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ABSTRACT 

Spin polarization of the deuterons and tritons in a r-?actinq 
plasma can result in an increase in the fusion reactivity and 
variation of the angular distri! Jtion of utaission of the fusion 
neutrons. The increased fusion reactivity relaxes the 
confinement-temperature conditions for breakeven and ignition, 
vie have determined the effect of varying the angular distribution 
of the fusion neutrons on the spatial distribution of fusion 
neutron current and flux at the first wall, on the global tritium 
breeding ratio, and on the first-wall radiation damage in low-
aspect-ratio toroidal geometry. 
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I. INTRODUCTION 
Recent analyses have shown the feasibility of operating a 

magnetic confinement fus.'on device with polarized reactants, as 
the calculated depolarization times are much longer ••'•an the 
total lifetime of a reacting nuclide in the reactor.1 This study 
presents modified ignition and breakeven curves for plasmas with 
polarized reactants, calculates the uncollided fusion neutron 
current and scalar flux at the first wall of a tokamak for 
several polarization cases of interest, and examines the 
consequr .ces for global tritium breeding and first-wall radiation 
damage• 

Nearly all OT reactions (at least 95%) proceed through a 
resonant 3/2 3tatn of the JHe compound nucleus/ This state is 
only 107 keV above th.s energy of the free deuterium and tritium 
nuclai which combine to form it, which accounts for the magnitude 
of the reaction cross section at low energies. The spin of the 
compound n lcieus and reaction products, along with the parity of 
the compound nucleus, dictates that the wave function describing 
the products be constructed from eigenfunctions with angular 
momentum quantum number (4) equal to 2. A simple application of 
quantum mechanics gives 

2 1 9 A 

a = (a + -j " + -j c ) f<JQ + ( - b + - | c ) ( 1 - f ) <7 

f o r the t o t a l r e a c t i o n c r o s s s e c t i o n , and 
4£ . £ £ f| a 3 in 2 6 + ( | h + 1 c) («/* - 3 t 3 c ° a 2 e i 
3IJ zir 4 6 3 A 
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for the differential cross Section, which describes the angular 
distribution of the reaction products. In theee equations a = 
d + t + + d_t_t 'o 3 d Q, c 3 d +t„ + *-* + ("hero plUB, zero, and minus 
subscripts refer to polarization parallel, perpendicular, and 
antiparallel to B), 8 ia the polar angle of emission measured 
with respect to the local magnetic field direction, and u o is the 
reaction cross section when the D and T have spins parallel. 

When there is no polarization of the reactants (referred to 
here as an iso-DT plasma), the angular distribution of reaction products 
is isotropic. If the deuterons are polarized perpendicular to B, 
and the tritons have no polarization, the angular distribution of 
reaction products is proportional to 1+3cos 3. This case, which 
offers no reactivity enhancement over iso-DT, is called 
tfansverse-D. A third case, where both the deuterons and tritons 

+ 
are polarized tilong B, is called ortho-DT, by analogy to the 
crtho-hydrogen molecule in which the spins of the two protons are 
parallel. Here, the angular distribution of reaction products is 
proportional to pin 6; most importantly, this case also offers a 
50% increase in fUBion reactivity. The characteristics of these 
three cases are summarized in Table I. 
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II. MODIFICATION OP nT £ REQUIREMENTS 
The confinement-temperature conditions for thermonuclear 

ignition and for energy "breakeven" are relaxed when the 
reactants are at least partially polarized in the ortho-DT 
mode. (Here "breakeven" is defined as the conditions where the 
fusion power equals the external heating power required to 
maintain the plasma tampeiatMre against all transport and 
radiation losses. "Ignition" is defined as the conditions where 
the fusion alpha powar maintains the plasma temperature against 
all transport and radiation losses.) Figure 1 shows how the nT_ 
conditions are modified f̂ r the >_ase o£ an ortho-DT plasma which 
has the maximum cross-eectional enhancement of 50%. All curves 
are for plasmas with T = T, and Z f f = 1 . The fusion cross 
sections were taken from Ref, I. 

At large T. the nx_ requirement for breakeven or ignition is 
reduced by a factor of 1.5 from that in the unpolarized plasma. 
At lower temperatures where bremsstrahlung radiation becomes 
significant, polarization of the reactants results in a more 
significant reduction in the required n T E ' The minimum 
temperature required for ignition or for breakeven is also 
reduced ~>-en the ortho-DT plasma is used. 
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III. SPATIAL CURRENT AND FLUX DISTRIBUTIONS 
Figure 2 show; the model used in calculating the current and 

scalar flux at the first wall. A toroidally symmetric plasma 
vessel with rectangular cross-sectional area is employed, 
characterized by major radius fcv, minor radiua a , and a vertical 
elongation of b v/a v. The neutron source is a ring located at 
R=R V, z=o. 

