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Optimization of Nonthermal Fusion Power Consistent with 
Channeling of Charged Fusion Product Energy 

P. B. Snyder,  1 M. C. H e r r m a n n ,  ~ and N. J. Fisch I 

If the energy of charged fusion products can be diverted directly to fuel ions, non-Maxwellian fuel 
ion distributions and temperature differences between species will result. To determine the impor- 
tance of these nonthermal effects, the fusion power density is optimized at constant-J3 for non- 
thermal distributions that are self-consistently maintained by channeling of energy from charged 
fusion products. For D-T and D-SHe reactors, with 75% of charged fusion product power diverted 
to fuel ions, temperature differences between electrons and ions increase the reactivity by 40-70%, 
while non-Maxwellian fuel ion distributions and temperature differences between ionic species 
increase the reactivity by an additional 3-15%. 
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1. INTRODUCTION 

There are advantages in operating a fusion reactor 
in regimes where the fuel ion temperature exceeds the 
electron temperature, ~,2~ i.e., in the "hot-ion mode." 
There are also potential advantages in operating in re- 
gimes where the fuel ion distribution is significantly non- 
Maxwellian. o-6~ However, these regimes are difficult to 
realize. In typical D-T fusion reactors, the alpha power, 
which heats the plasma, goes primarily to electrons, 
while ions and electrons lose energy at roughly the same 
rate. Thus, the electrons tend to be hotter than the ions. 
Furthermore, at densities and temperatures necessary for 
efficient D-T power production, the ion distributions 
tend to thermalize quickly, and so will generally be 
nearly Maxwellian. 

The advantages of  the hot-ion mode can, however, 
be realized if alpha power can be diverted directly to the 
fuel ions. Ions can then be hotter than electrons, espe- 
cially in regimes where electron radiation losses are sig- 
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nificant. In addition, non-Maxwellian features may be 
produced in the ion distribution because power might be 
absorbed preferentially by the fast tail of  the ion distri- 
bution. Certain waves have been identified that might 
divert (x-power in this fashion, ~8.91 and a general analysis 
of  the benefits of  diverting cx-power by waves has been 
performed.~ 7~ 

The purpose of  this paper is to investigate further 
the enhancement in fusion power that occurs when et- 
particle power is diverted to fuel ions. In particular, we 
consider the effects of temperature differences between 
electrons and ions, temperature differences between 
ionic species, and non-MaxweUian ion distributions. We 
shall refer to non-Maxwellian ion distributions and tem- 
perature differences between species as "nonthermal ef- 
fects." Note that these nonthermal effects all depend on 
the same conditions, i.e., on significant power diversion 
and relatively slow collisional equilibration. The non- 
thermal effects thus tend to occur simultaneously, and 
their effects on fusion power density tend to be multi- 
plicative. 

The paper is organized as follows. Each of  the non- 
thermal effects will be briefly analyzed in Section 2. In 
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Section 3, the 0-dimensional energy balance equations 
will be modified to incorporate nonthermal effects. Sec- 
tion 4 outlines a procedure for optimizing fusion power 
density at constant [3. Sections 5 and 6 present numerical 
results for D-T  and D-3He reactors, respectively. Opti- 
mized, self-consistent operation points for archetype [3- 
limited reactors loosely based on the ARIES I c~~ and 
ARIES III ~ reactor designs will be presented. The con- 
tributions of  each of the nonthermal effects will be an- 
alyzed separately. A brief conclusion appears in Section 
7. 

2. N O N T H E R M A L  EFFECTS 

There are three nonthermal effects considered here. 
First, consider operation in the hot-ion mode, (Ti > Te) 
which can lead to a large improvement in fusion power 
density at constant [3, where [3 is the ratio of  particle 
pressure to magnetic energy density. For a given mag- 
netic field, constant [3 implies constant average plasma 
pressure (p). Ignoring impurities, 

(p)  = niTi + n,.T~ = n,(T,. + ZT.)  (1) 

where Z is the average charge state of  the ions, n~ and 
n~. are the ion and electron number densities, and T, and 
T~, are the ion and electron temperatures in energy units. 
For D-T,  assuming a 50:50 D:T mix, the fusion power 
density P: is 

E,(p)'-(o- y) 
P, = Ern~,,T(~Y) - 4 ( ~  + L )  2 (2) 

where Er is the energy released per fusion event, n D and 
nr are the deuteron and triton densities, and (cry) is the 
fusion cross-section multiplied by relative velocity av- 
eraged over the two Maxwellian distributions at T,. Be- 
cause (cry) is a function only of  7],, lowering 7". at a given 
T, will always increase fusion power. For example, going 
from Te = T, to T = T/2 yields a 78% increase in fusion 
power density. 

