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A radiation spectrum ranging from 300 MHz to 5 GHz is observed in low-density dis-
charges in Alcator. At the lower end this spectrum is strongly peaked at a frequency cor-
responding to the ion plasma frequency. The emission occurs if the ratio of the drift ve-
locity to the thermal speed of the electrons exceeds 0.45 for discharges in hydrogen or 0.2
in deuterium. The onset of the radiation correlates with the production of energetic ions.

Operations of the Alcator tokamak with well-
conditioned vacuum walls result in discharges
in which the plasma density n, decreases with
time."As the current density produced in the
device is also high (because of the strong toroidal
field, BED=40-60 kG, and the small ra,dius, R
= 54 cm), tokamak operation with a relatively
large (order unity) ratio of electron drift to ther-
mal velocity ($)-=(u~~/v, h„)(averaged over the
radial profile) can be realized. Since plasmas
with a high value of the streaming parameter ($)
are known to be unstable in linear geometry (for
example, to ion-acoustic modes in the case T,
&T;) we have been led to search for evidence of
similar instabilities in the Alcator device. Addi-
tional motivation for this work was provided by
the observation of high ion temperatures (T &

= T,)
even though the electron-ion energy equilibration
rate is much slower than the ion-energy contain-
ment time. In this Letter, we report the discov-
ery of a band of strong rf emission in the vicinity
of the ion plasma frequency, ~;, extending from
&u~; to (5-10)&u~, . The higher frequencies tend to
occur first in time and correlate with the onset
of low-level hard-x-ray emission (total dose —1
mR near the limiter) a,nd intense suprathermal
synchrotron radiation. The emission of the peak

in the vicinity of +~; occurs always a few milli-
seconds later and correlates with the appearance
of energetic ions (ion temperature T; up to 1.2
keV). Thus we identify the ~~& radiation as being
connected with anomalous ion heating.

Initial measurements of the low-frequency pa,rt
of the emission spectrum were taken by using an
insulated piece of the limiter which was connect-
ed by a thin wire inside the vacuum chamber to a
coaxial transmission line. Because of mismatch-
es in the characteristic impedances of the result-
ing coaxial system, the observed spectrum was
not a faithful replica of the excitation of the limit-
er probe. In addition, it was not possible to ob-
serve the higher-frequency portion (~ 2 GHz) of
the spectrum which was initially observed via a
horn connected to an S-band wave-guide port
(used for an rf-heating experiment). In order to
improve the frequency response and provide con-
tinuity between the low- and high-frequency por-
tions of the spectrum, a small molybdenum-
tipped probe, 0.6 mm in diameter, was installed.
The probe is movable and can be positioned at
any point within the 2.5-cm shadow of the limiter.
Two spectrum analyzers were used in obtaining
the spectra, a Tektronix 7Li2 for the ra,nge 300-
2000 MHz (resolution 10 MHz) and a Nytek 8011C
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FIG. 1. Typical example of a low-density discharge
in Alcator (a.) Loop voltage, 1 V/div; (b) electron den-
sity, 1.2&&10'3 cm '/div; (c) total rf emission (arbitrar-
y units); (d) charge-exchange neutrals; energy setting
-2.5 keV; (e) discharge current, 55 kA/div; (f) x-ray
emission energy & 200 keV. Sweep speed: left-hand
traces, 50 msec/div; right-hand traces, 10 msec/div.
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FIG. 2. Spectral emission from a discharge in hy-
drogen; shot-to-shot measurements were taken at S&
=40 kG, I =100 kA.

analyzer (resolution 50 MHz) for the range 1-20
GHz. A best fit for the amplitude scales of the
two different spectral ranges is found if the re-
sponses of the analyzers are estimated to differ
by 8 dB. The spectra were recorded by either
repeated, fast (10 msec) sweeping of the analyz-
er, or by shot-to-shot scanning of the passband
frequency.

