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Finite-amplitude plasma waves excited by plates outside a plasma column are shown
to decay into other plasma waves and electrostatic ion cyclotron waves, accompanied by
ion heating.

A number of experiments' on parametric in-
stabilities have been reported recently, including
measurements of energy deposition into the tails
of the particle velocity distributions'3 and elec-
tron heating. 4 In this Letter we report measure-
ments of strong heating of the bulk of the ions.
The increase in ion temperature coincides with
the onset of ion cyclotron waves driven parame-
trically unstable by nearly perpendicularly prop-
agating electron plasma waves resulting from rf
electric fields applied to a plasma column. The
experimental results include an identification of
the pump wave as a Trivelpiece-Gould mode, and
measurements of the dispersion relation of the
parametric ion cyclotron wave, the threshold
conditions, pump-field depletion accompanying
instability onset, and ion temperatures up to a
factor of 100 higher than the initial temperature.

The importance of this experiment rests on the
following points. First, the pump-wave frequen-
cy &, is close to the lower-hybrid frequency &LH
which in fusion-reactor plasmas (or L„/2w -2 6Hz
-sr~, /2v, where u~,. is the ion plasma frequency)
represents the practical upper limit of available
high-power sources. ' Second, in accordance with
the Manley-Rowe relation, the present paramet-
ric process, when compared with others has a
high frequency ratio (-0,/~~, ) of the lo~ frequen-
cy component of the decay wave to the pi ap, al-
lowing a relatively high level of power to ~e

stored in the ion wave. Third, the frequ~ cy of
the ion cyclotron wave can be very close to the

ion cyclotron frequency 0,.; thus heating of the
bulk of the ions should be expected.

Linear calculations of the relevant parametric
processes, "using the dipole approximation,
show that two branches (k~t«k, and k,~-k,) of ion
cyclotron and ion sound waves may be paramet-
rically destabilized. Their frequencies for the
lowest thresholds (in the usual notation) are, for
k'c, '/0, ' «1,

~'/0 ' = 1+k'c, '/0, .', k ii «k„
-A.

II g y II xy

and for k c, /0, »1,
~' = k'c, ',
(o =02(k /k 2) kp-k.

(1b)

(2a)

(2b)

The parametric process described by Eq. (2a)
has been previously reported. The correspond-
ing threshold condition7 for these instabilities is

where tkl is the instability wave number, e is
the particle displacement due to the rf field E at
frequency cL p v ls the electron thermal velocity,
v, is the collisional damping of the high-frequen-
cy component of the parametric instability, and

P; j2 V K 4) —Q.—'=2v m-~ exp—0 0 /IIV ~ k IIV

denotes ion cyclotron damping. The dominant
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coupling occurs through the electron drift (at the
pump frequency) either parallel to the magnetic
field or perpendicular to both the magnetic and
the electric fields, depending on whether (&u, /&u~, )

xQ, /&u~, &1 or &1.'
The experiments were performed in the Prince-

ton University H-1 device in a density range 5

x10'&n &2x10" cm ' (10 ' &o'0/u~, &10 '), mag-
netic field B & 15 kG (30&Q,/&u~, & 5), in Cs and
K plasmas with T; ~ T, = T d pQt

= 0.2 eV. The
plasma column was 120 cm long and 4 cm in di-
ameter. The background pressure was less than
10 ' Torr, so that collisions with atoms are neg-
ligible. The two half -cylindrical-shell plates'
for wave coupling (to an m =0 or 1 mode) form a
35-cm-long cylinder 4.5 cm in diameter concen-
tric with the plasma column. 7', was measured
by monitoring plasma radiation at the upper-hy-
brid frequency, "T,. by a biased probe collecting
(transverse) ion current, "and the plasma den-
sity by a microwave interferometer and by Lang-
muir probes.