The second nonthermal effect considered involves 
temperature differences between ionic species. Alpha 
particle power will most likely be diverted to only one 
fuel ion species. Hence, it may be possible to maintain 
significant temperature differences between ion species, 
despite rapid ion-ion thermalization. This will, in some 
cases, increase the fusion power density at constant [3. 
In general, Pj will be optimized when the less massive 
ion species is hotter, except in cases where the more 
massive species is much less abundant than the less mas- 
sive species. As an example, at 50:50 D:T, going from 

operation at (To = Tr = 15 keY) to operation at (To = 
16 keV, T r = 14 keV) will yield a 2.4% increase in 
fusion power. 

The third nonthermal effect considered involves 
non-Maxwellian features in the fuel ion distributions. A 
Maxweltian is not necessarily the distribution which op- 
timizes Psat constant (p). For example, in a D-T  plasma 
with 7"7. = T,. = 15 keV, we find that the optimum deu- 
terium distribution is a delta fimction near 75 keV, yield- 
ing a 75% increase in Ps at constant (p) over a 
Maxwellian at 15 keV. At reasonable operating temper- 
atures, ions in the tail of  a Maxwellian contribute more 
fusion power per unit pressure than those in the bulk. A 
slowing-down distribution (SDD) is generally less 
peaked than a Maxwellian distribution, and therefore 
may produce more fusion power per unit pressure. Fur- 
thermore, if a-particle power can be diverted to ions in 
such a way that the ions follow a diffusion path up to 
high energies, a slowing-down distribution of ions will 
result. This SDD will generally have higher fusion reac- 
tivity per pressure than the Maxwellian. Hence, if 
enough a power can be diverted to maintain a large 
SDD, overall fusion power might be significantly en- 
hanced. In the following we shall refer to the fast non- 
Maxwellian feature of  the ion distribution function as 
the SDD, which is in addition to the Maxwellian or bulk 
distribution. 

3. 0-DIMENSIONAL ENERGY BALANCE 

When nonthermal effects are taken into account, 
energy balance in 0-D becomes somewhat more com- 
plicated. The two fuel ion species can now have different 
temperatures. Furthermore, in the D-T case, there are 
two slowing-down distributions, one for alphas and one 
for fast ions, each of  which takes up pressure and gives 
up energy to each of  the three bulk species. 

First, consider the slowing-down distribution of  c~- 
particles in 0-D. Alphas are created at an energy E,,~, 
and then collisionally slowed down. We assume the den- 
sity of  fast alphas and fast fuel ions to be small, so that 
interactions of  these distributions with themselves and 
with each other can be ignored. The fast et distribution 
functionf~(v) then obeys the steady-state Fokker-Planck 
equation 

( 1 - L~v)P,~ 
V,,- a s  = ~ (v  - Vo) (3) 

4"nEo,~v~ 

where a is the collisional deceleration of a-particles, P ,  
is the portion of  the fusion power density carried by 
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alpha particles, and fa~ is the fraction of  that power di- 
verted directly to ions. It is assumed that the alpha dis- 
tribution remains isotropic after the energy diversion. 
Solving for f~(v) yields 

( l - L , ~ ) P o  
f~(v) = (4) 

2~r v 3E0a pea 

where ve~ = v~/" + v~ ~ + vf f ,  and where v U  is the rate 
of  energy loss from alphas through collisions with spe- 
cies x. The functional dependence of  v on E is given in 
Ref. 12. The pressure of  the fast a distribution is then 

P~' =- 3 -m~v2f~(v)4"rrvZdv2 

2 (1 - LiOPo f ~ o ,  dE  
- 3 E ~  vE~ (5) 

and the fraction of  a power given to species x is 

.f~'-' = - -  - -  (6) Eo" a o  vE~, 

The treatment of  the fast fuel ion slowing-down dis- 
tribution is analogous. The fast ions are considered to 
be drawn from a distribution with average ion ene rgy /~  
= 3T/2 and instantaneously accelerated to an energy E0,. 
The power  input to this fuel ion slowing-down distri- 
bution is precisely the power  diverted from a-particles.  
Thus, to rewrite Eqs. 3 -6  for fast ions, replace (1 - 
fa~,.)P, with .~ ,P , ,  and replace E0, in the denominator 
with (Eo. ,. - E~). The subscript s is used for slowing-down 
fuel ions. Hence, for example,  Eq. 4 becomes 

L~vPo 
f (v) = 2"rrv3(E0, _ ff~,)ve., (7) 

The slowing-down ion density then becomes 

f ", L~,.P~ l e o ,  dE (8) 
n, = -" f(u)4"rrv2dv - (E~ ----E,) ~' re.,. 

