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Instability of Fusing Plasmas and Spin-Depolarization Processes
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A plasma mode driven by the anisotropy of the velocity distribution of charged fusion-
reaction products can resonate with the spin precession frequency of one of the plasma
components. When these spins are initially polarized, resonant depolarization can oc-
cur at a rate considerably faster than the fusion reaction rate, if spatial inhomogeneity
effects do not depress excessively the mode amplitude.

PACS numbers: 52.55.-s

A series of advances in understanding the phys-
ics of thermonucl. ear plasmas that have occurred
during the last few years have made it possibl. e to
suggest that so-call, ed "neutronl. ess" fusion reac-
tors are feasible. ' These are based on nucle6, r
reactions that do not produce neutrons. In partic-
ular, considerable theoretical effort has been de-
voted to bringing the plasma parameters for which
substantial. thermonuclear burn can occur relative-
ly close to a reasonable extrapolation of present
day experiments, and to decreasing the rate of
secondary reactions that produce neutrons. In
this context it is desirabl. e to have pl.asmas with
properly spin-polarized nuclei as the relevant
reactor fuel. .' In fact, when this possibility was
considered in the past it was, probably too hasti-
l.y, dismissed by qual. itative arguments based on
the many orders of magnitude by which the react-
ing-plasma thermal energy is higher than the
spin-flip energy, and upon consideration of the
multitude of col.l.ective modes that, in principle,
can be excited in a magnetically confined pla. sma.
On the other hand, a recent serious analysis of
the types of depolarization processes that can be
envisioned has indicated that the resulting rate of
depolarization may not be hopelessly high and
may even be lower than the rate of fusion reac-
tion. 2

Here we point out that a multispecies plasma
with nuclei having different values of the cyclo-
tron frequency can sustain el.ectromagnetic
modes with frequencies resul. ting from combina-
tions of the different nuclei cyclotron frequencies;
in the case of a D- T plasma, these mode frequen-
cies are close to the precession frequency of the
deuteron spin. For a first approach to this prob-
lem we neglect the important effects of spatial.
inhomogeneities. Then we show that these modes
are driven unstable by the anisotropy, in velocity
space, of the distribution of fusion-reaction prod-
ucts that characterizes plasmas in which a con-
siderable fraction of the fusing nuclei are spin

polarized. We estimate that, for reasonable val-
ues of the mode amplitude, the rate of spin de-
polarization can be significantly faster than that
of fusion reaction. This would lead us to conclude
that after thermonucl. ear burn begins the deuter-
ium spins woul. d be rapidly scrambled. We think
that the excitation of the same kind of mode
should be considered also in the case where the
magnetic confinement configuration is of the
mirror type and the fusing nucl. ei have a "1oss
cone" type of distribution in velocity space.

In order to illustrate our point we consider the
magnetic field B to be in the z direction and ig-
nore at first its spa, tial variation. We look for
e1.ectric f iel.d fluctuations of the form

A

E = @exp( i&et+i-k, x+ik „z).
We refer to a D-T plasma and search for mode
frequencies that can resonate both with the deu-
teron spin precession frequency OD = 0.85740D
(0„ is the cyclotron frequency of species j) and
with the distribution of the o. particl. es that are
produced by the D-T fusion reaction. Since ~
D, the rel. evant condition can be written as

~ —~n=ktt(vn) ~

where ( v ) '=- 2( ~ ) /m„and ( e„) is a representa-
tive energy of the o. particle slowing-down dis-
tribution that is considered to be in the range of
3.5 MeV to about 0.6 MeV (see Ref. 3). In order
to produce a significant growth rate we shal. l re-
quire thatk~(v„) /0 -1. In addition, in order to
avoid an appreciable Landau damping by the (Maz-
wel. lian) electron distribution we shall consider

~,' ~~ ~' ~~ v~h e I & ii O' I
'i

where E = —Vy —(BA/st)/c and V .A =0.
Since the a-particl. e concentration n„/n, (n, is

the electron density) is smal. l, and given the re-
quirements on the mode wavelengths and frequen-
cies that we have indicated earl. ier, we can de-
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Q„= (O,O,O/O)&~2

is the relevant ion hybrid frequency,

Q=eDQD+nTQ~ and Q= aTQD+o. DQ Y,

(2)

are weighted averages of the two ion-cyclotron
frequencies, and aD=-nD/n, and aT= nT/n, are-
the concentrations of deuterium and tritium (aD
+ nT = 1). Two relevant Alfven velocities are (see
Fig. 1)

pz-=d, (Q, Q)z~2 and PA=-u„Q„/Q. (4)

Q
0
p2

h

Q
T

rive the dispersion relation for the real. part of
the frequency by the cold-pl. asma approximation
for both the electrons and the fuel nuclei. The
relevant equations are n, =nD+nT, 9 = (c/4m)k'X,
X= 8(u D~ D+u Tn T-n, u ), &un =k u for each spe-
cies, —icbm,.u,. = e (E + u,. x B/c) where i = D, T,
u, ,

=0, E+u, 8/c=0, and -icbm@, = —eE~~. In
addition we consider k'd, '«1, wher~e d, =&/~~, ,
and notice that

l~il kii (' (Q D/(~ —OD)l'» 1.

Here X is the perturbed current density, u is the
perturbed average velocity of the different spe-
cies, and the remaining symbols have a standard
identif ication.

Then, after a systematic expansion in all the
small parameters that we have indicated, we ar-
rive at the following dispersion relation:

(o'(co' —Q')/(a)' —Q„')=0,'v A', (1)

where

In the special interesting case where ~0= e& = &,
we have Q=O=~OD and Q„=(ODOT)' '=P)' 'QD.
The graphic representation of the dispersion re-
lation (1) for this case, given in Fig. 1, indicates
that a frequency exactly equal to QD can be ob-
tained from the upper branch for finite values of
&~d, -=&&VA/Q. The scale of frequencies involved

in the present problem is shown on the vertical.
axis and QD~/O = 1.029 while Q/Q„= 1.021. The
close proximity of the frequencies Q~, Q, and

QD is evident. If we think of a realistic magnet-
ic confinement configuration in which a mode with

frequency co around Q is excited, it is clear that
the magnetic field inhomogeneity will. make the
mode frequency equal to QD and Q„ in relatively
close regions of space.

In particular we notice that if a low-P plasma
regime and a large-aspect-ratio toroidal con-
figuration are considered, the magnetic field
spatial variation is represented by B=8,0(l -x
/R, '), where R,' is the distance of the inner edge
of the plasma column from the axis of symmetry
and x is the distance from the inner edge, on the
equatorial. plane. The distance between the (cy-
lindrical) surfaces where ~=Q and cu=QD is given
by

&(1-x/R, ')= 1-x,/R. o,

and is about xD -x=(R,'-x)/6. Since the ratio of
the growth rate to the frequency of the modes we
consider is smaller than the energetic a-particle
concentration, an important question that re-
mains to be resolved is whether, when the ef-
fects of spatial inhomogeneities are introduced in
the theory, unstable normal. modes or only con-
vective modes can be found. 4 In the latter case
the mode amplitude may not reach amplitudes
that are signif icant.

A relevant factor for the problem under con-
sideration is the polarization of the fluctuating
fields in the plane perpendicular to the equil. ibri-
um magnetic field. In the col.d-plasma limit con-
sidered thus far and for nearly perpendicular
propagation (k~'/k, ~'» 1) along the x direction,
we obtain

0.5 1.0 1.5

FIG. 1. Graphical representation of the dispersion re-
lation (1), with the relevant symbols indicated in the
main text. Notice that the two branches correspond to
two magnetohydrodynamic waves: —-4 ~z A for ~2 2 2 2

&&gD &, and v =k vA for ~ «QD T . The scale of
frequencies involved is represented on the vertical axis,
where the close proximity of Q„, Q, and QD& is shown.

where

B~ iE„
x((o) = . -' =

(u[zzD(QT' —(u') + zzT(Oz)' —(u')]
aDOz)(QT' —&o')+ zz TOT(OD' —(o') '
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Notice that X(QD) =X(Q~) = 1, X (Q„)=~, and X(Q ) =
—1. Hence the f l.uctuating perpendicular fiel.ds
have right-circular, l.inear, and left-circular
polarization, at the deuterium or tritium cyclo-
tron frequencies, the resonance frequency „,
and the cutoff frequency 0, respectively. At the
deuteron spin precession frequency and for eD=
o.~ = 2, &(QD ) = 0.2. Near this frequency X is a
rapidly varying function of co as a result of the
proximity of the pole of X(co) at Q„.

We now turn to the question of estimating the
deuteron depolarization rate as a result of its in-
teraction with the fluctuating magnetic field,
maintaining the assumption that the plasma is in-
finite and homogeneous so that the interaction
takes place over a. l.ong time. Then the resonance
condition~' ' between the deuteron spins and the
excited mode is

(6)

where p, is the magnetic moment of the deuteron
and the interaction Hamiltonian is II = —p. ~ B=
—lz ~ Bexp(-t~t). Substituting the expressions
(6) for the components of the fluctuating magnetic
field into Eq. (8) we obtain

' [1-X(Qz)')J'
+~ D

(9)

In order to give a numerical estimate for the
relevant rate of depolarization a further assump-
tion has to be made on the nature of the spectrum
of the excited fluctuations. First we consider a
narrow spectrum of frequencies of width 4c
around the spin resonance, so that we write the
density of states as p(QD ) =1/b.~. The total
transition probability per precession period is
then

zo = 27t'a, (QD~/au)) I B,/B I', (10)

894

Q) -QD +)OD+Q)ivy( ~

where / is an integer and I'D and 0IIvII repre-
sent, respectivel. y, the transverse and the l.ongi-
tudinal Doppler shifts of the mode frequency seen
in the particl. e frame. In the col.d-plasma limit
that we have considered the transverse wave-
l,ength of the perturbation is much larger than the
deuteron gyroradius and ~» k

I~ v, h D. Therefore
both Doppl. er shifts are negligible. Then the
transition probability per precession period be-
tween two spin states I m) and

I
m+ 1) of the deu-

teron is

where a, is an uncertainty consta, nt of order unity
(a, =0.6). On the other hand, if we estimate the
spectral density of the fluctuations by counting
the number of standing waves in a two-dimension-
al cavity perpendicular to B with cross-sectional
area yazd,.', we obtain p(QD~) = —,'d, 'QD~ dkz'(QD~)/
des . Thus, after using the dispersion relation
(1), we find

where a2 is also of order unity (a2= 1.6). The
relative magnitude of the perpendicular fluctuat-
ing magnetic field is IBz/BI = k p/kzI IB/BI,
where IBIBI= IBt~/BI In /n, . The ratio of
wave numbers

I
k „/kzI is determined by the con-

dition that an unstable mode be excited through
interaction with the anisotropic a-particle dis-
tribution function, and will next be shown to be
of order 10 '. Therefore normalizing the fluctua-
tion level to a value of the order I B/B I

=
I n, /n, I

=10 ', we find the transition probability per unit
time vd, p

——wQD~/2& to be

10'B~ 2 B
B 5x10' G

(12)

where a = tl D /36~ under the narrow-spectrum
hypothesis (10), and a = 1 if Eq. (11) holds.

This estimate is also valid when the main ef-
fects of the plasma spatial inhomogeneity on the
mode-spin resonance are considered. These are
the localization in space of the mode amplitude
(of its left-circularly polarized component in
particular) and the change along the particle
orbit of the deuteron spin precession frequency.
The first effect can be approximately accounted
for by using an average along the deuteron orbits
of the rational function of A. in Eq. (9). The sec-
ond effect can be described, in the particle frame,
as due to a time-dependent equilibrium magnetic
field which we can model as B=Bo(1+e costs, t),
where B, is the average value of B along the par-
ticle orbit, e its dimensionless modulation, and

co, the characteristic frequency of the particle
orbit. By using the "adiabatic state" approxima-
tion' to describe the spin state of the deuterons
one can show that this second effect splits the
homogeneous plasma resonance condition ~ = QD~

into a sum of resonances cv = Qzf (Bo) +i~, , where
l is an integer such that I l I

s cQ~~ (B,)/cu, » 1.
The strength of each of these resonances is re-
duced by a factor of order cu, /eQD~ and, if the
spectrum of the perturbations is such that 4~
~ ~AD „ the sum over all these resonances yields
again the same estimate.
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In order to evaluate the mode growth rate, we
recall that the angular distribution of the emitted
n particles, when both the deuteron and the tri-
ton spins are oriented in the same direction
along the magnetic field lines, is proportional to
sin'8= v~'/v'. Here e =rnv'/2 is the particle ki-
netic energy, v'=v~'+v ~~', and v» v ~~, and g (the
gyration angle) are used as coordinates in veloc-
ity space. Since the collisional slowing down
does not change the particle pitch angle we con-
sider the n-particle distribution to be of the form

f.=( '/ ')f.'( ),
!

(13)

where f '(v) is isotropic and has the characteris-
tic dependence f '~1/(v'+ v, ') in the range m„v, '/
2 =0.6 MeV~ e -3.5 MeV following the argu-
ments given in Ref. 3. The evaluation of y is ob-
tained by adding the contribution of the perturbed
n-particle distribution to both the positive charge
density and the electrical current density. Given
our choice of mode frequency and wave-number
range, the e-particle contribution to the growth
rate is dominated by the ~ =k!!v!!+0 resonance.
In particular, after extensive algebraic manipula-
tions we find the growth rate to be

o. , n,. [n, —(ux((u) j'. ' n„'
'[;=z&,T (n, - (u ) k Ik (( In,

where J', is tlie Bessel function of argument v~kJ
Q„and v~~, =(~ -Q~)/k, ~. It is clear that, for ~
=AD, the anisotropic features of the distribu-
tion function (14) result in a positive contribu-
tion to y. In order to establish an instability con-
dition we choose k!! in such a way that m v!I,'
~ (2 —0.8 Q„/&u) X3.5 MeV. A direct differentia-
tion of the e-particle distribution function shows
now that the integrand in Eq. (14) is positive de-
finite except for the contribution of the sharp
drop of f„when e reaches 3.5 MeV. This nega. -
tive contribution is localized near & =3.5 MeV
and may be overcome by bringing this point close
to a zero of the multiplying function [A.(~)J',

-(k~v, /Q„)J, ']'. This can be realized for a, cer-
tain domain of values of the magnetic energy per
particle, B2/8'„and the mode frequency,
by selecting the proper value of k II. We recall
that once B'/8', and &u are given, k~ is fixed
by the dispersion relation (1). In particular, for
g= 5x&04 G, n, —10 cm, a —QD~, and QD
= n T = -,', a. numerical evaluation of Eq. (14) yields
an unstable mode with growth rate y/Q„=10 'n~/
n, if the ratio of wave numbers is taken to be

! Ik./k I= 7.
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