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The emission of a narrow line of electromagnetic radiation at the central plasma fre-
quency, observed on several Tokamaks, is explained in terms of the scattering of en-
hanced plasma oscillations from thermal ion acoustic fluctuations. The emission and in-
duced absorption rates calculated for the plasma fluctuation levels expected are consid-
erable and the radiation is self-absorbed to an effective black-body level. The frequency,
power, and polarization then predicted are in agreement with the experiment.

It has been known for some time that tokamaks,
in the intermediate-density regime (w,,<Q,,, E/
E g <« 1) emit radiation at the plasma frequency.?!
The characteristics of this radiation have been
observed on several tokamaks,!® In brief there
is a narrow line (Aw/w,=0.2) at the central plas-
ma frequency with the emission power near or
somewhat above the black-body level correspond-
ing to the central electron temperature. Recent
measurements? indicate more emission in the
extraordinary polarization than the ordinary.

The total radiated power does not represent a
substantial energy loss., However, its properties
provide diagnostic information, for example, on
runaway electrons, which can themselves be an
important component of the plasma,

This emission is clearly an anomaly in the
sense that it cannot result from discreteness or
wave-particle processes, since the electromag-
netic waves near w,, which can propagate out of
the plasma do not reasonantly interact with elec-
trons. In general, wave-particle processes,
whether thermal or nonthermal, satisfy w+nQ,,
- v,k =0, with v, «c and » a small integer,
possibly zero, Since w/k,zc for electromagnetic
plasma waves, satisfaction of the resonance con-
dition usually requires w ~nQ,, which is why
the thermal emission lines occur at the cyclotron
harmonics,®

In this Letter, we examine the production of
electromagnetic waves by the scattering of en-
hanced electrostatic plasma oscillations from
thermal-level ion acoustic fluctuations.,® The en-
hanced plasma spectrum has been predicted to
accompany runaway electrons and play a role in
determining the self-consistent distribution func-
tion,” The present theory shows that for the
levels of electrostatic energy density expected,
the electromagnetic emission is so strong that
(induced) self-absorption of the radiation is sig-
nificant and results in a black-body-type emis-
sion intensity that is nearly independent of the en-

ergy density of the enhanced plasma spectrum,
This property renders the present results some-
what independent of the mec¢hanism causing the
enhanced plasma spectrum, However, one as-
pect of the underlying theory which is necessary
to obtain agreement with experiment is the fre-
quency spectrum of the enhanced electrostatic
waves. The concentration of runaway electrons
and associated plasma waves at the column axis
as predicted in Ref. 7 thus accounts rather well
for the observed frequency of-the w,, line, This
is in contrast to runaway models based on radial
diffusion® which lead to enhanced plasma oscilla-
tions at the column edge.®

The self-absorbed quality of the radiation is
important in understanding the experimental ob-
servations for two reasons, The first involves
the question of polarization, The coupling to elec-
tromagnetic waves propagating perpendicular to
the magnetic field is stronger for the ordinary
polarization, since the electrostatic fluctuations
and the associated nonlinear currents are aligned
with the magnetic field. This inherent polariza-
tion of the emission process can be altered if
both polarizations are self-absorbed to some
effective black-body level, Secondly, the level
of electrostatic fluctuations is expected to be an
extremely sensjtive function of the discharge pa-
rameters, proportional to the density of the run-
away tail which is itself a very strong function of
E/E g (Where Eg=mvy,v,;/e is the runaway field
and E the Ohmic-heating field,) The w,, radia-
tion, on the other hand, has experimentally only
a rather weak dependence on E/E g, a fact which
the present theory explains since the self-ab-
sorbed emission power has no direct dependence
on plasma fluctuation level.

In the following, for simplicity, we present
first the calculation for the ordinary mode in per-
pendicular propagation, ignoring reflections from
the chamber walls, The question of polarization,
for which the effect of reflections must be in-
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cluded, is then discussed to demonstrate consis-
tency with experimental observation,

We consider, then, the restrictions imposed by
the frequency and wave-vector selection rules,
With the subscripts ¢, p, and s denoting trans-
verse (electromagnetic), plasma, and scatterer,
respectively, these are