For the case of  a deuterium SDD reacting with a Max- 
wellian tritium distribution, the fusion power  produced 
is 

PI, = f ~i'f(v)Ernr((rv)b~m 47rv2dv 

Efnrfai,.p,~ fEos dE 
= (Eo~ _ ~)  a~,  (crv)b,.m --vaE (9) 

where ((iv)b~.m is averaged over  a tritium Maxwell ian at 
T r and a deuterium beam at E. 

In this model,  some fraction o f  the alpha power  is 
diverted to the ion SDD, while the rest is collisionally 
absorbed by the Maxwelt ian distributions o f  electrons, 

deuterons, and tritons. The slowing-down ion power  is 
in turn given up to these bulk distributions. The bulk 
distributions also collisionally equilibrate and lose power 
through transport and radiation. The equations describ- 
ing the 0 -D  energy balance are thus 

dEe 3 3 
dt - 2 n~g~  (TD -- T~.) + -~ n~,~ r (Tr - T.) 

3 
+ f~e(1 - L,v)P,, + f"~J'~,,P~ ~ner../'ree (10) 

dEo 3 3 
= ~no~/~' (r,. - To) + ~ n ~ e  ~ ( r r  - To) 

d t  
3 

+ fWD( 1 -- fd~v)P~, + fs/O fa~vP~ - ~ nDTD/'rEI (11 ) 

dEr 3 
(To Tr) + 3nr~r/~ (To Tr) dt - 2 nr~r/~" - 

3 
+ f,,/r (1 - faiv) P~ + f"rrfdi~P, - ~nrTr/'rE, (12) 

P~ = E~nDnr(crv ) 

E~nrfdivP~ l eo ,  dE 
-[- ~ .  ~ ~ ~Ei ((7 /'*)beam --I)EE (13) 

where ~k ~'' is rate of  thermal equilibration of  species x 
with species y, and is proportional to ny. Here "re,. and 
"ra are total energy confinement times for electrons and 
ions, including both transport and radiative losses. Note 
also that no and n r are the densities o f  the Maxwell ian 
deuterons and tritons and do not include particles in the 
SDDs. The constant-13 constraint can be written 

(p) = n~T~. + noT o + nrT r + p~ + p,. (14) 

An analysis o f  the energy balance equations shows 
that, at any given set o f  temperatures, all terms save the 
loss term are proportional to (p)2. The loss term will go 
as (p)2 if "re goes as 1/n, which it does only approxi- 
mately for empirical scaling laws. Nonetheless, as long 
as an ignited equilibrium can be reached near optimal 
operating temperatures,  the power  produced will be very 
nearly proportional to Q))2. Therefore, it is possible to 
extrapolate our results at a given value o f  Q)) to other 
values of  average pressure, so long as the pressure is 
sufficiently large to allow ignition near opt imum oper- 
ating temperatures. 

4. OPTIMIZATION OF A N O N T H E R M A L  D--T 
R E A C T O R  

We will now use further constraints to solve Eqs. 
10-14 to find a self-consistent operation point. We as- 
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sume the relative concentration of  deuterium and tritium 
is given. For the case of  a deuterium SDD, a 50:50 D: 
T ratio implies n o + n~ = nr. In the following, we ne- 
glect impurities, including thermal alphas. The fast alpha 
density is found directly to be negligible. To implement 
the constraint on 13, we choose a particular value for (p). 
We will use reactor parameters based on those chosen 
for ARIES I. "~ In particular, we use an ARIES-like 
value of (p) = 6.07 • I0 ~5 keV/cm 3. Because ARIES I 
is envisioned to operate in H-mode, we will use the 
ITER90H-P scaling law ~ TM for "rE,, 

"rt-, = 0-0821]; o2 B~ '~ p~-047 A,,S R,,,o K-o,9 [15] 

where Ip is plasma current in MA, B r is toroidal field in 
tesla, PL is the net power deposited in the plasma in 
MW, A is the ion mass number in ainu, R is the major 
radius in meters, and K is the elongation. It is the de- 
pendence on PL which impacts alpha channeling, be- 
cause fusion power density, and hence PL, increases 
significantly as more alpha power is diverted to ions. 
Using other empirical H-mode scaling laws, or common 
L-mode scaling laws with appropriate enhancement fac- 
tors, will affect the results very little. For example, using 
ITER89-P with an appropriate H-mode scaling factor 
will generally change the increase in fusion power due 
to alpha channeling by less than 2%. I f  no scaling law 
is used, but rather "rE, is assumed to remain unchanged 
with alpha channeling, a larger increase in fusion power 
would occur, because a larger "rE/"rL',. ratio, and hence a 
larger T/T~, ratio, would be achievable. I f  no scaling is 
law is used, the increase in fusion power density due to 
channeling would be roughly 5% larger than the results 
presented here. 

