

Cu + + O H ~  Cu ++ + O H -  

The principal results are that mainly doubly-charged 
copper is formed and that its concentration solution 
increases, as does the pH of the solution due to the 
formation of OH- ions. In addition, hydrogen and 
oxygen gas are formed by the decomposition of hy- 
drogen peroxide and by the reaction 

2HO 2 ~ H2O 2 + 02 

until the water is saturated with oxygen at approxi- 
mately 8 mg O2/L. After that, the increase of the 
hydrogen peroxide net concentration is a linear func- 
tion of the absorbed dose. O) 

Von F. Hoyer simulated the irradiation condi- 
tions in the cooling circuits of a proton accelerator at 
CERN by irradiating a simulation chamber filled 
with copper plates with the 600 MeV CERN synchro- 
tron. The simulation chamber was simply a box of 
copper plates with more surface area and less volume 
than the cooling circuit of interest. The effect of the 
corrosion inhibitors hydrazine and benzotriazol was 
studied. Hydrazine is expected to inhibit corrosion by 
combining with the oxidizing agents and removing 
them from the water: 

H 2 N - N H  2 + 2 H 2 0 2  ~-~ N 2 + 4 H 2 0  

H 2N  - N H  2 + 02 ~ N 2 + 2 H 2 0  

Benzotriazole is expected to inhibit corrosion by form- 
ing insoluble copper complex precipitates in the 
form of surface layers on the copper. In Hoyer's 
experiment, hydrazine had only reduced the Cu 2+ 
concentration after 10 h of irradiation by a factor of 
1.3 versus the concentration in originally pure water, 
while benzotriazote reduced the concentration after 
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10 h by a factor of 2. If the corrosion of copper and 
insulations by water is too severe, a steel cladding 
might be used. Typical corrosion rates observed for 
types 347 and 304 steels are 0.06 mil/yr in nuclear 
reactors. (17) According to M. A. Schultz (private 
comm.), borated H20 is run routinely in nuclear 
reactors at 30 f t /s  through steel or zircalloy clad- 
dings, without undue corrosion. Stainless steel clad- 
dings as thin as 5 mils are practical. 

4. HIGH PERFORMANCE MAGNET DESIGN 

Several magnet laboratories around the world 
have built high stress, high heat flux, high field 
magnets, usually for the purpose of solid state physics 
investigations. Most of these magnets use either the 
simple Bitter plate construction or the theoretically 
higher performance polyhelical magnet construction. 
The achievements of these high field magnets were 
recently summarized by Bazan. o~ According to 
Bazan, the only significant improvement in perfor- 
mance, as measured by central field, has been in 
recently constructed hybrid magnets, using an outer 
superconducting solenoid. 

4.1. Bitter Magnets 

The helical arrangement of thin plates or disks 
into a pressure joined stack, invented by Francis 
Bitter, is probably the most popular method of fabri- 
cation for high-performance, high-field magnets. The 
Bitter topology is inherently strong in bending, 
well-cooled, and relatively easy to assemble. Its 
fundamental disadvantage is a poor theoretical recir- 
culating power and volume requirement for a given 
central field and bore size, when compared with 
independently supported and charged concentric 
coils. Another disadvantage, when compared with 
internally cooled conductors, is that it has not dem- 
onstrated a capability for long life when water is the 
coolant, because of the fife-limiting effects of water 
contact with the insulation and joints. This class of 
failure mechanisms is discussed below in the section 
on the work of FBNML. The theoretical limitation of 
uneven stress and current density in the magnet can 
be reduced significantly, with only a moderate in- 
crease in magnet complexity, by stacking two con- 
centric Bitter magnets, as in the design of the 3.3 cm 
bore 30 T hybrid magnet (6v~ at M.I.T. and the 25 T 
hybrid magnet [HU81] at Nijmegen. (Ss) 

A possible solution to the life-limiting mecha- 
nism of occlusion of coolant passages by the motion 
of insulating sheets is to bond the insulating sheets to 
the copper disks. This has been done by Katrukhin 
etal. (59~ in moderate performance (12 T) Bitter 
solenoids at the L. V. Kirensky Institute of Physics in 
Krasnoyarsk, USSR, and the International Labora- 
tory for High Magnetic Fields and Low Tempera- 
tures in Wroclaw, Poland. Operating as the insert coil 
of a hybrid magnet at Kirensky, a central field of 
19.5 T was achieved. The coils consist of stacked 
composite blocks of copper and insulator, in which 
coolant channels are bored after glueing. Overlaps 
are sized to make good electrical constant, even in the 
absence of external pressure. The overlap surfaces are 
copper-plated up to 35 ~m and silver-plated up to 
5~m. The main disk surfaces are silver-free and are 
oxidized, followed by priming with epoxy-silicone. 
The turn-to-turn insulation is a 0.08 mm glass fabric, 
impregnated with an epoxy-phenolic adhesive~ Before 
impregnation, the glass fabric is treated in 1% silicone 
solution, in order to improve the resistance to wet- 
ting. Several copper-insulator composites are formed 
at once under axial pressure in all oven, baking a 
stack of disks at 170 C for 10-12 h. Deburring is 
done by chemical etching. It is claimed that the 
operating temperature of the magnet is limited only 
by annealing of the copper at 150 C, and not by any 
degradation of the insulation properties. Coils are 
routinely reconditioned, by chemically etching ~he 
magnets to remove copper oxide from the coolant 
channels. 