The pump wave has been identified as the Tri-
velpiece-Gould mode, "based on measurements

by probes of the wave radial profile and of (do

versus kII, which agree with values calculated
from the dispersion relation m, /m~, =kI~a/p
where the electron plasma frequency ~~, is deter-
mined from the measured density, a is the plas-
ma radius, and p is the value of the first zero
of the Bessel function (for the rnth pump mode).
The wave number kII in the frequency range up
to &u~, was measured by two methods: (1) wave
interferometry, in the range 1& &u,/~~, & 0.1, and
(2) time-of-flight measurements of the launched
wave and the mode structure parallel to the field
by axially moving probes, for (uo/(dp &0 1. kII has
been measured both with and without the onset of
the parametric instability.

A decay spectrum of the no=1 pump wave into
another electron plasma wave and an ion cyclo-
tron wave is shown in Fig. 1(a). Generally, high-
er harmonics appear at higher power levels.
Figure l(b) shows the dispersion characteristics
of the waves described by Eqs. (1) and (2). In
Fig. 2, the curve for the ion cyclotron wave (&u

&0,) is calculated according to Eq. (1a), using
the measured azimuthal wave number m = 6 and
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FIG. l. (a) Parametric decay spectr-um. The left-
hand picture shows the low-frequency component, the
right-hand one shows the pump and the high-frequency
component. (Cs pla. sma, n=10' cm, 8=8.6 kG, &uo/

2z =16 MHz. ) (b) Dispersion relations of the paramet-
rically coupled waves [Eqs. (1) and (2)] . In the cylindri-
cal geometry of the present experiment, the waves have
transverse resonance with the plasma column.

FIG. 2. Measured frequency versus magnetic field.
Curve for the upper branch, calculated from Eq. (1a) .
The frequency of the lower branch is consistent with
that of the obliquely propagating ion cyclotron wave.
For the upper branch, measured kII values are, for
the pump, 0.05+0.08 cm; sideband, 0.48+0.10 cm ',
ion cyclotron wave, 0.39+0.08 cm; measured kz val-
ues: pump, m=1. ; cyclotron wave, m=6. I.m of the
first sideband cannot be measured because of its prox-
imity to the large-amplitude pump. Assuming it to be
m= —7, kI~ determined from the equation (AIIo/p~)»q~b d= (kIIa/p~)p~p is 0.15+ 0.09 cm for the first radial
mode. The discrepancy might be due to the finite length
of the plasma column as versus infinitely long column
in theory (private communication. , G. Van Hoven) and
higher experimental radial- mode number. ]
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assuming k~ =m/r, r being the radial location of
peak instability amplitude. We note that a rig-
orous comparison requires calcuIations of nor-
mal-mode solutions in cylindrical geometry for
both the pump and the decay waves satisfying the
appropriate boundary conditions.

The frequency dependence of the wave as a
function of magnetic field has also been verified
in He, A, Ne, and K plasmas. (For noble-gas
plasmas, the rf coupling plates are also used for
plasma production. ) In addition, the density-in-
dependent character of the ion cyclotron wave has
been verified in the density range of 10~ to 10"
cm ~ for a fixed pump frequency. The instability
threshold power was measured by monitoring
incident and reflected power and by measurement
of rf voltage, current, and their phase difference.
The threshold field was obtained from this power
measurement and the experimentally measured
damping rate for the pump wave. At n =2&&10'

em ', B = 8.6 kG, 0,./2m = 100 kHz, T, =0.2 eV,
T, =0.35 eV, and &uo/2m=15 . MHz, the measured
threshold is 4 V/cm, and the calculated is 2.8

FIG. 3. (a) Measured ion temperature in the afterglow
of rf pulse versus delay time. (B =8.6 kG, rf power
=& W, Cs plasma. ) {b) Amplitude of the pump and high-
frequency component of the instability (as determined
from the floating-potential measurements by probes),
and ion temperature as a function of rf power. Esti-
mate of statistical error of T; measurement, -20%.