However, "rE.. will be treated differently. As men- 
tioned, "re,. is a total energy confinement time for elec- 
trons, and thus must include losses due to bremsstrah- 
lung, cyclotron, and line radiation, as well as transport 
losses. Furthermore, due to the benefits of  hot-ion mode 
operation, power density is optimized by operating with 
"re~ values very near the minimum possible value for ig- 
nition, because the T/T,, ratio is maximized when "re, > 
> "rE~.- This optimal value of  "rE, will, for all cases con- 
sidered here, be lower than the value calculated using 
the transport scaling law with radiation losses. Note that, 
while it may not be possible to raise "re,. above the cal- 
culated value, it may be possible to lower it. Two pos- 
sible mechanisms are reducing the wall reflectivity to 
increase synchrotron losses, and introducing high-Z im- 
purities to increase line radiation losses. It appears to be 
possible to introduce enough very high-Z impurities to 
lower "rE~. to its optimum value with little degradation in 
reactor performance. (~4) The degradation in fusion power 

density due to the small added pressure of  the very high- 
Z impurities can generally be made small relative to the 
benefit of  operating at an optimized "rE.. value. Hence, in 
calculating an estimate of  the nonthermal fusion power 
enhancement, we will treat "rF~c as an adjustable parameter 
and optimize fusion power over it. 

The three 0-D energy balance equations can now 
be numerically solved for the electron, deuteron, and tri- 
ton temperatures at a given value of "rE~.. In cases where 
there is more than one ignited solution, the solution 
yielding higher Pc will be used. The optimum value of 
"re, can then be searched for, until an optimized self- 
consistent solution is found. 

5. D - T  N U M E R I C A L  RESULTS AND ANALYSIS 

The numerical calculations were performed using a 
parameter fit to the fusion cross section C'5~ and analytic 
expressions for the various energy exchange rates. ~2) It 
should be noted that a number of  approximations have 
been made. Impurities and profile effects have been ig- 
nored, for simplicity and because profiles cannot be cal- 
culated until the precise nature of  the wave-particle 
interactions is known. The effects of  et-diversion on cur- 
rent drive, and the changes in bootstrap current at dif- 
ferent operating points are also neglected. Current drive 
effects, including external power used to drive current, 
are not considered because, in cases where s-particle 
power is diverted, profiles will be altered by the wave, 
and it is likely that the wave used to divert power to the 
ions may be used for current drive as well. (~ 

Figures 1--4 exhibit the increasingly nonthermal be- 
havior of  the plasma as more c~-power is diverted to fuel 
ions. In all the figures, the operation point (i.e., the "rE,. 
value) is chosen to optimize total fusion power density, 
not to optimize any particular nonthermal effect. 

Figure 1 demonstrates the large increase in T,/T~ 
that can be obtained when significant amounts of  o~- 
power are diverted. Similarly, Fig. 2 exhibits the smaller 
increase in To/Tr that is achieved when et-power is di- 
verted only to deuterons. 

Figure 3 exhibits the contribution of the deuterium 
slowing-down distribution to the total fusion power, 
when s-power  is diverted to deuterons such that an SDD 
from 100 keV down to the average ion energy is pro- 
duced. When most c~-power is diverted, a substantial 
portion of the fusion power comes from non-Maxwellian 
ions. Of  course, the net increase in fusion power due to 
the non-Maxwellian ions is more modest. The increase 
in fusion power is due only to the difference in reactivity 
per pressure between SDD ions and Maxwellian ions. 
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Fig. 1. Variation of ion and electron temperature with fraction of (x- 
power diverted to ions, when reactor operates in the regime which 
optimizes total fusion power density. 
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Fig. 3. Increase in the fraction of fusion power produced by the non- 
thermal portion of the deuteron distribution when c~-power is diverted 
to a deuteron slowing-down distribution at 100 keV. 
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Fig. 2. Variation of deuterium and tritium temperature with fraction 
of o~-power diverted to deuterons, when reactor operates in the regime 
which optimizes total fusion power density. 

