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B. Grek and M. Porkolab
P/asma Physics Laboratory, Princeton University, Princeton, Nezv Jersey 08540

Neceived 18 December 1972)

Strong plasma heating is observed in external electric fields near the upper hybrid fre-
quency or near the electron cyclotron harmonics. It is shown that the fast plasma heat-
ing is associated with the presence of the parametric instability of Bernstein waves, ion-
acoustic waves, and lower hybrid waves.

The microwave irradiation of plasmas near
(or above) the electron cyclotron frequency (i.e.,
its harmonics, or at the upper hybrid frequency)
is used extensively for heating plasmas. It is
usually assumed that such heating is due to' '
(a) electron cyclotron resonance heating at ~
= ~„;(b) linear mode conversion at the upper
hybrid frequency (e )~„)and subsequent absorp-
tion by linear dissipation mechanisms; (c) heat-
ing by stochastic processes assuming multimode
field distributions. In this Letter we present ex-
perimental results which show that in sufficiently
strong rf fields very efficient plasma heating may
occur above the electron cyclotron frequency
through excitation of the parametric decay insta-
bility of electrostatic cyclotron harmonic waves
(Bernstein waves) and ion-acoustic waves which
propagate almost perpendicularly to the mag-
netic field. ' In addition, parametric decay into
Bernstein waves and lower hybrid waves is also
observed. " However, in this case we find that
the saturated spectrum remains sharply spiked,
and the heating is less than in the case of decay
into the broad, turbulent ion-acoustic spectrum.
Efficient heating is observed when the frequency
of the external field is near or just above the up-
per hybrid frequency, or at harmonics of the
electron cyclotron frequency. Thus, in these
cases the external field is in the accessible re-
gime for the extraordinary mode, so that the
whole plasma column may be penetrated by the
rf fields. No linearly excited electrostatic wave
is observed at the pump frequency, and the heat-
ing occurs only above the threshold rf power for
the foregoing parametric instability. The mea-
sured heating times are orders of magnitude
faster than linear dissipation mechanisms would
predict.

The experimental apparatus has been described
previously. ' The experimental parameters were
as follows: 0.1(~~,'/~„'(2, He gas, T„=3to
7 eV, T;, 0. 1(eV, pump frequency f, =0.3 —1.0

6Hz, and electron collision frequency v„/co~( 10 '. The electric field was applied perpen-
dicularly to the magnetic field between two grids,
which were fed by a wide-band balanced trans-
former. Wavelength and frequency measurements
were carried out by means of shielded high-fre-
quency probes which were movable radially or
axially. '

Figure 1 shows examples of the decay spectrum
for pump field strengths above threshold, and
their location on the Bernstein-wave dispersion
curves. " The low-frequency components of the
spectrum (not shown here) satisfied the usual
frequency (energy) selection rules. ' The wave-
lengths of the waves were measured with an in-
terferometer which included two double-conver-
sion superheterodyne narrow band-pass (bf =30
kHz) receivers. ' The following decay processes
were identified in the present experiments:
(i) Decay into lower hybrid waves and Bernstein
(or upper hybrid) waves. " In particular, the
measured parallel wavelengths of the lower hy-
brid waves were of the order of 100 cm, which
gave parallel phase velocities larger than the
thermal velocity of the electrons. The disper-
sion relation was verified by measuring the per-
pendicular wavelengths and checking their de-
pendence on ion mass, magnetic field, and den-
sity. ' The perpendicular wave numbers of the
Bernstein waves were found to be the same as
that of the lower hybrid waves, thus confirming
the usual wave-vector selection rules (k, = 0).'
(ii) Decay into ion-acoustic waves and Bernstein
waves. Contrary to the lower hybrid waves, the
perpendicular ion acoustic wavelengths were in-
dependent of the magnetic field and density, and
the measured parallel wavelengths (of the order
of 5 cm) gave v/k~, v„(1as expected. ' Although
we have previously reported the parametric de-
cay instability of Bernstein waves and ion-acous-
tic waves, in those experiments we had &u~, '/&u„'
»1, e, «~u„(where ~uH is the upper hybrid

836



30 gPRix, 1973VOLUME 30, NUMBER 18 PHYSICAL REVIEW LETTERS

I I I I I I II I I I I I I I I I ) I I I I I l I I

(aj
~ -20-
LLI
Cl

4QI—

CL

~ -60—

(b)
CX)
LLI

cA 20
IX
4J

~~ -40

I I I I I II I I I
)

I I I I I I II I I I I I I I I I

(b)