Typical discharge conditions for obtaining the
anomalous ion-heating regime are toroidal field
B~ from 25 to 55 kG, plasma currentI~ from 40
to 160 kA, average electron density n, from 4
x 10" to 1.4x 10"cm", and discharge duration
as long as 400 msec. In Fig. 1, we show a typi-
cal example of the time evolution of various quan-
tities during a low-density discharge in Alcator.
In Fig. 2, we present the spectra obtained at
three moments in time during the discharge. A
strong peak at the lower end of the spectrum is
found at frequencies corresponding to f~, = 210
&& (n, /A)"', where A is the ion mass number and
the units of n, are inverse cubic centimeters.
This dependence is displayed in Fig. 3, where
we have plotted the density calculated by assum-
ing the peak of the spectrum to correspond with

f~; versus the actual average density as mea-
sured by either 4- or 2-mm interferometers or
by Thomson scattering, which has been calibrat-
ed relative to the interferometers. A 30-dB drop
in the intensity is observed just below f~, , and
when the average density decreases during a dis-
charge pulse, this cutoff moves accordingly.

The spectrum extends to several gigahertz,

where the emission level becomes comparable to
the sensitivity of the analyzer [-45 dBn (decibels
relative to 1 nW)]. The highest frequency still
detectable decreases in time as the average den-
sity decreases, from about 3.5 to 3 GHz, in the
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FIG. B. The electron density n~{~») calculated when
the measured peak frequency is interpreted as co~; ver-
sus the measured average electron density (n, ), as
measured with microwaves in hydrogen (C)) or by
means of Thomson scattering in hydrogen (p} and deu-
terium P).
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example shown in Fig. 2. The average density
decreases from about 9&&10" to 5&&10" cm ' in
these discharges. Withdrawing the probe by fixed
intervals over 2.4 cm from a radial location just
behind the shadow of the limiter to a position
near the wall of the chamber, the detected power
was found to decrease gradually by 10 dB over
all frequencies; the shape of the spectrum re-
mained invariant. This suggests that the shape
of the spectrum is not affected by the transmis-
sion properties of the cold-plasma zone within
the shadow of the limiter.

The relative power, P(~~&), of the emitted ra-
diation at f~; as a function of ($) is found to have
a distinct threshold at values of 0.45 for hydro-
gen and 0.2 for deuterium discharges as shown
in Fig. 4. There are also indications that the
presence of impurities leads to a decrease in the
emitted power. We define ~ = (u ~~/v&h„~) ('6/'Q, i),
where (iI/q, i) is the average over the radial pro-
file of the ratio of the measured resistivity to
classical resistivity. In the regime of interest,
o. is nearly independent of (u~~/v, h„~). In con-
taminated discharges the value of (tl/il, &) is in-
creased, so that a higher value of n can be taken
as an indication for a higher contamination level
at the same value of (() in different discharges.
For the same value of ($) those discharges with
higher value of n have P(~~;) decreased by 15 to
20 dB (see Fig. 4).

The fact that the emission is cut off below ~;
tends to rule out turbulence associated with the
usual current-driven ion-acoustic waves. A ten-
tative explanation is presented below. In this low-
density regime of operation there is experimental
evidence that the distribution function of the cur-
rent-carrying electrons tends to run away as a
whole ("slide-away regime, " see Ref. 1), while
part of the electrons remains trapped. Accord-
ing to a theoretical model3 current-driven modes
can be excited in such a regime. The upper
branch of the solution of the relevant dispersion
relation represents waves at co-~~, cos0, where
~~, is the electron plasma frequency and 0 is the
angle between the wave vector k and the magnet-
ic field; these waves could be related to the high-
frequency part of the observed spectrum. The
lower branch of the dispersion relation corre-
sponds roughly to +-m~;; probably these modes
are observed as the low-frequency peak of the
spectrum. Since ~~, ~ kvd,„,-, these modes can
interact strongly with the bulk of the ions and
could account for the observed enhanced jon heat-
ing.
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FIG. 4. Relative power level P{cu&,) of the radiation
emitted at ~» versus the streaming parameter (g).
The parameter o. is taken as an indication of the degree
of contamination of the plasma.
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