The size of  this increase in fusion power due to the SDD 
can be seen clearly by comparing the two lines in Fig. 
4. Figure 4 shows the overall increase in fusion power 
that is achieved when c~-power is diverted. This increase 
is due primarily to reduction of fast alpha pressure and 
operation in the hot-ion mode. The solid line shows the 
increase which occurs if a-power is diverted to the trit- 
ium Maxwellian, while the dotted line shows the some- 
what larger increase which occurs if power is diverted 
to a deuteron slowing-down distribution. The difference 
between the two lines is due largely to the increased 

ARIES i-based reactor ITERP0H-P Scaing Optimized Operation Point 
i i i 
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~o I ~ Power Diverted to Deuterons, SDD produced (Eo,.100 keV) 
o_ 4.0 
g 
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Fig. 4. Increase in fusion power density with fraction of e~-power di- 
verted to Maxwellian tritons (solid line) or to a slowing down distri- 
bution of deuterons (dotted line). The point at x = 0 corresponds to 
Case 2, the solid line at x = .75 corresponds to Case 3, and the dashed 
line at x = .75 corresponds to Case 5 in Table I. 

reactivity per pressure of the deuterium SDD compared 
to a Maxwellian. 

In Table I, we compare several operating points for 
D-T reactors, with and without a-power diversion. The 
temperatures, densities, pressures, and energy confine- 
ment times of the various species are given, along with 
the fusion power density produced in each case. The 
lower half of  the chart separates the enhancements in PI 
over Case 1 into components due to ion temperature 
((cru (Ti))/~ where T~ = (To + Tr)/2), fast alpha pressure 
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Table L ARIES 1-based D-T Reactor with 50:50 D:T ratio, 
ITER90H-P scaIing for "r~, (p) = 6.07 • t0 ~ keV/cm 3 

Parameter Case I" Case 2 h Case 3" Case 4 '/ Case 5" 

T,, (keV) 20.0 11.4 11.4 11.5 11.4 
T,~ (keV) 20.1 11.0 16.4 17.5 16.6 
7'7. (keV) 19.9 11.0 17.5 16.6 16.6 
n,, ( I 0i4/cm 3) 1.23 2.53 2.08 2.06 2.05 
11o ( 10Wcm 3) 0.62 1.26 1.04 1.03 0.97 
nr (10Wcm-') 0.62 1.26 1.04 1.03 1.03 
n, ( I 0Wcm 3) 0.0 0.0 0.0 0.0 0.05 
p,./(p) (%) 40.7 47.6 39.0 38.9 38.6 
pt,/(P) (%) 20.4 23.0 28.0 29.7 26.7 
Pr/(P) (%) 20.2 22.9 29.9 28.2 28.1 
pJ(p) (%) 18.7 6.4 3.1 3.2 3.2 
pap) (%) 0.0 0.0 0.0 0.0 3.5 
"rF.~ (S) 1.95 1.71 1.41 1.40 1.40 
�9 re,. (s) 0.95 0.77 0.40 0.39 0.37 
./~,. 0.0 0.0 0.75 0.75 0.75 
PI (W/cm3) 4.67 6.52 10.22 10.37 10.53 

P/ enhancement: factors relative to Case 1 

Total 1.00 1.40 2.19 2.22 2.25 
T, factor 1.00 1.09 1.09 1.08 1.09 
p ,  factor 1.00 1.33 1.42 1.42 1.42 
T, > T factor 1.00 0.96 1.43 1.43 1.41 
T o > T r factor 1.00 1.00 0.99 1,01 1.00 
SDD factor 1.00 1.00 1.00 1.00 1.03 

" Case 1: ARIES-I base operating point. 
h Case 2: ARIES-I optimized over "r e. 

Case 3: 75% of  a power diverted to tritium Maxwellian. 
" Case 4: 75% of a power diverted to deuterium Maxwellian. 

Case 5: 75% of a power diverted to deuterium 
(E, to 100 keV). 

SDD 

( ( @ )  _ p,~)2), i o n - e l e c t r o n  temperature d i f f e r e n c e s  

(4T//(~ + T~,)2), deuteron-triton temperature differences 
((crv(Tz~, Tr))/(crv(T,))), and slowing-down distribution 
effects. It is the last three enhancement factors that are 
of  primary interest here. 

Case 1 is a model of  the operating point chosen in 
the ARIES 1 reactor study. It is used here as a reference 
point. The value of-rE,, in this case is not optimized but 
rather is estimated based on transport and radiation. Be- 
cause impurities and profile effects are not considered, 
some calculated values will vary significantly from AR- 
IES I values. 