The expressions for the normal component of uncollided 
neutron current, 

Jn " / " 1 ~ f n f 9 > d * ( 1> 
and the uncollided scalar flux, 

* =/-"--,- d* <2> 

at the first wall are integrated over all source pcints that have 
a direct line of sight to the position on the wall being 
considered. An analytic expression can be obtained for the flux, 
while the integral for the current must be evaluated 
numerically. The expressions for f_ have been normalized to a 
total source strength of 2n. 

The radial profile of the fusion neutron source is generally 
unimportant for determining wall loading distributions. Table II 
shows a comparison of some results from this study with results 
froa Ref. 5, in which a vacuum vessel of circular cross section 
with R v = 10.0 m and a^ = 3.67 in was used with a. cay-tracing 



-6-

technique to determine angular fluxes and currents at the first 
wall. In comparing the variation of scalar flux and current 
between inboard and outboard positions in the toroidal midplane, 
one sees that the results of the simple treatment used in this 
study are in good agreement with a more detailed analysis. The 
outward shift of the neutron source from R in the case of a high 
pressure plasma would raise the current and flux at the outboard 
wall and lower them at the inboard wall. Thi3 effect is 
neglected in the present study. 

Figure 3 shows the calculated distribution of uncollided 
fusion neutron current along the first wall for the three 
polarization cases. The results shown are for a vacuum vessel 
aspect ratio of 3.2 and vertical elongation of 2.0, which are 
typical values for compact DT reactors. The iso-DT case [dashed 
lines in Figa. 3(a) and 3(b)] exhibits a higher current at the 
outboard wall than inboard. This difference is enhanced 
significantly in the transverse-D case, due to directionality of 

•s-

f (6) along B, at all vertical positions | z | /a . The ratio 
J n

o u t / J n
l n at the midplane increases from 1.13 for iso-DT to 1.90 

for transverse-D, and becomes greater with increasing |z|/av. 
The ortho-DT case, with strong directionality perpendicular to B, 
produces an inboard current greater than the outboard current for 
wall positions |z|/av < 1.2S. 

The fractions of fusion neutron production directed to 
various parts of the vacuum vessel are given in Table III, These 
results show that the various source angular distributions can be 
used to effect significant changes in the spatial distribution of 
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neutrons. For example, with tranaverae-D polarisation one can 
direct 62% of the fusion neutrons to outboard regions with just 
14% directed toward the inboard, while ortho-DT polarization can 
result in just 42% of the neutrons going to the outboard with 27% 
and 31% going to the inboard and to the top and bottom, 
respectively. 

Figure 4 shows the scalar flux at the first wall due to 
uncollided fusion neutrons. While . the difference between 
outboard and inboard fluxes is relatively small <<20%) for iso-
DT, the outboard wall flux is much greater than the inboard for 
transverse-D, with the reverse being true for ortho-DT. Little 
variation exists in scalar flux along the top or bottom, except 
for R/Rv < 1. 

IV. GLOBAL TRITIUM BREEDING RATIO 
The one-dimensional neutron transport code ANISN was used 

to investigate the response of toroidal fusion systems to changes 
in the neutron source angular distribution f (8). The model used 
in these calculations is shown in Fig. 5. The region inboard of 
the plasma is made non-breeding: its composition is a 20-cm 
layer of a neutron multiplying material backed by a 40-cm 
reflector of SS 3T6. Tritium breeding is done exclusively on the 
outboard side in a blanket consisting of a homogeneous mixture of 
80% natural lithium and 20% beryllium, which is followed by a 20-
cm thick reflector of stainless steel. The neutron source is a 
plane located at R = 400 cm. Calculations were carried out in P» 
- S 1 2 approximation with a 25 n, 12 f group cross section set 
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collapsed from the 171 n, 36 Y group DLC41/C library. 
Tritium breeding ratios with non-breeding inboard regions 

were reported in Ref. 8, which used a model similar to that in 
Pig. 5. With the tritium breeding ratio (TBR) defined as tritons 
produced per fusion neutron, it was shown that a TBR of at least » 
1.7 could be achieved in idealized systems (no structure, 

> 
coolant, or penetrations) by optimizing the inboard region for 
reflection of neutrons. Lead (backed by Zircaloy) was found to 
be the best inboard reflector. The present study also considers 
stainless steel, because of its presence as a structural material 
in many reactor design concepts, and graphite, because of its 
wide use as a neutron reflector. 