-60
I I I I I II I I I I I I I I I I I

I I I I I I I
I

I I I I I I II I I I I I I I
t

I I

4—

2

I II

20
(k R)

l t on for Bernstein waves forFIG 1.. Dispersion re a ~on~ ~

R ' the electron Larmor radius; ~ the dotted
of finite &I. Insets (a) to (c) showline shows effects of xm e

t d with de-typical decay spec ra.
and the squares with ion-ea into lower hybrid waves, and the squares weay zn o

i =2.&2 for spectrum (a), 2.08 foracoustic waves. p
(b), and 1.60 for (c).

frequencyj so t a e) h t the pump field (v,) was always
t ast to the present results,evanescent. In con ras

no substantial heating was observed in the ma1n
body of the plasma column. In bo ca
ii we ound a orth t f r decay wavelengths short

d ith the grid spacing 6-8 cm, bo
a reedthe measured thresholds and growth rates ag

well with linear theory. '
f' the two types oFor a given value of ~pe / ce

decay processes mamay occur simultaneously or
, d ding on the exact values of &u, /separately, depen 1ng

a de-t' lar in Fig. I, spectrum a, e-
into both ion™acoustic waves and lower y r1

waves is occuring. In spectrum, e~b& the Bern-
1 ith ion-acoustic waves only.stein waves coup e wi

e withIn spectrum yc e e( ) th Bernstein waves couple wi
lower hybrid waves only. In order to decide

I I I I I I I Al I I I I I IQ I I I I I I I I I I

I 2

"o/ "ce
(a) Am litudes of Bernstein waves w

'which cou-FIG. 2. p
le with lower hybrid waves; ~«=&&, , p e

varied. (b) Amplitudes of Bernstein wavesquency) is varie .
es. (c) Fractional'

h le with ion-acoustic waves. cw lc coUp
erature as ob-increase o ef the main electron body tempe

'r ro e; Pp=30 W.tained from a swept Langmuir pro e;

i was necessary inW1CP1Wh' h rocess was occur1ng, i w
h case to determine whether the paralle p1 haseeach case o e erm'

n the electronve oc1y w1 it was less or greater than e e ec
mea-thermal veloc1 y.it .' A large number of such me-

surements were mt ere made in the first three cyc o ron
h onic bands, and a summary is given in ' gs.
2(a) and 2(b). In particular, in Fig. 2 a
the variation o ef th Bernstein wave (lower side-

=30band amp 1 ul t des at high input rf power P;„=
uenc m . ThisW) as a function of the pump frequency &o,. is

figure is associated with the decay of the elec-
tromagnetic pump 1e if' ld into Bernstein waves and
lower hybrid waves. Figure 2(b) shows similar

suits for the decay of the electromagne icresu s or
ion-acousticpump field into Bernstein waves an ion-

The amplitudes of the low-frequencywaves. e
er h-waves i.e., 1on--acoustic waves and/or low y-

b 'd aves) varied with the pump frequency in ar1 wa

waves.similar way o et th amplitudes of Bernstein w
Figure c s ows2~ h the concomitant increase 1n
the main elec ront body temperature as the pump
frequency is var1e .' d. Plasma heating was mea-
sured by fast-sweep Langmuir probes (T= I iisec
and by a mu 1gr1 et' 'd lectrostatic energy analyzer.



VOL UMF. 30, NU MBFR 18 PHYSICAL REVIEW LI'. TIERS 30 APRIL 1973

In order to minimize the possible effects of the
pump fields on the plasma heating measurements,
the energy analyzer and probes were located from
20 to 60 cm from the interaction region. The rf
power input into the plasma was constantly mon-
itored to ensure that any field fluctuation inside
the plasma was not due to changes in generator
loading. In particular, below instability thresh-
old (P, =0.5 W) no plasma heating was observed.
The maximum electron temperature (for the main
body) was obtained near ~, =~cH =1.4~„(for
P, = 40 W, T, =30 eV). We note a marked cor-
respondence between the occurrence of the decay
spectrum as predicted by the band structure of
the linear dispersion relation' (shown in Fig. 1)
and the increase of the main electron body tem-
perature as &uo/ru„ is varied. We see that near
the cyclotron harmonic frequencies most of the
heating is associated with the ion-acoustic wave
decay. The smaller peak in n T/T at ~,/~„=1

may be due to cyclotron resonance heating. ' '
There is also some instabiljty and heating in the
regime co„&~, Z. ~ UH due to tunneling of the rf
fields. '