4.2. Polyhelix Magnets 

Polyhelix magnets consist of a number of coaxi- 
ally nested thin coils which are mechanically indepen- 
dent of each other. The advantage of this approach 
over Bitter magnets is that one can design for equal 
stress in each helix, thus allowing higher overall cur- 
rent density and less recirculating power for a given 
central field. The radial current distribution needed 
to give constant stress in a solenoid and in a 
trapezoidal magnet was derived by Schneider-Muntau 
and Rub (89~ to be 

j (r ) - -  a--L 
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for the solenoid. This gives a Fabry factor about 20% 
better than the 1/r  current density of Bitter solenoids 
at high values of a, the ratio of the outer to inner 
radius.(89) 

5. CASE HISTORIES 

5.1. Design Practice: Major Systems Under 
Construction 

5.1.1. TFTR 

The Tokamak Fusion Test Reactor at the Prince- 
ton Plasma Physics Laboratory includes 20 toroidal 
field coils with a total weight of 1.2 million pounds. 
These magnets are essentially unshielded from the 
neutron production by deuterium-tritium reactions in 
the tokamak plasma. The coils for TFTR are rela- 
tively conservatively designed and represent a good 
indicator of present design practice for large, water- 
cooled copper magnets. A typical EF conductor is �89 
by 3 in. copper with a �88 in. slot milled in the top of 
the conductor. A cooling pipe is soldered into the 
slot. The toroidal field turns vary from 1.2 • 1.1 in. 
with a l in. diameter hole in the center to 1.1 • 1.9 in. 
with a 1 in. diameter hole in the center. The maxi- 
mum design temperature in the copper is only 120 F. 
The system pressure drop in the water pumping 
system is 6 arm, and the maximum inlet temperature 
is 85 F. It was found by experiment that there was a 
20% degradation of strength in the vacuum impreg- 
nated insulation at 150 F. Considerable effort was 
made in the design of the overall coil support system 
to reduce the interturn shear in the insulation, which 
was felt to be the critical mechanical design issue. 02) 
The final design reduced the interturn shear from an 
original value of 45 MPa (6.6 ksi) to 22 MPa. The 
allowable level was selected to be 40 MPa. 

5.1.2. JET 

The Joint European Tokamak at Culham, Eng- 
land, is a deuterium-tritium burning tokamak experi- 
ment. Its toroidal field system is made of 32 identical 
D-shaped coils. (8~ Each coil consists of 24 turns of 
66.4 kA conductors, arranged as two 12 turn pan- 
cakes. The sides of the conductors are machined to 
form a trapezoidal winding cross-section in the throat 
of the toroidal magnet system. The peak design cur- 

rent density in the smallest of the conductors is 2.7 
k A / c m  2, which is very high for such a large, intern- 
ally cooled conductor in a wound magnet. The mag- 
net design includes several advanced features which 
permit this high performance. There are two extruded 
coolant holes in each conductor, reducing the temper- 
ature drop across the copper for a given copper and 
coolant area. Interlocking keyways between each turn 
are filled with insulation in order to protect against 
shear failure of the interturn bond. Each turn is 
cooled in parallel with every other turn, in order to 
minimize interturn thermal stresses. The flow rate of 
water through one coil is 37 L/s .  

The maximum turn-t0-turn voltage is 12 V/ turn ,  
withstood by a 2 mm vacuum impregnated epoxy 
resin-glass system (6 V/ram). The maximum voltage 
between pancakes is 281 V, withstood by 6 mm of the 
same insulation system (47 V/mm).  The maximum 
supply voltage is 9 kV, withstood by 7 mm of the 
insulation system (1280 V/ram).  The center point of 
each coil is grounded, so the maximum voltage be- 
tween the conductor and ground is only 4.5 kV, 
except in the case of a ground fault. Each turn is 
made from a single length of copper conductor to 
form one water cooling circuit, which is brazed to a 
water connection block in the top, outer region of the 
coil. The interpancake electrical connection is also 
made in this region. The coils were wound in the 
so-called constant-tension D shape, requiring a 
straight section in the throat. Winding the coil under 
a tension equal to the tension under load over a 
concave block was necessary in order to prevent 
further deformation of copper under load and to 
provide a straight section following postwinding 
springback of the conductor. Three trials were neces- 
sary before the final shape assumed by the conductor 
was satisfactory. 