> >

W;=Wy+ W, kt=kp+i;s’ (1)

and wy<w,., Since the plasma spectrum has &,
=0, and k,,<w,/c =w,/c, we must have k , <w,/.
Also, -k =k, >w,/c for the plasma wave im-
plies lks,,|>w,/c. Thus the scattering wave has

a low phase velocity, w /2 <c, and propagates
close to the magnetic field direction, kg, >k,,.
The magnetized plasma wave, w=w,k/k, with

w < w, is thereby ruled out as a scatterer. How-
ever, ion waves, specifically acoustic waves,

can easily satisfy condition (1),

In order to determine the expected emission
power by the scattering of plasma waves from
sound waves as described by Egs. (1), we ex-
press the nonlinear current fluctuation in the di-
rection of the polarization vector of the trans-
verse mode as

Ii "
£ fdskldwlﬂ(i;, EI; w, w’)E-'ﬁ_i:'w_(‘):E.I('l'w:, (2)

where the E’s are electric field magnitudes of
plasma and sound waves, The coupling coeffi-
cient for this process, u, is

p:ewp/4ﬂTek". (3) I

To give an elementary derivation of this, we
write J™ in the form

nl - o~ -~ ~nl
V= —efi, b ,~efi U, —end™, , (4

where the subscripts p and s refer to the linear
mode, and vector components in (4) are along

the magnetic field for the ordinary mode. We re-
quire the density and velocity fluctuations to be
expressed in terms of the fields. Since the elec-
tron velocity fluctuation associated with the sound
wave is very small and since o™ is proportional
to ¥, the middle term in (4) is dominant., Using
fig=ne§y/T,=ilne/kT,)E,, and v,=—ile/mw,)E,,
Eq. (3) follows,

The plasma and sound wave fluctuations are a
result of wave-particle interactions and, for the
most part, are only weakly affected by the wave-
wave process responsible for the radiation,
These spectral densities (for field plus particle
energies) are known from the runaway theory®
for the plasma waves:

1miw?® En
P_ gy &P=—" X2 271 5
gk" fdklgk 87T ez k"3 ER n ’ ( )

where 7, is the density of the runaway tail, and
from the equipartition theorem for the acoustic
fluctuations

&:5=Tg/2(21)3, (6)

where T denotes their effective temperature,
T;<Tsg<T,.

The kinetic equation is steady state for the
transverse-mode spectral density in our conven-
tion is!!

VT, 8= [dR @R | u|20(K - K - K7) 6w (B) - w (R — w, (k")

X [é’i,"&(’ns— (ws/wp)gﬂtg-ﬁlp—gitg_ﬁns]’ (7)

where | p/|?=(4m)*| ul¥(w, 3¢/8w,) " Hw, 0€/8w,) " Hw, 8e/0w,) "}, w,~w, has been used, and, as mentioned
previously wave-particle interactions are absent from the transverse mode. Emission originates with
the first term in (7). The last two terms describe induced absorption of the transverse wave energy,

For the high &* levels we consider, the last term is negligible. Then if we take ¥ and &% as given,
we can rewrite Eq. (7) as a linear transport equation,

Vv, &t +y&t=Pit,

where

(8)

y= fdsk’lll'lz(ws/wp)c‘a’g,f'é(w,(la -w, (&) - w(k-k"), (9)

Pf('t=fd3k’d3k” 6(E—E' _EI/) G(Wt— wp— ws) lp/lzgingI(."S ]

(10)

It remains to integrate Eq. (8) along the rays of the group velocity.
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In the process, we distinguish a central region
of depth L, containing the enhanced plasma spec-
trum and a vacuum-wall region,

The damping rate, y, can be evaluated with Eq.
(9) using Egs. (3) and (5). At transverse frequen-
cies corresponding to the largest 8%, [that is
such that 2’ ~w,/c in Eq. (5)], this becomes

y~iTw,(E/ER)(ns/n)(c/V,)?,

when the central region is opaque, yL/vg >1,

the transverse wave develops a characteristically
black-body spectrum, &;’=P%?/y%, where the in-
duced emission and absorption balance locally.
For example, when n=4X10" ¢m, T=1 keV, and
E=10"2 V/cm, so that Ex/E=1T7T and n,/n="1.2
x10~%, we find ¢/y~3 cm, so that the central
region is “black” even without accounting for the
reduced group velocity of the ordinary polariza-
tion,

Having established opacity, we can obtain the
radiation field directly from the integrand in Eq.
(7). Since (ws/w,)EF > 85, the effective tempera-
ture of the radiation is independent of &% and is
given by T.sr=(w,/w,){(Ts). The weighted aver-
age, (T s), is characteristic of the edge of the
central region, the “gray” layer.

The linewidth resulting from the scattering,
Aw,~w,, is extremely narrow, well below the
resolution of the experiments so far reported.
We therefore compare the total power in the fea-
ture I, (w,/w ){Ts) Aw,~w,{Tg), to that ofa
black body with the observed linewidth, I,
«T,Aw. For T,~T,/3, (Ts)=T,," and thus
the ratio

It/Ibb =w‘,<Ts>/T9Aw

(11)

(12)

is about 3, consistent with the observed power
level,

Finally, we consider the polarization, deter-
mined primarily by the effects of transmission
into the vacuum and reflections from the wall,
The coupling to the extraordinary wave is negli-
gibly small for perpendicular propagation, At
oblique angles, however, the extraordinary wave
has a parallel electric-field component and coup-
ling of the order calculated above can occur, At
some angle, B, the coupling is sufficient for the
extraordinary mode to be “black.” If, as is
typical, the acceptance angle of the detector is
less than 47 - 3, then tracing back extraordinary-
mode rays from the detector one finds the plas-
ma optically thin on the first pass. If the rays
are randomized in angle on reflection by imper-
fections in the walls or, for example, bellows

construction, then this process continues until
the ray is scattered into an angle at which the
plasma is optically thick,

For the ordinary mode, a different effect also
comes into play. The effective black-body emis-
sion level is reduced in the plasma by a factor of
€, the local dielectric constant (generally «1);
however, in propagating out to the vacuum, the
solid angle subtended by a ray bundle is focused
by the same factor® and so the vacuum black-body
level is recovered at the detector, This leaves
some angles with zero radiation and rays incident
on the plasma at these angles from the outside
are totally internally reflected, emerging without
encountering the emitting layer, If we assume
that such rays are “randomized” on reflection
from the walls, a proportion, €, will return at
angles such as to be absorbed.

It is easy to see that under the assumption of
randomization, if € «<sinB, as is generally the
case, the emission in the extraordinary mode
will dominate the ordinary, The polarization ra-
tio will then be determined by the wall reflection
properties, It will be approximately the same as
that associated with the cyclotron radiation, in
agreement with experiment.,*

The theory is thus able to explain the occur-
rence of a narrow line at the central plasma fre-
quency, its approximate power level, and its po-
larization,

The experimentally observed variation in power
level is perhaps greater than might be anticipated
from Eq. (12) by identifying T'g with T;. Some
variation can be accounted for by accurately inte-
grating over the line shape., This can be shown
to give a logarithmic dependence of the power on
the runaway rate, albeit of the order indicated in
Eq. (12), Also the sound-wave fluctuation could
be enhanced (Tg>T;) either by the scattering
mechanism here considered or some other effect.
In such cases, T3 might become a weak function
of discharge parameters, Alternatively, if a
significant frequency spread exists in the plasma
frequency fluctuations then “thermal” radiation
can occur over a wider frequency band and can
lead to increased total power in the feature,

The possibility of scattering from other waves,
for example from other branches of the ion spec-
trum, satisfying Egs. (1) is not ruled out, How-
ever, if their coupling coefficients are likewise
strong enough to produce self-absorbed radiation
then Eq. (12) will apply and the results will be
virtually identical, If they are not self-absorbed,
then their contribution will be negligible, Equally,
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for the mechanism here discussed, if the plasma
frequency spectral density were much smaller
than Ref, 7 predicts [Eq. (5)], as would occur if
simple T,/T, enhancement were the generating
mechanism, then the optical depth would be inade-
quate to explain the experimental radiation level.
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Theory and a particle-simulation code have been used to investigate resonance absorp-
tion of obliquely incident, p-polarized laser light by a magnetized inhomogeneous plasma.
The absorption is increased (decreased) by the addition of the external magnetic field
with the same (opposite) sign as the angle of incidence. The theoretical results from
the two-dimensional particle simulations are in excellent agreement.

Laser light which is p polarized and obliquely incident onto a plasma drives electron plasma waves

at the critical surface, resulting in resonant absorption,®

On the other hand, even normally incident

laser light drives upper-hybrid waves? if a dc magnetic field is applied perpendicular to the ac electric
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