Table IV shows the variation in TBR for the lead, stainless 
steel, and graphite Inboard reflectors as a function of the 
source angular distribution. When the inboard region is 
optimized for neutron reflection, the TBS is only weakly 
dependent on the source angular distribution. The lead reflector 
shows only a ±2.5% variation from the iso-DT case when the 
transverse-D or ortho-DT plasma is used. The variation in TBR is 
only ±5% when stainless steel is used, and approximately ±6% for * 
graphite, though the absolute values of TBR are somewhat lower 
than with lead. One can thus take advantage of the 50% 
enhancement in fusion reactivity available with the ortho-DT 
polarization without sacrificing significant potential for 
tritium breeding. The sin 6 angular distribution of the ortho-DT 
case is also more suitable for extraction of collimated beams of 

9 fusion neutrons. 
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V. FIRST-WALL RADIATION DAMAGE 
The same ANISH calculations described in Section IV were 

used to obtain estimates of first-wall damage for the three 
polarization cases. The three quantities investigated ware 
displacements per atom (normalized to 1 MW-yr/m ) and total 
hydrogen and helium gas production (each normalized to 1 source 
neutron/s). The results are shown in Table V, for the case of 
the lead neutron multiplier inboard. (Similar results are 
obtained in the stainless steel case.) 

For all three damage estimates, the damage rates in the 
outboard wall are nearly independent of the source angular 
distribution. This result is due to the fact that large numbers 
of energetic neutrons are reflected from toe inboard region, for 
any polarization of the plasma. For example, the dominant 
contribution to displacement damage comes from neutrons in the 
source energy group. In this group the scalar flux in the 
outboard first wall is only 4 % greater for transverse-D than for 
ortho-DT. Lower energy groups (2.5-12 HeV) show similar or 
somewhat greater percentage differences in flux, but at absolute 
magnitudes a factor of 10 lower than the total flux in the source 
group. Groups with energy below 2.5 MeV show greater flux for 
ortho-UT than transverse-D, and at somewhat higher absolute 
values than for energies 2,5 MeV < E < 12 HsV (though the 
displacement cross section here in lower). Thus the reduced 
damage for ortho-DT due to neutrons in the energy range 2.5-12 
HeV is cancelled by increased damage due to neutrons with E < 2,5 
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HeV, keeping the damage for all polarization cases nearly 
constant. 

The inboard wall, on the other hand, shows a decrease in 
damage of 20-30% for the transverse-D case from iao-DT, and a 20-
30% increase for ortho-DT over iso-DT. In this latter instance, 
the inboard first wall damage rates are as great or greater than 
those at the outboard first wall. These increased damage rated 
are due to the greater numbers of fusion neutrons emitted toward 
the inboard region. Therefore, the increased reactivity of the 
ortho-DT caae carries the price of much higher damage rates, 
which translates directly into shorter component lifetimes, in 
the inboard regions where access and maintainence are difficult. 
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VI. CONCLUSIONS 
Operation of a toroidal magnetic oonfinei ent fusion device 

with polarized reactanfcs can offer several new performance 
modes. Use of the dif-eront polarization atates considered here 
allows variation of the spatial distribution of fusion neutrons 
between inboard, outboard, and top and bottom regions. Even if 
no tritium breeding is done in the region inboard of the plaama, 
the global tritium breeding ratio can be made Insensitive to the 
polarization state of the plasma by optimizing the inboard region 
for neutron reflection. Then the ortho-DT polarization may >tt> 

used for reactivity enViancemer.._ or e:ttrf.ctlon of neutron bea.ns 
witliout saciificing significant tritium breeding potential, in 
the limiting caae of only ama11-diameter penetrations of the 
breeding blankets. 

Outboard first-vrall damage estimates are insensitive to the 
polarization of the plasma, while damage estimates for the 
inboard first wall show considerable variation with polarization 
(i.e., source angular distribution). In particular, use of the 
ortho-DT polarization leads to damage rates per source neutron 
that are 20-30% higher than with no polarization. 
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Table I 

PRINCIPAL POLARIZATION OPTIONS FOR DT PLASMAS 

ISO-DT Transverse-D Ortho-DT 

Pclarizatton None D i lT 
T arbitrary 

D,T||iT 

Reactivity 
Enhancement None None 50% 

Angular Distr ibut. 
Fusion Neutrons 

f n <0) 
Isotropic 

1 
1 + 3 cos 20 sin 20 
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Table II 

EFFECT OF SOURCE PROFILE ON 
NEUTRON WALL LOADING VARIATION 

SOURCE0 j o u V n 

n ' n * ±n / '*out 

Ring 

Uniform*1 

Peaked6 

1.12 

1.18 

1.16 

1.10 

1.08 

1.10 

isotropic source angular distribution. 
hQ. L. Chapin S W. G. Price, Nucl. Technology 31, 32-47 (1976). 

Micklich & Jassby 
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TaMe III 

EFFECT OF REACTAIT POLARIZATION OH 
SPATIAL DISTRIBUTION OF UNCOLL1DEO CURRENT 

Polariza
tion of 

Reactants 

Source 
Angular 

Dlstribut. 

Fraction of 
Neutrons to 
Outboard 

Fract. of 
Neutr. to 
Inboard 

Fract. of 
Neutr. to 

Top & Bottom 

None 

D Polarized 

l/4w 

1 * 3cos2fi 

0.523 

0.62". 

0.422 

0.2O3 

0.140 

0.268 

0.27* 

0.239 

0.310 

Transverse 
to B 

0 aiid T 
Polarized 
Along fi 

8ir 

3 sin2e 

0.523 

0.62". 

0.422 

0.2O3 

0.140 

0.268 

0.27* 

0.239 

0.310 

Micklich S Jassby 
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Table !•/ 
if 

EFFECT OF REACTANT POLARIZATION ON 
GLOBAL TRITIUM BREEDING RATIO 

Polariza Source 
Angular 

Dis t r ibut . 

TBR from 1-D Toroidal Model* 
t ion of 

Reactants 

Source 
Angular 

Dis t r ibut . 
.Inboard Material 

S. Steel 6 Lead3 Graphite 

None l/4ir 1.39 1.54 1.37 

D Polarized 
Transverse 

to B 

\ + 3cos29 
8vr 

1,48 1.59 1.46 

D and T 
Polarized 
Along 8 

3s in 2 e 
8tr 

1.32 1.50 1.29 

Outboard blanket composition: 1 cm SS316 wall, 60 cm (80% Li & 20% Be), and 
20 cm SS316 reflector 

Inboard blanket composition: 1 cm SS316 wall, 20 cm SS316 or Pb. and 40 cm 
SS316 reflector 

bRef. 7. Case #14 
cRet. 7, Case #12 

Micklich & Jassby 
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Table V 

RADIATION DMUGE TO FIRST HALL 

Pb inboard neutron multiplier 

S o u r c e 
Angular 

D i s t r i b u t i o n 

dpa/(MW-yr/m 2) 

inboard outboard 

H Gas Production 

( 1 0 ~ 6 afcoras/cm3s) 
inboard outboard 

He Gas Production 

C10"6 atoms/cn; 3 s) 
inboard outboard 

I s o t r o p i c 

^ - < 1 + 3 c o s 2 9 ) 

- 3 - s i n 2 8 Bit 

12.5H 14.61 

9 .97 14.76 

15.19 14.45 

5.69 7 .44 

4 .12 7 .62 

7.26 7 .25 

1.51 1.97 

1.07 2.02 

2.01 1.94 

•Normalized to 1 neutron per second 

Micklich 8 Jassby 



- 1 9 -

FIGURE CAPTIONS 

FIG. 1 I g n i t i o n and energy break-even c o n d i t i o n s . 

FIG. 2 Model of tokamak geometry used i n c a l c u l a t i o n of u n c o l l i d e d current and 

s c a l a r f lux at f i r s t w a l l . 

FIG. 3 S p a t i a l d i s t r i b u t i o n s of u n c o l l i d e d neutron current for source angular 

d i s t r i b u t i o n s corresponding t o var ious p o l a r i z a t i o n s of D and T. Neutron 

current has u n i t s of neatrons /mV8 i f R^ i s measured In m e t e r s . 

FIG. 4 S p a t i a l d i s t r i b u t i o n of u n c o l l i d e d neutron s c a l a r f l u x for source annular 

d i s t r i b u t i o n s corresponding t o var ious p o l a r i z a t i o n s of D and T. Sca lar 

f l u x has u n i t s of n e u t r o n r / m 2 / s i f R^ i s measured i n meters . 

FIG. 5 0ne-dimen3io>ial t o r o i d a l c y l i n d e r model used in ftNlSN c a l c u l a t i o n s of 

t r i t i u m breeding and f i r s t - w a l l r a d i a t i o n damage. 
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Figure 1. Ignition and energy break-even conditions. 
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Figure 3. Spatial distributions of uncollide.J neutron current 
for source angular distributions corresponding to various pol- 2 arizations of D and T. Neutron current has units of neutrons/m /s 
if R is measured 1n meters. 
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Figure 4. Spatial distribution of uncollided neutron scalar 
flux for source angular distributions corresponding 
to various polarizations of D and T. Scalar flux has 
units of neutrons/m2/s if R is measured in meters. 
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