V/cm. The weak dependence of the threshold
field on B (F. ,„~v'B)is in qualitative agreement
with the measured dependence. We have not mea-
sured the detailed mode structure of the wave
below the cyclotron frequency. The threshold
power for this branch is always higher than that
for the branch propagating above the cyclotron
frequency. This and the measured frequency sug-
gest that it may be the obliquely propagating sec-
ond ion cyclotron wave with k

i~
-k .

Since the applied rf fields produce a time-vary-
ing space potential in the plasma, all probe mea-
surements of (transverse) ion temperature were
performed after the pulse of rf power, as a func-
tion of time in the afterglow. Figure 3(a) shows
the measured ion temperature versus delay time
for an rf pulse of width 500 psec. (This width is
sufficient to allow saturation of the ion tempera-
ture. ) The pulse is longer than the ion cooling
time, -100 @sec, and shorter than the time for
the plasma density to change. Generally, probe
characteristics taken after the termination of the
rf pulse (delay time & 40 ILsec) shows that the
bulk of the ions are heated, consistent with (trans-
verse) ion heating by a. wave field near the ion
cyclotron frequency. In Fig. 3(b) are shown the
ion temperature, pump-wave amplitude, and in-
stability amplitude determined by probes, as a
function of rf power. We note that pump deple-
tion is shown by the slower rise of pump-wave
amplitude in the unstable regime when compared
to that in the stable regime

At still higher power levels (-5 W) severe plas-
ma losses occurred (the power stored in the
steady-state plasma is between 1 and 10 mW).
The measured ion cooling time, 100 @sec, is a
factor of 4 shorter than that due to the ions strik-
ing the end plates. This difference, however, is
consistent with the preferential loss of high-ener-
gy ions (r~&l cm) by scrapeoff on the rf plates.
The measured electron temperature rise is about
20% of the ion temperature increase and the elec-
tron cooling time is -20 psec, indicating that
ions and e1ectrons share approximately equally
the heating power.

Several checks have beem made to validate the
ion temperature measurement. (1) T, was ob-.
served to decrease with the addition of argon gas
to the chamber. (2) For a fixed rf power level, T,
increases linearly with increasing pulse width,
i.e. , increasing energy content (up to a pulse dur-
ation such that heating equilibrium is reached).
(3) An energy analyzer, placed at the end of the
plasma column where the magnetic-field lines
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diverge, also measures similar enhanced ion
temperatures. (4) At high rf levels, high-energy
(large-orbit) ions could be collected outside the
plasma column limiter. (5) For a given magnetic
field the maximum possible ion temperature was
found to be such that the average ion cyclotron
radius is ~ to —,

' of the plasma column radius,
indicating that very high-energy ions cannot be
confined.

Since the measured ion heating time is shorter
than the collisional heating time, and the ion tem-
perature is higher than the electron temperature,
a collisional heating mechanism can be excluded.
By using short pulses [90 p, sec at moderate pow-
er levels (-0.5 W)], ion temperatures of —5 eV
were measured, while the measured change of
plasma potential was less than 0.2 V. This ob-
servation shows that ion heating (up to this power
level) cannot be attributed to the change of plas-
ma equilibrium. Based on these measurements
and the observation of concomitant pump-field
depletion and instability onset accompanying the
ion heating, we conclude that the observed ion
heating is qualitatively consistent with that by
ion cyclotron waves, driven parametrically un-
stable by the incident electron plasma waves.

In conclusion, we emphasize that the present
parametric process possesses a number of
highly desirable features for plasma heating.
First, the process is not subject to resonance
detuning, because a continuous spectrum of ei-
genmodes exists for both the pump wave and the
high-frequency plasma wave. Also, the low-
frequency decay wave is independent of the plas-
ma density. Finally, the scaling laws of the
characteristic frequencies based on the temper-
ature, magnetic field, and ion mass suggest that
this parametric process may be useful as sup-
plementary heating in toroidal fusion reactors. '~
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An additional length-scale ratio, the rf wavelength X
to that of plasma size or plasma inhomogeneity scale
length R, might also become important. In the present
regime, A/R»1; for reactor-regime plasmas, &/R&1.




