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Nuclear fusion rates can be enhanced or 
suppressed by polarization of the reacting 
nuclei. In a magnetic fusion reactor, the 
depolarization time is estimated to be longer 
than the reaction time. 

The dependence of nuclear fusion reactions on nuclear spin 
suggests that polarization of the reacting particles may provide 
some control of the reaction rates and the angular distribution 
of the reaction products. The large cross section for the reac
tion D(T,n) He at low energy arises primarily from a J = 3/2 
resonant level of He at 107 keV above the energy of the free D 

2 
and T nuclei. At low energies, the reaction occurs only in the 
£ = 0 state, so that the angular momentum must be supplied by the 
spin of the D and T nuclei. Since D has spin 1 and T spin 1/2, 
their possible combined spin states are S = 3/2 and 1/2. The 
reaction is due almost entirely to interacting pairs of D and T 
nuclei with S = 3/2. The statistical weight of this state is 
4 while that of the S = 1/2 state is 2. Thus, for a plasma of 
unpolarized nuclei, effectively only 2/3 of the interactions 
contribute to the reaction rate. 
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We consider now the case of a magnetic D-T reactor where the 

fractions of D nuclei polarized parallel, transverse and antiparal-

lel to B are d , d , and d_, respectively, while the corresponding 

fractions of the T nuclei are t and t_. Then the total cross 

section is 

a + ^b + ic)fc 0 + (§b + fc] (1 - f)c Q (1) 

where a = d t + + d_t_, b = d , c = d t_ + d_t,r and fc is the 

cross section for the 3/2 state. The magnitude of f has been 
3 4 

estimated at about 0.95 , but may be greater than 0.99. (Th? 

remainder of the cross section is ascribed to a 1/2 state th. -. 

lies 3 MeV above the 3/2 state.) For an unpolarized plasma, 

a = b = c = 1/3 so that o = 2/3 a . On the other hand, if all 

the nuclei are polarized along B, then a = 1, b = c = 0, and 

a = to , so that the enhancement of reactivity is (3/2)f. 

The resultant angular distributions of the neutrons and alpha 

particles are: 

i0 f 0 o f 3 . 2 Q , r2, 1 i r(4/f) - 3 + 3 cos 29l] 

where 6 is the pitch angle relative to B. If all the nuclei are 

polarized parallel to B, the angular distribution of the neutrons 
2 

and alphas is sin 6; if the D nuclei are polarized transverse 
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to B, then the distribution is (4/f) - 3 + 3 cos e. The polari

zation of the neutrons also varies with 6. At 9 = 90°, it is 

given by 

n + - «. - |(d_t. - d +tj + Jd Q (t+ - t j ^(d+t, - d_t+) (3) 

where n and n_ are the fractions of neutrons polarized parallel 
and antiparallel to B. (We have set f = 1.) 

The D-D reaction is more complex than the D-T reaction and 
its properties are less well known; therefore, we can give only 
an indication of the potential effects of polarization. For 
this purpose, we will follow Ref. 5, which points out that the 
possible initial states for the reacting pairs of deuterons are 

S, S, P, D, ^D, etc., and attributes the majority of the 
1 3 

reactions to the S and P states. Fitting this theory to 
observed total and differential cross sections for D-D, Ref. 5 
obtains a total reaction cross section that is proportional to 9f,p + 21f,P-, , where P and p, are probabilities for penetra-l o 3 1 o 1 
tion of the barrier(Coulomb and centrifugal), £, is the fraction 
of pairs in the S singlet state and f- is the fraction in the 
P triplet state. For ur.polarized D nuclei, f, = 1/9 and f, = 1/3; 
the enhancement factor due to polarization can be written in the 
form 

e = ("iPo + 2 1 f
3

p i ) / f r 0 + 7*i )• (4) 
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Table I uses values of PJ/PQ given in Ref. 5 to calculate 
enhancement factors for three different types of polarization: 
(a) The deuterons are oriented parallel and antiparallel to B 
(as would be appropriate in a colliding beam reactor) so that 
f-̂  = 1/3, f 3 = 1/2. (b) They are oriented transverse to B, so 
that f, = 1/3, f 3 = 0. (c) They are all oriented parallel, 
so that f, = f~ = 0. In the present rudimentary estimate, 
enhancement factors of about 2.5 are found for cases (a) and 
(b), while case (c) suppresses the reaction. A more accurate 
treatment of the P state, taking the angular momentum J into 
account, would tend to reduce E for cases (a) and (b). 

There would be little practical value in polarizing nuclei 
if the depolarization rates were rapid compared with the fusion 
reaction rate. At first sight, it would appear that, because of 
the small energy difference between the two polarization states 
(AE : 10 - 10 eV << KT), an unpolarized equilibrium would be 
rapidly established. However, as far as we can see, the mechanisms 
for depolarization of nuclei in a magnetic fusion reactor are 
suprisingly weak. We will consider four such mechanisn.o: 
(1) Inhomogeneous static magnetic fields. Let to- = eB /2m c be 
the deuteron cyclotron frequency, and let ft 5 AE/fi = g-eB /2m c 
be the deuteron precession frequency, where AE is the Zeeman 
energy for a change of spin orientation Am = 1, and g~ is the 
magnetic moment of the deuteron in nuclear magnetons. Similarly, 
let £u and g, be the precession frequency anri magnetic moment 
of the triton. Then fi2 = 0.86 to2, and ft3 = 5.96 m2- If a nucleus 
with velocity v passes through static magnetic-field inhomogeneities 
of scale s, it sees them at a frequency v/s. As in the case of the 



- 5 -

adiabaticity of the ordinary magnetic moment of the particle gyro-
motion, frequencies below the nuclear precession frequency — i.e., 
static inhomogenities on a scale that is large compared with the 
ion gyroradius (s>>p.) '— cannot change the polarization. 
(2) Binary collisions. Simple electrostatic Coulomb scattering 
does not affect the nuclear spins, but there are many other potential 
depolarization mechanisms: The triton can interact with electrons, 
deuterons and other tritons by spin-orbit and spin-spin interactions; 
the deuteron can also interact by means of its quadrupole moment. 
Fortunately, the associated depolarization rates turn out to be quite 
small. During each collision, the change in polarization from state 
a to state 6 is small and of random sign. We have calculated the 
cross section of a- for the rate of increase 

d e 2 ,*\ 
6t~ = n oi Vrel ( 5 ) 

by process i, where n is the particle density and v , is the 
relative velocity. The cross sections for interaction with 
electrons are found to be of the same order as for ions; because 
of the factor v , in eq. (5), depolarization by electrons there
fore predominates. For spin-orbit depolarization of T, we have 
C i = {4T/3)g^i2ln[c/^*) = 1.7 10 2 9 cm 2, where r = (e2/m c 2, 
2 2 

a_ = (4irne )/m and * = -fi/m v. For spin-spin depolarization, o i = 

(11/9) irgjjr2 = 8 * 10~ 3 cm2. For the d state of D, ° i is smaller 
by (g 2/9 3) 2 = 0.083 than for T; for the d + or d_ states, it is 

2 
smaller by l/2(g2/g3) = 0.042. Interaction with the quadrupole 
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moment is negligible for electrons. Using typical reactor para-
1 4 - 3 4 

meters, n = 2 x 10 cm , T = 10 eV, we find the rate of depolari
zation to be 2.1 x 10~ s~ for T, 1.75 x 10~ 6 s for the d state 
of D, and 0.9 x 10~ s~ for the d + or d_ state of D. These rates 
are small compared with the typical 1 s~ rate for fusion energy 

-2 -1 
multiplication or the 10 s rate for complete fuel burn-up. 
There is also a contribution from elastic nuclear scattering, 

2 -4 which we estimate at £6 < 10 per fusion event. 

(3) Magnetic fluctuations. A polarized moving nucleus will tend 
to be depolarized by those harmonics of the fluctuating fields 
which are left-circularly polarized with respect to §, if the 
Doppler-shifted frequency in the frame of the nucleus is equal 
to its precession frequency. Defining the intensity of magnetic 

~ 2 _ f fluctuations as I , where (<5B) = I do>, then 
0) J oy 

dB 2 / ae \ 2 (geB/2m c ) 2 

c) x» <«> = xrr* (6) dt I 2m c) o v"' Aa> 

where AID is the band width around fl over which B extends in 
the frame of the nucleus. The resonant frequency in the labor
atory frame is <u = ft- - k v - n" • , where k is the component 
along B of the wave number of the fluctuation. The cyclotron 
frequency term nu. in this equation (n = o, ±1, ±2, etc.) is 
produced by the gyromotion of the nucleus, with the amplitude 
of the higher harmonics seen by the nucleus reduced by J (k,P.). 
In thermal equilibrium, plasma fluctuations are very small: For 
a 10 eV Planck spectrum of e-m waves, we find that dB /dt ~ 10 s 
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A depolarization rate sufficiently large so as to prevent reactor 
operation (i.e., d£ /dt > 1 s ) would imply B 2 3(&o)/ft) ' gauss 
in the case of either D or T. For a highly non-Maxwellian plasma 
velocity distribution, microinstabilities around the deuteron 
cyclotron frequency could indeed give rise to significant depolari
zation through direct interaction (n = o) with the precession of 
the deuteron (f,? = 0.86bi?). In a roughly Maxwellian plasma, how
ever, such waves are strongly damped, so that their amplitude 
should be small. Spatial gradients of plasma temperature and 
density tend to excite lower-frequency field-perturbations with 
longer wavelengths, which could interact through higher-n reso
nances. For example, with n = -1, the fij-resonance can occur for 
a transverse Alfven wave at w = 0.15"2, while the higher-frequency 
triton precession (fl~ = 5.96w ) could resonate with a whistler 
mode propagating at an angle to B. Because of the complexity 
of the plasma wave spectrum, it is difficult to place detailed 
upper limits on "anomalous" depolarization in a magnetic fusion 
reactor, but for a moderately close approach to thermal equilibrium 
(i.e., avoidance of steep gradients, especially in velocity space), 
the desired degree of quiescence seems likely to be attainable. 
(4) Atomic effects. The polarized nucleus of a hydrogenic atom 
is not depolarized by ionization, but if recombination (or charge-
exchange) couples the nucleus to an electron of opposite spin, it 
can be depolarized with 50% probability. This process, however, 
is inhibited by an external magnetic field B sufficiently strong 
compared with the critical field B at wiich the Zeeman splitting 
equals the hyperfine splitting: The probability of spin exchange 

is then reduced^ b y t h e f a c tor (B /2B \2 „• „ , c * 
J c'*°o) . Since B is only of order 
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2 3 
3 » 10 gauss for D and 10 gauss for T, multiple processes of 
recombination into atomic hydrogen, followed by reionization, couid 

4 
taKe place in a 5 x 10 gauss field without significant depolariza
tion. (Recombination into molecular hydrogen, however, could 
expose the nucleus to more rapid depolarization by spin-orbit 
coupling associated with the molecular tumbling.) 

One obvious economic advantage of polarizing the nuclear fuel 
of a reactor is the enhancement of fusion power (1.5 for D-T, 2-2.5 
for D-D). This enhancement would be particularly helpful for small-

9 
sized reactors with intrinsically low power multiplication. The 
ability to suppress reactions is also of practical value: For 
example, if the nuclei of a D-He fuel mixture are all polarized 
parallel to B, the D-D reaction rate will be suppressed, while the 
D-He rate is enhanced by 1.5 (similar to D-T). In this way, it 
is possible to approximate a neutron-free fusion reactor without 
resorting to high-temperature, low-power processes such as p-Li. 

In the case of the D-T reaction, the ability to control the 
anisotropy of the emitted alpha particles allows enhancement of 
the fraction trapped into well-confined orbits (d.t being favor
able for mirror machines and d for tori) and improvement of MHD 
stability properties (d being favorable for tori). Control of 
alpha-driven plasma currents and microinstabilities may also be 
possible. Reactor shielding and blanket design would benefit: 
e.g., in tori, tangential emission (the d case) could minimize 
the neutron load on the constricted sinall-major-radius side of 
the vessel. The polarization of the neutrons should prove useful 
in research. 
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A fusion reactor could be fueled with polarized atomic 
hydrogen gas (e.g., using the polarizing method of Ref. 10), 
or with polarized neutral beams (produced by charge-exchange 
of polarized ion beams in a longitudinal magnetic field). Injec
tion of polarized frozen hydrogen pellets would be attractive, 
but appears problematical -- as does the use of polarized targets 
for inertial fusion. 
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TABLE I 

Enhancement Factors for the D-•D Reaction 

V Po e(a) £(b) 

0. 008 2.92 2. 83 
0.021 2.81 2. 62 
0.033 2.72 2.43 
0. 054 2.59 2. 18 

tic) 

0 
0 
0 
0 
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