The development of the electron distribution
function, as measured by a multigrid energy
analyzer, is shown in Fig. 3. Figure 3(a) shows
the energy distribution function for different
pump powers. For powers above, but less than
10 times instability threshold (0.5 &Po & 5 W) only
the tail of the electron distribution function is
heated. For powers greater than 10 times thresh-
oM the spectrum becomes turbulent and heating
of the main body also takes place. Figure 3(b)
shows the energy distribution for different times
after the turn on of the pump. For short times
(T &1 psec) the tail of the electron distribution
function is heated. For times T& I psec the main
body of the electrons starts to heat and reaches
its peak temperatures in about 2 p.sec. The main
body temperature agrees with that measured w'ith

the fast-sweep Langmuir probe. At times later
than 2 p,sec, the number of hot electrons de-
creases, whereas the main body temperature re-
mains constant. Simultaneously, strong pump
depletion is observed. We have also looked for
ion heating, but did not observe any. This may
be due to (i) strong interaction of the excited
Bernstein waves (sidebands) with thermal elec-
trons and fast pump depletion; (ii) too low mag-
netic field (B =100 G) and hence fast ion loss.
In particular, at the upper-hybrid frequency in
the final state the self-consistent pump fieMs
were reduced by about 20 to 75% from their in-
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FIG. 3. (a) Electron energy distribution Qp(LL) j for
different powers (P) 5 @sec after the start of the heat-
ing pulse. ~&/a =1, up/a, e= 1.5. (b) Energy distribu-
tion for different times (4') after the start of the heat-
ing pulse; Ip=.5 W.

itial values (depending on experimental condi-
tions). The peak amplitudes of the Bernstein
waves attained 40 to 75% of the pump amplitude.
The ion-density fluctuations were only 8/n, = 2 to
5/O. ,

The number of hot electrons in the tail was
3 to 8/o of that of the main body. For ~, = 2cu„
the peak wave fields were at most 15% of the
pump field. The ion-density fluctuations were
yg/n, ~ 1%, and the number of hot electrons in the
tail was 1 to 5%.

In conclusion, we have reported experimental
observation of fast heating of electrons by rf
fields near the upper hybrid frequency and at the
second and the third electron cyclotron harmonic
frequencies. It was shown that a strong paramet-
ric decay instability occurred at the same time
and it is believed to be responsible for the fast
plasma heating observed. In particular, for
maximum fields of the order of F- =-100 V/cm,



VOLUME )0, NUMBER 18 PHYSICAL REVIEW LETTERS )0 APRrL 197)

the linear heating times estimated for the pres-
ent experiment give AT, ~1 eV/p. sec near the
upper hybrid frequency. The enhancement at the
second harmonic is many orders of magnitude
smaller. Since our measurements show (see
Fig. 3) that under these conditions AT, =20 30-

eV/psec, and that very energetic particles are
also produced within a microsecond (U& 500 eV),
it is clear that linear theories do not explain our
results. We believe that similar processes may
occur in a number of experiments where heating
near the upper hybrid or the cyclotron harmonics
have been observed. '" In contrast to recent
heating experiments with frequencies below the
electron cyclotron frequency where mainly heat-
ing of the tail of the distribution function was ob-
served, "in the present case considerable heat-
ing of the main body of electrons was also ob-
served. This is believed to be due to the strong
interaction of the excited Bernstein waves with
thermal electrons. Thus, heating at frequencies
above the electron-cyclotron frequency may be
more favorable for possible applications where

fast heating of thermal electrons is desired.
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Low-frequency oscillations, which can lead into the violent disruptive instability which
sets the q (current) limit of tokamak operation, are investigated with a heavy-ion beam
probe. Direct measurements of the space potential and the perturbation of the electron
density inside the hot tokamak plasma resolve the electric field contribution to the mode
rotation and the spatial structure of the mode.

The two phases of magnetohydrodynamic (MHD)
instability observed in tokamaks" appear con-
jointly; low-frequency, low-amplitude oscilla-
tory modes with helical magnetic field perturba-
tions [8~ ~exp(irn8 —iy)] are observed to grow
leading into the more deleterious "disruptive"
instability characterized by a negative spike on
the plasma loop voltage (v~) and a partial deple-
tion of the energy stored in the plasma (8 and p
are the minor and major azimuthal angles of the
torus, respectively). As m decreases, the in-
tensity of the disruptive instability increases,
until following m = 2, the disruptive instability
dominates the tokamak discharge. In fact, the
m = 2 oscillations are observed to precede the
violent disruptive instabilities at both the low

safety factor q(a) and high-pressure (plasma
density) limits to useful tokamak operation Iq(r)
=xB~(B)/BBO(r), where r and R are the minor
and major toroidal radii, respectively, and a is
the plasma limiter radius]. Apparently, the dis-
ruptive instability occurs when the radial current
distribution j~(r) is such that the q = m singular
magnetic surface location is favorable to the en-
hanced growth of the m-mode oscillation. ' (Run-
away electrons do not appear to cause the insta-
bility. ~) When the q = 2 singular surface is moved
toward the plasma surface by lowering q(a) or by
causing the current channel to shrink by increas-
ing pressure as evidenced by a constriction of
the electron temperature profile, ' the m = 2

mode grows to an amplitude of 8~(d)/B6 (d) - 6% at:




