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Magnetic bremsstrahlung of a high-temperature plasma located in a strong magnetic field

is considered.

A.N investigation of the magnetic bremsstrahlung
of electrons of a high-temperature plasma is of
interest in connection with the problem of control-
lable thermonuclear reactions (energy balance in
a thermonuclear reaction, microwave diagnostics
of plasma).

In the present paper we consider magnetic
bremsstrahlung from a confined plasma under
conditions where the magnetic pressure py is
considerably greater than the pressure of the
electron gas pe. The condition py > pe + Pji
(p; is the pressure of the ion gas) is necessary
to create equilibrium plasma configurations and
to ensure their stability (plasma ring stabilized
by a strong magnetic field,! stellarator,? etc.).

A plasma electron in a magnetic field H,
moving in a helix along a magnetic force line,
radiates electromagnetic waves of frequency

o = soy/(1 —ynjcos b/c), s=1, 2,..., (1)

where wy =eH/mc is the gyrofrequency for the
electron; e, m and v) are the charge, mass, and
projection of the electron velocity v on the direc-
tion of the magnetic field; n. are the refractive
indices of the two normal waves (ordinary and
extraordinary) that can propagate in the plasma;
and 6 is the angle between the direction of
propagation of the wave and the magnetic field.
The n; are defined by the well-known expressions

n,=(—B +VB*—44C)/24, A =1—u— v+ uvcos?,
B=2—v)u—2(1 —v)2—uvcos?h,

C=(1—v) [(1—2v)?—uy], (2)
where v = Q%/w?, u=wf/w? Q= (471'e2n0/m)1/2

is the Langmuir frequency for the electrons, and
ny is the number of electrons per unit volume.

We assume that 8 =vi/c = (Te/mcz)1/2 «<1,
where T, is the temperature of the electron gas.
In addition, we assume that the electromagnetic
waves corresponding to the first harmonics of
(1), for which n% > 0, can propagate in the plasma.

This takes place when Q/w <1. In this case

n; ~ 1, sothat w = swy in (1). Thus, the total
radiation per unit volume of plasma is found to
consist of individual lines near the frequencies
WH, 2wH, ..., which are Doppler-broadened

with a half-width Aw ~ swy Bcos 6. For large
values of s(sX 1/8) the neighboring harmonics
coalesce, and when w > wH/ B the radiation spec-
trum becomes continuous. Our analysis pertains
only to the case of non-overlapping harmonics.
The case when the major fraction of the radiation
intensity of the confined plasma occurs at the fre-
quencies w corresponding to overlapping har-
monics was considered by Trubnikov3’* (the case
of large plasma dimensions and high tempera-
tures). He considered radiation in the direction

6 = /2, when there is no ordinary (non-relativis-
tic) Doppler effect and relativistic effects must be
taken into account.

We note that inhomogeneities in the magnetic
field lead to additional line broadening. We shall
assume that the inhomogeneities in the magnetic
field are sufficiently small, AH/H< 8, so that
the magnetic field can be considered homogeneous.

Electromagnetic waves with frequencies close
to swpy are strongly absorbed in a high-tempera-
ture plasma® (cyclotron absorption, due to the
presence of thermal motion of the plasma elec-
trons ). The distance in which the intensity of the
electric field of a plane electromagnetic wave of
frequency w ® swy is reduced by a factor e
=2.7...1is

Is =%/, % =c/soy, 3)

where kg is the imaginary part of the complex
index of refraction (damping factor).

When s =2, 3, ... and szﬁznl'j-’ sin® § «< 1, the
propagation of an electromagnetic wave in a plasma

is characterized by the dielectric-permittivity tensor
e &12 0

(ee7) = (- 12 &1 O ) ) g, =04 9,(}-), (4)
0 0 €33

1126



MAGNETIC BREMSSTRAHLUNG OF A CONFINED PLASMA

where €9 are certain konwn expressions for €ii»
obtained without allowance for the thermal motion
of the electrons. The small additions e;p, which
cause the cyclotron absorption of the waves, are

(1) — 7o) — 97 1) ~0-
el = jell) = 2io,, ell ~0;
_ Vms¥2sin® 20 Q2 95— —22 A —soyle
o5 = . Bn)" e s, 25 = ——.
25+ 51 cos 6 02 V281 cos 0

If the frequency w is determined by expres-
sion (1), then zg =v/V2v;. Taking (4) into ac-
count, we readily find

%, = o (1 —u)(2C + Bn3)™

X {n}‘ sin®6 — (1 —v) (1 + cos?0) n

= +0Vu>(l—v—n§sm29)} (5)

+2<1—1 w1

We must put n =n.
order of magnitude,

in the right half of (5). In

22
I, = ax (0/Q)%p~% e (6)

where, for the first harmonics, ag ~ 1.
When s =1, the tensor gjj is

€11 = ic + 1 ——7]/4,

€99 = I0 + 1 —v/4 —2ia,

€, =06 — (/4 —a,

, , vsin2 0
gs=1—v+tse, & = Ve Bz (1+1i V2w (z),
vsin 6
€13 = B3 = — 83 = iBgy = 5 cose(l +iVrzw (21),
= vw (2)

= o = B2on?sin®,

8 Bncos6 ’

w(2) = e—2’<l+V

z

S e’ dt) (7)

The damping factor k; can be determined in
two limiting cases. If vlw(z,)l/Bn cos 6 >1
and 6%> B, then*

_2' Bcos6
© ow (21)

:Re

Q (2n?sin?0 — 2 4+ 2v —sin26)7,

Q= n“[l —v (cos"e —1—%sin2 9) -+ 2e,5 cos Osin 6}
+ n?[e13 (v — 2) cos Osin 6 + (1 + cos?8) (2, — (1 —0)
x(1 —v/4) — ice) ) —sin?0(1 —v/2)]
+ioel (2—0) +(1—0)(1—v/2) +e3,(0—2).  (8)

In order of magnitude, I; ~1; ~ (x/B8) exp
( v’f,/zv?r). The refractive index n. is determined
in this case by Eq. (2), in which we must put u = 1.
If 6®< B, then the electromagnetic wave of fre-

*The expression for k,, derived in reference 5 for |z,| K1,
does not include terms proportional to €,,.
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quency w Rwy is strongly damped: n ~k ~
when |1 - wp/w]| < /3,

If v«<1 and vlw(zl)l/B cos 6 <1 (low-den-
sity plasma), we have nj =1 and

vexp(—
% = ]/ id T e (l + cos28). )
With this
[1 ~ Bk (0% Q%) exp (v8/202).

Using Kirchhoff’s law and expressions (5), (8),
and (9) for the absorption coefficients, we can de-
termine the radiating ability of the plasma, after
which one can readily estimate the energy of the
magnetic bremsstrahlung from a confined plasma.
A clearer estimate is obtained, however, in the
following manner. The radiation intensity of an
individual plasma electron, for the harmonics
s=2,3, .., is®

ws = bs (6) ——

3 v 25—2
w(—cl: sn;jsin 6> R (10)

( ])2 A?s
where bg (6) ~1, v) is the electron-velocity com-
ponent perpendicular to H, and w = ZeZw%{vi/ 3c?
is the intensity of radiation of the electron in
vacuum.

Since the radiation of an electron of velocity v
is absorbed at a distance Iy =1g(v), the con-
tribution of the s-th harmonic to the radiation
intensity will be produced by electrons in the
layer 1y <L, where L is the plasma dimension.
We shall assume that when v > 2v{ we have
lg > L. The number of such electrons is ex-
ponentially small, and their contribution to the
overall intensity of the s-th harmonic can be
disregarded. Therefore the overall intensity of
the s-th harmonic from a unit plasma surface
will be on the order of Wg ~wglgny, where wgly
is the value of wglg averaged over the Max-
wellian distribution. The integration over v
is carried out here up to the veloc1ty Viim for
which Ig (vij,) ~L, i.e. th ~2vtln (Lﬂzﬁzs 3/
szas); Viim 18 of order of several times vy.

It is precisely the value of v};,,, which deter-
mines the line width of the radiation emitted from
the plasma: ‘Aw ~ SWyVjjCc © cos 6. When zg =0
(w =swpy) the line intensity reaches a maximum
corresponding to the radiation from the surface
of an absolutely black body. Thus

m3BsBol; v 2T
— L e
W, =g, s va~ e Ao, (11)

where qg ~1
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The radiation intensity of the electron at the
first harmonic is determined by the following ex-
pressions

w, =2 w(l 4 cos?0) for v]|w(z)|/Bcost<1, (12)

w, ~wp? for v|w(z)|/Bnjcos8>1. (13)

The result (13) was obtained by Ginzburg and
Zheleznyakov' (see also reference 8). However,
since the expression used in reference 7 for the
tensor €jj does not take the thermal motion of
the electrons into account, the results of that
paper pertain only to electrons with velocities

M| > V2v¢. Taking (12), (13) and (8), (9) into ac-
count, we obtain also expression (11), from which
it follows that the intensity of radiation from a
unit plasma surface depends very little (logarith-
mically) on the density, and is proportional to
T3/2 and HS.

Let, for example, ny ~ 108em=%, H ~10%
Gauss, T ~5kev, and L ~10® cm. In this case
Q/wyg ~1, B ~0.1, x ~0.1cm, I; ~l; ~1cm,

I3 ~10% cm, and Wi_3 ~10% - 104 erg-sec™! cm™2.
The' energy released in a nuclear reaction in a
DT mixture is in this case Wpye ~10% erg-sec”
em™®, Thus, with the reactor size L ranging
from 10 to 100 cm, the energy released in the nu-
clear reaction is greater than the energy carried
away by the magnetic bremsstrahlung.

The radiation intensities corresponding to dif-
ferent harmonics depend on n; to an equal degree
(if the logarithmic dependence is disregarded).
This is due to the fact that the drop in the intensity
of radiation from a single electron due to increa-
sing s is offset by the increase in Iy due to the
increase in the number of electrons radiated to
the outside. Expressions (11) are valid up to
s = s¥* where Igx~L. For s =s*+1 we have
lg > L, and instead of (11) we obtain

1

Wy ~wsLn,. (14)

It is obvious that W ~WS*B2(S'S*’ «< Wg* for
s >s*

The presence of density inhomogeneities, which
are particularly large on the boundary between
the plasma and the vacuum, will cause the rays to
be reflected and curved. In addition, for s such
that Ig ~L, the value of Wg will depend on the
plasma configuration. An accounting of these cir-
cumstances is essential for an accurate determina-
tion of the coefficients qg.

Expression (11) and the estimate given show
that even in strong magnetic fields the energy lost
to magnetic bremsstrahlung is not very large in
thermonuclear reactors using the DT reaction.
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This is explained primarily by the fact that when
v|iw(zy)|/Bn cos 6 > 1 the intensity of radiation
of the first harmonic in the plasma decreases by
a factor 1/8% > 1 compared with the intensity of
radiation in vacuum. Secondly, the radiation of
the first harmonics is strongly absorbed in the
plasma. :

In conclusion, we consider the question of th
intensity of thermal radiation near resonant fre-
quencies* w ™ wq 9, where

0, =1 (Q+ o) £ 4 [(Q2+ o) — 4Q%2 cos?6] ™.

When w —wj,; the coefficient A = (1 - wi/w?)x
(1 — w3/w?) tends to zero, and one of the refrac-
tive indices (2) tends to infinity:

n*= —B/AS 1. (15)

However, (15) can be used only when 1 > |A[F > g2.
In the general case |A| <« 1 and the value of n?
is (see reference 5 and also reference 9)

n?=[—A + VAT —4pABl23%A,B>> 1,

6 —3u + u?

T— e cos?Bsin?6

Alz—Sv[cos46(l’—u)+ sin46]

T—du]"
(16)

When 1 > |A[> > g%, one of the refractive indices
(16) turns into (15). The second refractive index
describes the plasma wave. The damping factor is

% =—n(P -+ R) (48%4,n° + 24)1 (1 — 1),

where

(17)

P=Vrvz,
§=—00

pls!
alslys)t

2
-_—2 .
s (s2 sin%0

. +2z§c0529>, (18)

R=v(l+2uv(1 —u)-%sin?0),

where u = anzu‘1 sin® 6 « 1, and v is the elec-

tron-ion collision frequency. The individual terms
of (18) are in general of different order of magni-
tude, and the largest of these should be taken in
the sum (18). In the derivation of (16) and (17) it
is assumed that « <n and p%n% « 1.

The direction of beam propagation, i.e., the di-
rection of the energy flux transferred by the plane
wave with wave vector k, is not the same as k
in an anisotropic medium. If the angle between H
and k is 0, then the angle £ between the beam
and H is determined from the following equa-
tion1?

(19)

1 on(®) _ .
7-(‘9—)' a—e = tan (C —_— e)
The absorbing ability of the medium (the damping

*This question was considered by Ginzburg and Zheleznya-
kov.”
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coefficient of the energy flux along the beam) is
a (&, o) = 2wc™% (8, 0) cos (0 —E).

In the preceding estimate of the energy flux we
disregarded the difference between « and 2wk/c,
for this difference is small when w is not close
to wy,5. However, when w = wq, the quantity
n~'dn/dé is very large, so that the difference
|6—¢] is close to 7/2

1 0n __uvcos@sin® .N 1
n 90 T A4 2BEAn? “tan‘(e“g)“ﬂcos(e—g) > 1.

Therefore o is much less than 2wk/c:

o A4-28A4n2
¢ uvcos@sin® °

a (& 0)=2x (20)

If the dimensions of the plasma are sufficiently
large, then the plasma radiates like a ‘‘black”’
body when w =w; ;. The width of the radiation
spectrum can be estimated from the condition
a(é, wy, +Aw) L =1 (it is assumed that the
plasma is transparent when w is not close to
wq,3 or to swy, i.e., a(w)L «1). The inten-
sity of radiation willbe W( £) =L)j|Aw|, where
I) = w'Te/87%c?. The question of the emergence
of the energy of the plasma wave from the plasma
calls for a separate consideration.

The authors are deeply grateful to A. I.
Akhiezer, M. A. Leontovich, and Ya. B. Fain-
berg and their associates for a discussion of
the work and for useful advice.
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