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(FWHM) of the shape resonance to be 23+ 6 meV,
consistent with the theoretical predictions which
range from 15 to 28 meV."® The energy interval
between the peaks is estimated to be 53 meV,
compared to 46 meV in, for example, Broad and
Reinhardt’s' prediction. With normalization at
low energy the data match the continuum at high
energy.

Previous observations of the shape resonance
in electron scattering from hydrogen have been
reported,”™® but attempts to see it in the emission
from an arc-discharge plasma,® and in a stellar
spectrum,'® have failed. The Feshbach resonance
has, to our knowledge, so far gone unreported.
We regard the observations reported here as per-
suasive evidence for the existence of these reso-
nances in photoabsorption, but leave to future
work the task of refining our preliminary meas-
urement of cross sections and widths. The ap-
paratus is also being modified to study the Stark-
effect quenching of these structures.
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Experimental data are presented which show that during lower-hybrid, radio-frequency
heating of the Princeton University adiabatic toroidal compressor tokamak, parametric
instabilities are excited, and the ion heating correlates with the presence of the paramet-
ric spectra. A theoretical interpretation of the parametric instabilities is presented.

Radio-frequency heating near the lower hybrid
frequency may offer an attractive means to heat
high-temperature plasmas toward thermonuclear
conditions,! We wish to present experimental re-
sults which show that during lower-hybrid heating
(LHH) of present day tokamaks, parametric in-
stabilities play a fundamental role. In particular,
our results show that the ion heating observed in
the recent adiabatic toroidal compressor (ATC)
tokamak LHH experiments is associated with the
presence of parametric instabilities. Further-
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more, the shape of the decay spectrum, when
compared with theoretical calculations, allows

us to estimate the position of the decay region,
and this in turn gives us information about the ra-
dial location of the heating.

The experiments were performed on the Prince-
ton University ATC tokamak.? An electrostatic
probe was inserted in the plasma diagonally
across the torus from the port where microwave
power, up to 120 kW at 800 MHz, was injected
through a single wave guide or a split wave guide.
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FIG. 1. (a)—(d) Parametric-decay spectrum due to a
split wave guide; D, gas; 7=1.8x10% cm™3, (a) Py,
=63 kW, (b) P; =41 kW, (c) P;,=19 kW, and (d) Py,
=1.5 kW; f.;~13 MHz. (e),(f) Parametric-decay spec-
trum due to a single wave guide; H, gas; n=1.2X 101
cm™3, P, =35 kW. (e) Low-frequency spectrum, and
(f) pump and sideband; f,; ~ 25 MHz.

The two sections of the split wave guide were

driven in phase opposition (i.e., 180° out of phase).

The cross-sectional area of both wave-guide sys-
tems was 10 cm X20 cm. The details of the heat-
ing results were reported recently.® The movable
probe was a coaxial shielded T-shaped electro-
static rf probe, with a frequency response good
up to 1 GHz (flat within 3 dB). The probe was lo-
cated radially in the shadow of the limiter, but
near the end of the experiments it was pushed
several centimeters inside the plasma column.
This resulted in an increase of the decay spec-
trum by as much as 10 dB, indicating that the
waves originate from points deeper in the plasma
than the normal probe position. During these ex-
periments the plasma parameters were as fol-
lows: B=15-20 kG, minor radius ¢=17 cm, and
average density (measured by a microwave inter-
ferometer) #,=~5x10'2-3 x10'* in H* or D* plas-
ma. The electron temperatures were typically

T,~0.8-1,2 keV at the center, decreasing rapidly
to 7,~500 eV for r~4-5 cm, and at r~%a, T,
~200-300 eV. The ion temperature is 7;~250 at
the center, and is assumed to be decreasing more
slowly radially outward, Thus, near »=0, T,
~37T,, while near r~%4, T,~T;. The electron-
density profiles decreased much more slowly
than the electron-temperature profiles3; typically
na(r)génmax at yg'za'a'