JET reported a manufacturing limitation of 4000 
mm 2 for copper with two internal coolant channels 
from Kabelmetal of Osnabruck. (13~ JET was able to 
obtain their conductor in 15 m lengths, correspond- 
ing to the length of a single turn. This involves the 
use of a 5000 ton extrusion press, starting with a 1000 
kg billet. One of the two competing manufacturers 
was eliminated because samples were too difficult to 
braze, due to drawing lubricant being trapped in the 
joint connecting the two water channels. The poloidal 
coil system in JET includes four groups of circular 
dipole coils with an iron transformer core. (65) The 
total weight of these coils is 350 tons and the largest 
coil is 10.9 m in diameter. 
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Table V. Properties of Magnet Coil Insulation System Orlitherm OH67 
i 

Properties Units Pure resin Composite insulation 

Mechanical 
Flexural strength at 23 C N / m m  2 80-120 400 
Shear strength, insulation to copper N / m m  2 up to 50 
Physical 
Density g/cm 3 1.2-1.25 1.8-2.0 
E modulus at 20-130 C N/ram 2 3 x 103 1-2 x t04 
Thermal 
Maximum operating temperature C 130 155 
Martens temperature C 110 
Electrical 
Puncture strength at 50 Hz, 23 C kV/mm 20 25-30 
Dielectric constant at 50 Hz 4.5-5.0 
Irradiation resistance 
Decrease to 50% of flexural strength rad 1 • 109 up to 10 ~~ 

The maximum power supply voltage at the 
terminals of the poloidal field coils is 40 kV (20 kV to 
ground). It was felt that an epoxy/glass insulation 
would have inadequate reliability at this voltage. 
Mica/glass/epoxy was tested and found to have 
insufficient shear strength. An insulation system using 
interleaved glass tape and polyimide (Kapton) tape 
was developed. The coils have 1 mm of this insulation 
wrapped on each conductor, including 1 layer of 
Kapton and 2 of glass, and 6-8 mm of ground of 
insulation, including 6-8 layers of Kapton and 12-15 
layers of glass. 

The rationale for the insulation selection for JET 
is given by Koch et al. (63) The basic requirement was 
to find an insulation system with high shear, com- 
pression fatigue strength, high dielectric strength, and 
high radiation resistance. B-stage epoxy systems were 
rejected because of their limited shear strength. The 
epoxy resin system selected was Orlitherm OH67, a 
Bisphenol A (F-type) epoxy resin, with MNA 
hardener. The system has low viscosity and relatively 
low reactivity at 90 C, allowing long pot life and 
densely packed insulation. The reinforcement of the 
resin is made with Silan sized dry glass-fabric, be- 
cause of its high mechanical strength and high radia- 
tion resistance. The high voltage requirement of 
greater than 10 kV is met by incorporating an elastic 
plastic film of Kapton, which bonds well to the 
Orlitherm resin. Tests at CERN (72~ showed that the 
flexural strength and Young's modulus did not de- 
crease by 50% until after an irradiation of up to 101~ 
rad of the glass reinforced insulation. A table of coil 
insulation properties is shown in Table V. 

5.1.3. J T - 6 0  

JT-60 is a large tokamak experiment, built in 
Japan by the Japanese Atomic Energy Research In- 
stitute (JAERI). The toroidal field magnets are simi- 
lar in size and performance to those of TFTR. The 
JT-60 toroidal field magnet system uses 18 coils with 
a maximum field of 9.8 T, a total system current of 
67.5 MA-turns, and a stored energy of 2.85 GJ. Each 
coil consists of two wedge-shaped pancakes of 72 
turns. The inside radius of each coil is 1.94 m, while 
the outside radius is 2.86 m. Each conductor carries 
52 kA with a flat-top length of 5 s, and an equivalent 
square-pulse time of 38 s, with a maximum current 
density at the peak of the nose wedge of 2.68 kA/cm 2. 
The peak terminal voltage of a coil is 7.5 kV. 

Each turn of the winding has two parallel water 
cooling circuits. The maximum temperature rise of 
the conductor is up to 70 C in the wedge, and the 
maximum temperature difference between two adja- 
cent turns is less than 5 C. The circuits are not 
internal to the conductor, as in the JET design, but 
are into a single notch in each conductor. A higher 
resistivity, higher strength copper alloy (0.2 w/o  Ag- 
OFE at 40% reduction) is used in the high stress 
region near the center support of the magnet. This is 
connected to a purer copper by brazing each turn at 
the top and the bottom of the coil block. The yield 
strength of the silver alloy is 372 MPa, while the 
decrease in conductivity is 2%. The magnets are 
designed to a maximum stress intensity of 216 MPa 
(31 ksi) in the conductor and 372 MPa (54 ksi) in the 
structure. 
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The turn-to-turn insulation is 1 mm F-stage 
epoxy, while the ground insulation is 10 mm. The 1 
mm layer insulation consists of a polyamide sheet 
and two nonwoven glass fibers on each side of the 
sheet, prepregnated with epoxy resin. The 10 mm 
ground insulation is composed of a main insulation 
layer of mica and a protection layer of glass fiber, 
which are also prepregnated with epoxy resin. The 
specimens of the ground insulation showed break- 
down voltages of 60 kV at 1000 cycles to 35 kV at 
1 • 106 cycles. 