In Case 2, there is still no diversion of  c~-particle 
energy. However, fusion power density is optimized 
over "re,.. This yields a substantial improvement in Ps, 
primarily due to the reduction in ~x pressure that accom- 
panies operation at lower temperatures (alphas slow 
down much more quickly on cold electrons). Case 2 is 

provided so that the effects of  ca-diversion can be ana- 
lyzed independently of  gains based only on optimization 
of  Pr over "rE,.. It should be noted, however, that the AR- 
IES I operating regime was chosen for several reasons, 
including high current drive efficiency. Therefore, Case 
2 may not be a preferred mode of operation due to the 
additional current drive expense in operating at low elec- 
tron temperatures. 

In Cases 3-5, 75% of the o~-power is diverted di- 
rectly to fuel ions. In Case 3, the (x-power is diverted to 
the tritons in such a way that the tritium distribution 
remains approximately Maxwellian. This case exhibits 
the benefits of  (x-power diversion in the absence of en- 
hancements due to slowing down ion distributions or 
desirable To/Tr ratios. The benefits of  diverting (x-power 
are quite apparent. The fusion power, Pr is increased by 
a factor of  2.19 over Case I, and by a factor of  1.56 
over Case 2. The improvement is due primarily to hot- 
ion mode operation and reduction in (x pressure. 

Case 4 is identical to Case 3 except that the c~- 
power is diverted to deuterium ions. This case exhibits 
the effect of  differences between Tz, and T r. Due to high 
deuteron-triton thermal equilibration rates, only a small 
temperature difference can be maintained between them. 
Hence there is only a slight additional increase in P~ 
yielding a total enhancement factor of  2.22 over Case 1. 

In Case 5, the s-power  is diverted to a deuterium 
SDD with Eos = 100 keV. This models the case where 
the wave absorbs energy from alphas and then damps 
on deuterons, moving the deuterons along a diffusion 
path out to an average energy of  I00 keV before they 
collisionally slow down to the average ion energy. While 
the reactivity of  the SDD is significantly higher than that 
of  the bulk, the improvement in p ,  is modest because 
only a low density slowing down distribution can be 
self-consistently maintained. The high density and low 
temperature of  the bulk cause the ions in the slowing 
down distribution to lose energy very quickly, so that 
only a small number can be kept at high energies using 
diverted cx-power. In this case, a total Pc enhancement 
of  a factor of  2.25 over Case 1 is achieved. 

The case in which c~-power is diverted to tritons, 
such that a tritium SDD is produced, is not presented, 
because it does not provide a significant improvement in 
p/. over Case 3. Hence, using a wave which damps on 
tritons will lead to a maximum enhancement factor of  
2.19. However, using a wave which damps on deuterons 
will produce a factor of  at least 2.22, and possibly as 
large as 2.25 if a non-Maxwellian distribution results. 
While this difference is relatively small, it might be 
enough to motivate the choice of  a wave which damps 
on deuterons rather than tritons. 
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As stated, the operation point has been chosen to 
maximize P~ Hence, Cases 3-5 do not represent the 
maximum achievable sizes of each nonthermal effect, 
but rather the maximum achievable total effect. In gen- 
eral, each of the nonthermal effects could be made larger 
in different regimes. For example, higher T/T~. ratios can 
be achieved at higher temperatures, because the coupling 
between ions and electrons decreases. However, fusion 
reactivity decreases if Tz exceeds the maximum of the 
<crv)/~ curve, and fast alpha pressure increases with T,. 
Accounting for all three effects leads to an optimum op- 
eration point with T, somewhat above the maximum of 
the <crv)/~ curve, and ~. somewhat below it. 

6. D J H e  NUMERICAL RESULTS AND 
ANALYSIS 

Diverting charged fusion product power could be 
even more important for D-3He reactors, because large 
improvements over present tokamak performance appear 
necessary to burn D-3He. Furthermore, all of  the fusion 
power is available as charged products. Hence more total 
power can potentially be diverted. 

The model used for D-3He is largely analogous to 
that used for D-T, except that both proton and alpha 
slowing-down distributions must be included. In addi- 
tion, a scaling factor of 2.6 (an indication of the 
difficulties of igniting D-3He) is added to the ITER90H- 
P scaling law to give "re, values comparable to ARIES 
III values. The value (p) = 3.427 x 10 ~6 keV/cm 3 is 
also chosen to resemble the ARIES III design. This 
value is of course much larger than the value used for 
the D-T cases. Hence, the densities are higher despite 
the higher operating temperatures. 