5.2. Operating Experience: High Performance 
Magnets 

5. 2.1. Francis Bitter National Magnet Laboratory 

At the Francis Bitter National Magnet Labora- 
tory at M.I.T., several high-field Bitter magnets and 
higher-field hybrid magnets (superconducting mag- 
nets with normal, Bitter magnet inserts) have been 
constructed. The stand-alone Bitter magnets have 
bores ranging from 3.2 to 24.8 cm and central flux 
densities from 7.5 to 23.4 T. The magnets at the 
laboratory have a bore field-squared product of about 
BiD = 20T 2 - m .  According to R. Weggel, (99~ the 
usual design practice at FBNML is to design Bitter 
solenoids to overall stresses of 25 ksi across a magnet 
cross-section. Most of these high stress, high field 
magnets are deliberately fatigue-life limited, because 
they are inexpensive and are used to produce state- 
of-the-art magnetic field regimes. Typically, the water 
flow velocity is in the range of 8-10 m/s.  The 
dominant failure mechanism involves water damage 
to the insulation, since the insulation must be in 
direct contact with cooling water in Bitter magnet 
construction. Typical lifetimes have been reported to 
lie within the range of 200-1000 MWh, correspond- 
ing to an integrated operating life on the order of 
1000 h. A hollow conductor, providing the first 4 T of 
a Bitter-wound coil hybrid, has been operated to 10s 
of 1000s of hours at an operating stress of about 5 ksi 
and coolant velocity of a few m/s.  

According to J. Williams (private comm.), 
failures of Bitter magnets at M.I.T. have been largely 
due to insulation motion. Insulating sheets are ex- 
truded, due to axial clamping. Teflon has been partic- 
ularly prone to failure due to extrusion. Insulation 
can also be displaced asymmetrically, due to thermal 
cycling, uneven axial clamping, or perhaps even Ven- 

turi pressure from the coolant. The insulation dis- 
placement leads to failure due to occlusion of coolant 
holes. Insulations have also been subject to embrittle- 
ment in the presence of water. The failure mode may 
be crack growth, beginning on the inside of a sheet 
and moving radially outward. Williams believes this 
has been a particular problem with polyimide insula- 
tion. Williams suggests that failure due to insulation 
motion could be cured by bonded construction. 
Weggel, however, states that on the one occasion that 
bonding was used, the epoxy acted more like a lubri- 
cant than a bond. Strings of epoxy were extruded 
into the coolant passages and flushed into the cooling 
system. 

Another class of magnet failures is due to grad- 
ual loosening of axial clamping and gradual increase 
of contact resistance. Increase in contact resistance 
appears to be caused by seepage of water into the 
contact area, followed by progressive oxidation of the 
contacts. The increased resistance of the magnet is 
detected before any gross failure occurs, and the 
magnet is replaced. Williams suggests that failure due 
to contact oxidation can be cured by gold plating 
contacts. 

According to R. Weggel, approximately 20 mag- 
nets per year are replaced at FBNML, including 
magnets which have not failed, but are temporarily 
taken out of service and refurbished. Of those mag- 
nets which fail, roughly 50% can have the cause of 
failure diagnosed. Failure mechanisms include the 
following. 

1. Insulation shrinkage. All insulations used at 
the Magnet Laboratory have been subject to some 
shrinkage in the presence of water. Apparently, the 
water diffuses into the bulk of the insulation, and 
under the applied compressive stress manages to 
combine with the insulation in such a way that 
shrinkage, rather than swelling, always occurs. Insu- 
lation shrinkage has been a particular problem with 
Kapton, and Kapton sheets in direct contact with 
water are no longer used. One alternative is Teflon- 
coated Kapton; another is the use of a resin, rein- 
forced with both glass and Kapton. Teflon is also 
superior to Kapton in preventing capillary wetting of 
the entire insulation surface by water. High pressure, 
high temperature, and the presence of water drive the 
polymerization reaction of Kapton in the opposite 
direction, depolymerizing it back to a brittle mono- 
mer. Failure usually takes the form of a catastrophic 
magnet burnout. Shrinkage is most dramatic when 
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the insulation is allowed to dry. This can occur when 
water flow is reduced from its nominal value. Once a 
stack of insulation was removed in seemingly good 
condition from a magnet removed from service, but 
on drying overnight shrank dramatically. 

2. Excessive load pressure on the insulator. Com- 
pressive load does not lead to extrusion of the insula- 
tion into coolant passages, according to Weggel, but 
rather leads to turn-to-turn shorts, due to insulation 
puncture. This can be caused by the presence of chips 
in the insulating sheets or localized stresses due to 
plate overlap at the joints. 

3. Loose sealant. Water passages can become 
blocked by the escape of pipe dope or RTV from 
water seals. 

4. Plate corrosion. Water can enter the joint 
between overlapping turns and cause local hot spots. 
This failure mechanism can frequently be detected 
before a disastrous failure occurs. When 1/2% of the 
central field is lost, a magnet is generally taken out of 
service. 

5. CuO whiskers. Copper oxide whiskers grow in 
the water channels parallel to both the water flow 
and the electric field. After several months of opera- 
tion, whiskers of 5-10 rail have been observed. When 
an older magnet is disassembled, a black, granular 
powder is observed in the vicinity of the magnet 
disassembly. This is assumed to be the loosely at- 
tached whiskers. These whiskers are suspects, but 
have not been definitively connected to any magnet 
failure. 

A new technique using copper-clad polyimides 
to prevent insulation decay is being tried experimen- 
tally. Both faces of the insulating sheet are copper- 
clad, so that water cannot be in direct contact with 
either face. If the magnets are not assembled with 
special care, the joints can fail by a turn-to-turn short 

through the cladding, when the insulation overlaps 
across a joint. None of the magnets using copper-clad 
insulation have been in service long enough to judge 
whether a significant improvement in reliability has 
been made. Failures of joints due to copper corrosion 
are still observed. 

5.2.2. The A N U  30 T Electromagnet 

The Australian National University electromag- 
net is of particular interest, because of its high perfor- 
mance and the care with which it was constructed 
and documented. O9-21) The 30 T magnet is a hybrid, 
consisting of an outer Bitter solenoid magnet with a 
self field of 16.5 T and an inner, wound magnet. The 
purpose of using a hybrid is to achieve most of the 
theoretical advantage of continuously varying magnet 
current density with radius without making magnet 
construction impractically complex. The major di- 
mensions and performance of the two solenoids are 
from Carden ~ and are listed in Table VI. 

The outer solenoid is a Bitter magnet, which 
requires 26 MW of power at 150 V and 168 kA. 
Cooling water is delivered to it at a rate of 6.8 
kl /min at 1.7 MPa. The calculated hoop stress is 
highest at the inside radius, with a peak of 2"75 MPa 
(40 ksi), while the axial compressive stress builds up 
to 83 MPa (12 ksi) at the median plane. The conduc- 
tor is hard rolled silver-copper (0.07% silver) with a 
nominal thickness of 0.518 mm. The insulation is 
0.08 mm "Pyre ML" bonded glass fabric. The con- 
struction method is that common to all Bitter 
solenoids with a few innovations. In order to reduce 
the axial compression required for good turn-to-turn 
bonding, 16 discs were interwound in a staggered 
pattern, dispersing the slits and increasing the friction 
bonding. This method of construction also brings the 
strength of the magnet up to 15/16 that of an ideal 

Table VI. The Australia National University 30 T Magnet 

Parameter Units Inner solenoid Outer solenoid Total 

Inside diameter (cm) 5.62 26.75 Total 
Outside diameter (cm) 23.35 68.50 
Length (cm) 20.30 41,40 
Field contribution (T) 13,5 16.5 30.0 
Power (MW) 4.0 25.5 29.5 
Cooling water flow (kl min ~) 1.5 5.3 6.8 
Current (kA) 26,7 168 194.7 
Voltage (V) 150 150 

i 
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continuous plane helix. Thickness variations between 
disks were reduced by sorting by weight into 16 
groups. Thickness variations within a disk tended to 
be systematic "humps," which were corrected by 
grinding the middle of each eighth disc of the solenoid. 

The ANU design considered the possibility of 
failure along a helical fault path, called the unwind- 
ing mode. This failure mode would result in radial 
growth and twisting about the axis of the solenoid. In 
order to eliminate the possibility of failure through 
the unwinding mode, radial key bars were attached to 
the discs at each end of the solenoid and to ap- 
propriate slots in two stainless steel discs, welded to 
two locked cylinders, encasing the solenoid. The discs 
and cylinders form a torsion jacket, which strongly 
resists twisting. The inner solenoid consists of 11 
concentric, nested subcoils. All of the subcoils are run 
electrically in parallel, so that there is no layer-to-layer 
voltage under normal operation. Cooling channels 
were identical axial grooves, 1 mm square. 

The ANU inner solenoid had an interesting solu- 
tion to the problem of water erosion of the interturn 
insulation. A number of epoxies were tested, but even 
the most water resistant resin allowed the diffusion of 
water from the exposed edge of the adhesive layer. 
The penetration distance was proportional to the 
square root of time and was approximately 1 mm in 6 
months. The failure mechanism was chemical com- 
petition between the water and the epoxy to bond 
with the copper, resulting in replacement of epoxy by 
a blue compound on the copper surface. Since wet- 
ting occurred from both sides, destruction of the 2 
mm wide insulation on the innermost subcoil could 
be expected in 6 months. The solution was to cover 
the bonded metal surfaces with a phenol formalde- 
hyde baked coating, formulated especially for its high 
resistance to water penetration. In accelerated tests 
with this method, no deterioration was observed after 
the equivalent of 18 months exposure to water. 

The parallel winding of the inner subcoils effec- 
tively eliminated the electric field between layers. In 
order to assure that metal and interturn insulation in 
different layers would align with each other, each 
turn was carefully spaced during bonding, using a 
lathe, and a helical groove was subsequently ma- 
chined in the outer surface of each subcoil along the 
bond line. Subcoils were inspected with great care for 
interturn short circuits due to burrs or scratches. A 
several kilohertz search coil was used to find the 
vicinity of possible faults. A microscope was used for 
final visual location and removal of the faults. 