D-3He cases are presented in Table If. Case 1 mod- 
els the ARIES IIl operating regime, in order to provide 
a reference point for the other cases. Here, the value of 
�9 re,. is not optimized, but rather estimated from transport 
and radiation. The fast alpha pressure is now rather 
small, due to high densities. However, the 14.7 MeV 
protons take longer to slow down, and therefore occupy 
much more pressure. The ion and electron temperatures 
are nearly equal, with the larger collisional power input 
to electrons being offset by large electron radiative 
losses. 

There is no good analogy to the D-T Case 2 be- 
cause it is not possible to improve significantly upon 
Case 1 by lowering "re,- Case 2 in Table II shows the 
small benefits that could be achieved if "re,. could be in- 
creased. In Cases 3-5, 75% of  all fusion power is di- 
verted to fuel ions. It should be noted that the dominant 

Table 11. ARIES III-based D-3He Reactor with 50:50 DgHe ratio, 
2.6XlTER90H-P scaling for "rE,, (p) = 3.427 X 10 ~6 keV/cm ~ 

Parameter Case 1" Case 2 ~' Case 3 c Case 4 a Case 5" 

7,. (keY) 
T v (keV) 
T,.~ (keY) 
n. ( lO'4/cm ~) 
n o ( 10Wcm 3) 
%.~ (10t4/cm 3) 
n~ (10t4/cm3) 
p,.l~p> (%) 
PoI<P) (%) 

p~,,d(p> (%) 
p,,/(p> (%) 
p,/(p> (%) 
p,/(P> (%) 
7~, (s) 
% (s) 
Jdiv 
Pe ( W/cm3 ) 

P~ enhancement factors relative 

Total 

7` factor 
p. factor 
p,  factor 
T, > 7,. factor 

T o > /'3. ~ factor 
SDD factor 

" Case 1: ARIES-III 

54.2 44.1 46.6 45.9 44.4 
54.9 44.0 72.7 79.1 69.0 
55.1 44.0 75.2 73.3 69.5 

3.17 4.21 3.36 3.33 3.41 
1.06 1.40 1.12 1.12 1.04 
1.06 1.40 1.12 1.12 1.14 
0.0 0.0 0.0 0.0 0.10 

50.1 54,2 45.7 44.6 44.2 
16.9 18.0 23.8 23.8 20.9 
17,0 18.0 24.6 24.6 23.0 

1.3 0,9 0.5 0.6 0.6 
14.7 8.8 5.4 5.6 5.4 
0.0 0.0 0.0 0.0 5.9 
7.20 7.00 5.30 5.19 5.10 
2,27 2.33 1.08 1.01 0.94 
0.0 0.0 0.75 0.75 0.75 
2.21 2.34 4.24 4.42 4.59 

to Case 1 

1.00 1.06 1.92 2.00 2.08 
1.00 0.94 0.95 0.94 0.97 
1.00 1.01 1.02 1.02 1.02 
1.00 1.14 1.23 1.23 1.23 
1.00 0.98 1.62 1.70 1.60 
1.00 1.00 0.99 1.01 1.00 
1.00 1.00 1.00 1.00 1.08 

base operating point. 
~' Case 2: ARIES-Ill optimized over "r%. 
' Case 3: 75% of fusion power diverted to SHe Maxwellian. 
J Case 4: 75% of fusion power diverted to deuterium Maxwellian. 
" Case 5: 75% of fusion power diverted to deuterium SDD 

(E~ to 500 keV). 

effect comes from diverting proton power, because at 
typical D-3He parameters, alphas take up little pressure 
and slow down mostly on fuel ions without diversion. 

In Case 3, 75% of the fusion power is diverted to 
3He, such that its distribution remains Maxwellian. 
Hence, Case 3 demonstrates the effect of diverting 
power in the absence of non-Maxwellian distributions or 
favorable TffTm,, ratios. The factor of  1.92 increase in 
fusion power over Case 1 is due largely to hot-ion mode 
operation and reduction of  fast proton pressure. The 
gains due to hot-ion mode operation are even greater 
than in D-T. High operating temperatures reduce the 
coupling between electrons and ions and allow very high 
T]Te ratios. However, gains from reducing fast fusion 
product pressure are smaller than in D-T. Comparison 
of Table II with Table I shows that the power enhance- 
ment in D--3He is similar to that in D--T. 
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In Case 4, fusion product power is diverted to the 
deuterium Maxwellian rather than the 3He Maxwellian. 
The direct improvement in (cry) from having Tz~ > T~H,. 
is modest. However, note that the coupling between deu- 
terons and electrons is smaller than the coupling between 
3He and electrons, due to the Z 2 factor in v~. Hence, 
having T o > Tree allows for a higher 7"./7". ratio and leads 
to a total Pf enhancement factor of  2.00 over Case 1. 