5.2.3. The Clarendon Magnet 

The inner magnet of the 16 T hybrid magnet at 
the Clarendon Laboratory in Oxford was designed 
and built by Carden, the designer of the ANU 30 T 
magnet, and was described by Hanley (42) and 
Hudson et al. (5~ This magnet is of interest because it 
has a polyhelical winding. As described above, 
solenoids with polyhelical windings have consider- 
ably higher performance than Bitter solenoids in 
theory, but are sufficiently more difficult to construct 
that very few have been constructed. The three known 
examples of high performance polyhelical magnets at 
Clarendon, Canberra, and Grenoble are discussed 
here. 

The Clarendon inner magnet provides 9.5 T of 
the total 16 T of the hybrid magnet system. The 
magnet current is 4750 A, the power consumption is 
1.6 MW, and the peak subcoil temperature is 77 C. 
The polyhelical winding consists of 10 coils in six 
electrically serial groups. Each coil is 10 cm long with 
40 turns. The radial thickness of the coils ranges from 
0.2 to 1.6 cm, and the inner clear bore of the magnet 
is 5.0 cm. The conductors are hard-temper copper 
with 0.05% silver. Axial coolant channels in the origi- 
nal polyhelical magnet were formed by machining 
grooves into the outside surface of each subcoil, then 
tightly fitting a cylinder of glass-reinforced epoxy 
over each subcoil. This was the same technique used 
previously by Carden in the Canberra magnet32l) 

As in the Canberra magnet, the coils are 
terminated by pressure contacts. In the Clarendon 
magnet, there is an arrangement of rocking copper 
bridges and copper rods to transmit the hydraulic 
clamping force. The contacts have caused most of the 
operational problems of the Clarendon magnet. 
Shortly after installation, one of the lead pairs burnt 
out, presumably due to a momentary loss of contact 
pressure. After repair, a second lead pair burnt out. 
This time the cause was traced to insulation failure 
resulting from water absorption. The axial leads had 
been brought out in rings of opposite current polar- 
ity, in order to simplify the support against forces 
due to the fringe radial field. An inadequate epoxy 
insulation between lead rings of opposite polarity was 
permeated by water, leading to excessive leakage 
current. The voltage between lead rings was 400 V. 
After extensive insulation testing, a new lead design 
was implemented, using a superior wet epoxy system, 
designated AY111. The copper was wetted with the 
epoxy, followed by slipping a heat shrinkable sleeving 
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over the lead, followed by wetting the sleeve with 
epoxy (P. Hudson, Clarendon Laboratory, private 
comm., 1981). The establishment of reproducible 
contact resistance also proved to be difficult. This 
problem was solved by gold-plating relevant areas 
and by redesigning the rocker housings to assure 
freedom of motion, In the original design, rod motion 
was impeded by swelling of the glass-fiber housings 
after long immersion in water. 

A burnout in 1981 was due to overly thick 
turn-to-turn insulation, leading to axial compression 
and loss of contact at the leads. This led to a redesign 
of the turn-to-turn insulation and the axial cooling 
channels. (53~ The turn-to-turn insulation is now the 
dry-film adhesive, Redux 308A. This is a nylon mod- 
ified epoxy with high elongation, which can be edge- 
wound between the turns of the helix. The epoxy 
flows very little on curing, allowing tight control over 
the glue-line. The film bonds readily to copper, re- 
quiring no prior pretreatment. The milled axial cool- 
ing channels were replaced by bonded spills. As of 
July, 1982, this magnet had operated for a few 
hundred hours without incident. 

5.2.4. Duplex I and H at Grenoble 

The Service National des Champs Intenses is a 
French scientific service institute for research in the 
area of high rid& high pressure, and low tempera- 
ture. In 1972, the high field facilities were expanded 
to include a 10 MW power supply and 6 available 
magnet bays38~ Perhaps the most interesting of the 
high field magnets at this site are two polyhetix 
resistive magnets, consisting of 12 helices, between 
3.14 and 3.86 mm thick and 130 or 132 mm long, 
used consecutively as inserts in the 25 T hybrid 
magnet, called Duplex I, and renamed Duplex II 
when the outer Bitter magnet was upgraded from 7 T 
to 10 T. The resistance of each helix is fixed such that 
a radial constant stress current distribution is 
achieved. (89~ The magnet is designed to generate 14.5 
T with a dissipation of 4.8 MW in a volume of only 
2.25 L. This power density represents a fivefold in- 
crease over that of the Bitter magnets at Grenoble. 
However, the heat flux is 430-540 W/cm 2, typical of 
that with Bitter magnet design. The water velocity is 
20 m/s,  and the average copper temperature lies 
between 60 and 70 C. In an early hybrid test with an 
external Bitter magnet, some of the leads detached at 
a total field of 20.4 T, with the outer magnet contrib- 
uting 7 T. The leads are connected by screws through 

a connecting block. Separation and restraint of the 
leads is provided by insulating end rings. In the lead 
failure described above, glue ran during the epoxy 
fill. Radial fields on the leads then broke tile bond, 
unbalanced the forces on an insulating ring and 
allowed enough displacement for a layer-to-layer short 
between two of the series leads. 

The Duplex I and II polyhelix magnets at 
Grenoble are described by Schneider-Muntau.(9~ The 
helices are wound from a copper strip of 7 • 4.4 ram, 
using a special winding machine which reduces the 
thickness to 3.9 mm during winding by cold working. 
The turn-to-turn insulation consists of glue filled with 
glass balls to fix the turn-to-turn distance at 0.2 mm. 
The 12 helices are connected in four series groups of 
three parallel windings. The three innermost windings 
are in parallel with a voltage of about 100 V between 
the third and fourth helix. An unbonded, fiber-glass 
epoxy crenellated insert is placed between the three 
series connected interlayer gaps, The final inner and 
outer diameters are fixed by madfining, after curing. 
Design values of roughness, ranging from 35 to t00 
ktm, are introduced with a fine thread. 

After refabricating the lead supports, the first 
polyhelicaI magnet ran for 400 h, usually up to a 
hybrid field of 24 T. Four hundred hours is two to 
three times longer than the life of Bitter magnets at 
Grenoble, operating at similar stresses (J. Schneider- 
Muntau, private comm.). The magnet was taken out 
of service in 1982, due to the persistent appearance of 
nonfatal turn-to-turn shorts, detected as 10-20% 
increases in the resistivity of the magnet at the highest 
fields. Shorts appeared only in layers 6-12 of the 
magnet. These could be burned out by discharging a 
capacitor bank through the coil. However, the time 
between appearance of these shorts decreased until 
further operation of the magnet became excessively 
tedious. The first two appearances of this condition 
occurred a month apart, but by the end of the 
magnet's service life, shorts were appearing almost 
every day. The postmortem on this magnet has not 
yet been performed. A new insert has been installed 
with a Silan coating on the glass balls to improve 
adhesion of the surrounding epoxy insulation. 

5.2.5. Ceramic Powder Jacketed Conductors: L A M P F  
and S IN  

Probably the best documented approach to the 
design of a conductor for high irradiation tolerance is 
the use of mineral powder, jacketed conductors at the 
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LAMPF facility at Los Alamos (43' 44) and at the 
Schweizerisches Institut for Nuklearforschung (SIN) 
in Villigen. (39) While this technology has not demon- 
strated high performance capabilities to date, it is of 
interest because it has no known insulator failure 
mechanism, due to irradiation fluence. 

According to A. Harvey (private comm.), LASL 
has built about 40 magnets with MgO insulation and 
SIN another 20. The principal application of the 
MgO powder technology is the same at both facili- 
ties, quadrupole magnets in accelerator target 
areas.(39, 44) None of the LAMPF magnets has failed 
because of electrical or mechanical failure in the bulk 
insulator. There have been failures in these magnets, 
but they were almost all because of inadequate inter- 
locks, such as someone forgetting to turn on the 
water. As with the SIN magnets, none of the magnets 
at the LAMPF facility can be called "high-perfor- 
mance." They operate only up to 1000 A/cm 2 and 
300 V with conductors rated at 1500 V by the manu- 
facturer. 

The LAMPF magnets are kept on all the time as 
dc magnets when the accelerators are up, which is 
about 60-70% of the time. Since most of these mag- 
nets were built in the mid-1970s, this implies service 
lives of greater than 30,000 h. On the basis of this 
experience, Harvey questioned the hypothesis that 
electrolysis was a real failure mechanism in MgO, 
under actual magnet operating conditions. The 
LAMPF magnets have a rather low electric field and 
are typically run with peak copper temperatures of 
less than 100 C, while Narayan's experiments on 
electrolysis in MgO were at elevated temperatures 
and fields. (75) 

Harvey is not sure what the integrated radiation 
in the SIN magnets is, stating that dosimetry at > 10 9 

rads in relatively inaccessible and radioactively hot 
structures is difficult to achieve. One clue to the 
accumulated dosage is that the residual activation of 
the SIN magnets is > than 104 rad/h. Harvey recalled 
that the insulation of the neutron flux detectors in the 
Canadian Pickrell reactors was irradiated to 1014 rads 
in the first three full power years (Reuter-Stokes 
Canada, Ltd., private comm., 1980). No insulation 
failures occurred. When the detectors were removed 
from service, the insulation resistance had changed 
f r o m  10 9 to  10 8 f] at 100 V. When a radiation 
detector with MgO insulation for electrical isolation 
burnt out after an irradiation of 1014 rad, it was the 
sensing element, rather than the insulation, which 
failed. There have been electrical failures in MgO 

powder insulation at bends and terminations, but 
never in the bulk insulation. Several magnets are 
operating with bends with minimum radii no greater 
than six times the flat-to-flat height of the conductor. 
According to Harvey, bending with great care might 
achieve bending radii of five times the conductor 
height. 