In Case 5, fusion product power is diverted to deu- 
terons such that a deuterium slowing-down distribution 
extending up to 500 keV is produced. This slowing- 
down distribution is larger than SDDs produced in D-T 
cases, and it yields a larger increase in Pj, The total 
fusion power in this case is enhanced by a factor of  2.08 
over Case 1. A 3He slowing-down distribution will not 
enhance p /ove r  case  3. Hence diverting fusion product 
power to 3He will produce a power enhancement factor 
of  no more than 1.92, while diverting to deuterons will 
lead to a Pc enhancement factor of  at least 2.00, and 
possibly as large as 2.08 if a non-Maxwellian distribu- 
tion is produced. 

All three nonthermal effects have a larger impact 
in D-3He cases than in D-T  cases because the higher 
operating temperatures reduce slowing-down rates and 
thermal equilibration rates. 

7. CONCLUSIONS 

We find that diverting 75% of  the charged fusion 
product power to fuel ions roughly doubles the fusion 
power at constant-[3 for both D-T  and D-3He reactors. 
We have verified and refined this previously noted re- 
sult ~7~ in an analysis which treats nonthermal effects 
more precisely. In particular, we have included a slow- 
ing-down distribution of  fast fuel ions, and we have al- 
lowed for separate temperatures for each fuel ion 
species. Furthermore, we have adopted a widely ac- 
cepted empirical scaling law for energy confinement 
time. In addition, the operation points in this analysis 
are chosen to maximize total fusion power density. This 
selects a regime which obtains the maximum overall 
benefit from the numerous effects which enhance fusion 
power. The contributions of  each effect can then be iso- 
lated and compared. 

As expected, hot-ion mode operation generally pro- 
vides the largest contribution to the enhancement in fu- 
sion power. With 75% of  e~-power diverted in a D - T  
reactor, T/T,, ratios of  1.5 are found. This translates into 
a fusion power enhancement factor of  1.4 over a case in 
which no e~-power is diverted. For D-3He, T / T  e ratios 

around 1.6 and power enhancement factors as large as 
1.7 are found when 75% of fusion power is diverted. 

The second largest contribution to the fusion power 
enhancement arises from the reduction in pressure of  the 
fast charged fusion products. This leads to a power en- 
hancement factor of  1.4 for D-T,  and 1.25 for D-3He, 
when 75% of  charged fusion product power is diverted. 
These factors are of  course multiplicative with those due 
to hot-ion mode. 

Supplementing the two previously-studied sources 
of  power enhancement mentioned above are two addi- 
tional contributions to the power enhancement which we 
have identified and analyzed. The first additional contri- 
bution is due to temperature differences between ion 
species. Diverting power to deuterons will lead to deu- 
teron temperatures which are slightly higher than the 
temperatures of  the other ions. Because of  mass differ- 
ences between ion species, this translates into an in- 
crease in fusion reactivity at constant beta. This increase 
is roughly 3% in D-T  and 8% in D-3He, when 75% of  
charged fusion product power is diverted to deuterons. 

The second additional contribution is provided by 
a fast fuel ion slowing-down distribution. Such a non- 
Maxwellian feature in the fuel ion distribution may be 
produced by preferential absorption of diverted power 
by the tail of  the distribution. I f  such a deuterium slow- 
ing-down distribution is present, it can significantly en- 
hance fusion power. A deuterium slowing-down distri- 
bution self-consistently created by the diversion of 75% 
of  the charged fusion product power can increase fusion 
power by roughly an additional 3% in D-T  and 8% in 
D-3He. Note that all of  the increases mentioned above 
are multiplicative and can be attained simultaneously. 
Hence, for a D-T  case, if 75% of  a-power  is diverted 
to deuterons, producing a slowing-down distribution, a 
total power enhancement factor of  2.25 can be attained. 

In conclusion, the approximate factor of  two im- 
provement in fusion power density due to diversion of  
charged fusion product power has been verified in a more 
extensive numerical analysis. In addition, two new effects 
have been analyzed. These new effects can enhance fu- 
sion power density by an additional 5% in D-T and 15% 
in D-3He, in the cases considered here, where total fusion 
power density is optimized. These new effects will have 
an even greater impact in certain other regimes. 
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