According to George, (39) a total of 24 magnets 
had been built for the SIN accelerator facility by 
1975, using solid mineral insulated cable. Indirect 
cooling by stainless steel pipe was chosen, in order to 
avoid copper and braze corrosion by the cooling 
water. The cable was solid copper, insulated by MgO 
powder in a copper sheath. The filling factor was 
only 30-40%. Cable ends were sealed to prevent 
moisture penetrating into the magnesium oxide, which 
is hygroscopic. The SIN magnets were designed to 
avoid splices, which were considered risky. Current 
levels were up to three times the manufacturer's 
recommendations. Current levels were considered to 
be set by the necessity for an uncooled length of 
about 15 cm at the cable end with a permissible 
temperature difference of about 100 C over this 
length. This allowed a cable current of 900 A versus 
the manufacturer's recommendation of 300 A. The 
current density over the cable was 1.4 kA/cm 2. Ther- 
mal stresses are reduced by inserting a flexible sec- 
tion. The temperature of the ceramic assembly is 
limited only by the melting point of the braze material. 
By 1975, some of the quadrupole magnets had been 
operated successfully for over a year. Some coils were 
rejected on delivery; one due to internal water leakage, 
one due to irreparable loss of insulation resistance; in 
another, a water distribution block leaked at a braze. 
After transportation from San Francisco to Villigen, 
Switzerland, 10 of 192 terminations had to be re- 
placed. 

5.2.6. The Triumf Septum Magnet 

The Triumf septum magnet, used to separate a 
pion beam from a high intensity proton beam, was 
built in Canada by Gathright. (38) This magnet took 
an approach to radiation hardening, with potentially 
higher magnet performance than the mineral powder 
in a jacket approach described above. In this magnet, 
metallized AI203 spacers were brazed to a hollow 
rectangular copper conductor. The spacers had di- 
mensions of 3 / 4 • 2 1 5  in. The two major 
surfaces were molybedenum-manganese coated and 
held in place by brazing directly to the copper con- 
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ductors in a hydrogen atmosphere furnace. The con- 
ductor achieved 5000 A in a 0.4 • 0.8 in. conductor. 
Including the 1/16 in. spacers, this is 1.8 kA/cm 2, 
which is nearly comparable in performance to an 
epoxy-potted hollow conductor. However, the coil is 
very small, consisting of only 18 turns and a terminal 
voltage of 13 V. Several attempts were necessary, 
before the coil worked. Some of the problems, such 
as water leaks, don't appear to be fundamental, but 
weakening of the copper by the repeated heat cycling 
required appears to be a basic drawback of this 
construction technique. 

6. CONCLUSIONS 

Since the development of computational tech- 
niques which allow magnets to operate to their design 
stress limits, progress in the performance of normal 
magnets has been slow. Future breakthroughs in nor- 
mal magnet design will probably not be in the areas 
of operation at higher mechanical stresses or higher 
field-bore products, but in magnet reliability. The 
work that has been done on the stress limitations of 
magnets has allowed the present level of high perfor- 
mance to be reached, so that magnets should not fail 
due to bulk material stress limits. The failure mecha- 
nisms are almost entirely due to surface electrochem- 
istry. When the failure mechanisms involve bulk 
material, they involve the diffusion of gases or water 
through the bulk material. The dominant reason that 
magnets have not enjoyed any systematic attacks on 
their causes of failures is that medium to large size air 
core magnets have had no commercial applications. 
This lack of motivation is particularly severe for 
normal magnets, which, while they are used exten- 
sively in support of solid-state, particle, and plasma 
physics experiments, did not have any imagined com- 
mercial applications, even in the distant future, until 
they were identified as a key component of the tandem 
mirror axicell plug magnet system. Although they 
have been proposed for tokamak bundle divertor 
applications (9~ and compact tokamak hybrid reac- 
tors, mirror plug magnets are the only application 
that would provide sufficient motivation for the 
needed development program, since the reliability 
and performance of two small normal magnets has a 
first-order impact on the overall economics of the 
tandem mirror fusion reactor. 

Even within the severe funding limitations of an 
engineering discipline with no commercial applica- 

tion, the lack of focus in magnet development, 
insulation qualification, and material testing is not 
necessary. The qualification of electrical equipment 
by numerous IEEE and ANSI standards has been 
successfully accomplished for motors, generators, 
transformers, and circuit breakers, all of which are 
inherently more complex than air-core magnets. Simi- 
larly, the chemistry of magnet failures is not inher- 
ently more complex than that of problems routinely 
solved by chemical engineers. The problems and the 
solutions to the design of long-lived magnets lie at 
the interfaces between the conductor, the insulation, 
and the coolant. The accelerated life tests done by 
Carden on the ANU magnet turn-to-turn insulation (20 
give a strong hint as to how screening for longer-lived 
interface systems can be accomplished at modest 
cost. Using scarce funds exclusively on tests of bulk 
mechanical properties or more sophisticated tech- 
niques for calculating mechanical stresses will not 
achieve the goal of long-lived, high-performance, 
highly irradiated magnets. 
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