As the injected microwave power was increased
above a critical threshold value, parametric-de-
cay spectra of the form shown in Fig. 1 were ob-
served on the rf probe. Inthe present case, the
threshold power was about P, ~10 kW (net trans-
mitted power). We see that sidebands as well as
the low-frequency spectra are observed so that
the usual frequency selection rules are approxi-
mately satisfied. Note that the upper sideband is
negligibly small as compared with the lower side-
band, indicating weak linear damping of these
modes. We note that the spread of the decay
spectra is typically Af~250 MHz, so that Af/f,
~0,30. Although the spectrum is relatively broad,
beats of the ion cyclotron frequency and its har-
monics are often visible on top of the broad back-
ground spectrum, The cyclotron harmonics are
particularly pronounced at lower powers, at some
particular densities and with use of a single wave
guide. An example of such a spectrum is also
shown in Figs. 1(e) and 1(f). One often observes
a peak in the spectrum near Af/fOEO.ZO, and a
relatively large gap in the sideband (as opposed
to the low-frequency spectrum), separated from
the 800-MHz pump frequency by about 50-100
MHz (i.e., several ion-cyclotron harmonics).
This gap may be due to trapping part of the decay
spectrum inside the plasma (so it does not propa-
gate out to the probe). Finally, a narrow peak
around f=~14 MHz (independent of ion mass) is al-
so often observed.

As the density was varied, we found that for
lower densities the threshold increased in a sys-
tematic way. For densities such that 1.9 <w,/
wiy"™* no decay was observed in either D* or H*
plasma for the maximum transmitted power of P
=120 kW. In Fig. 2 we show the magnitude of the
maxima of the sideband decay waves as a function
of input power for three different densities in
deuterium. The curves A, B, and C, correspond
to mean densities of #,=(1.8, 1.4, and 1,17)x10"3
cm™3, respectively. Using n,, ~1.5%7, we obtain
wy/ wy™*~1.,4, 1.7, and 1.8, respectively. For
densities 7, =9x10' cm ™ [or wy/wy™* 21.9] no
parametric decay was observed in D* plasma for
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FIG. 2. (a) Sideband amplitude vs P;, for a split-
wave-guide coupler; D, gas. Curve 4, 7=1.8x10"
em™3; curve B, 7=1.4x10% em™3; and curve C, #=1.1
x10B em™%, Fora< 9x10' em™2 and P <100 kW, no
decay is observed. (b) AT;, and decay-wave amplitude
vs P;p. H, gas; #1.5x10% cm™3,

P <120 kW, In H* plasma no decay was observed
for 7, <6 x10'2 cm® or w,/w; ™ 21.40. Of
course, if decay occurred radially outward from
the center, locally higher values of [ w,/w,(7)]
may be allowed. However, the fact that there is
a rather sharp low-density limit beyond which no
parametric decay was observed, shows that de-
cay cannot occur much above w,/w;;;~2. This ex-
perimental observation suggests that parametric
decay (at least for the main part of the spectrum)
must occur within the bulk of the plasma, i.e.,
mostly near densities » >6x10® (but not necessar-
ily at the center). Thus, we must be observing

rf signals on our probe which propagate out of the
interior. We also remark that the very-low-fre-
quency part of the spectrum (i.e., w<w,;) had
sometimes a lower density threshold than the
higher -frequency components; thus, this part of
the spectrum may be produced further outside
radially, possibly due to the portion of pump pow-
er coupled to the fast mode.® However, at the low
densities this part of the spectrum was typically
20-30 dB down from the pump-wave amplitude
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and had no observable heating associated with it.

In Fig. 2(b), we show in H* the power depen-
dence of various measures of the decay-wave in-
tensity, and the change in the main body of the
ion energy distribution function as measured by a
charge-exchange neutral analyzer. Similar re-
sults were obtained in D* gas. In these experi-
ments, we found that there was a direct corre-
spondence between the production of fast charge-
exchange neutrals (both for the low-energy “bulk”
component and the high-energy tail) and paramet-
ric decay: Both had the same input-power thresh-
old and the same density threshold. In particular,
as the density was lowered below the critical val-
ues presented in Fig. 2, neither parametric de-
cay nor ion heating was observed. This correla-
tion between parametric decay and ion heating
was observed for both the single- and the split-
wave-guide couplers.

Several important questions arise in connection
with the present results: (a) What is the exact
process by which the parametric instabilities are
excited? (b) Where is the location of the paramet-
ric decay and thus the associated ion heating?

(c) What is the mechanism by which the ions are
heated? We have carried out an extensive theoret-
ical investigation to answer some of these ques-
tions, especially those related to the linear theo-
ry of parametric instabilities and the effects of
inhomogeneities, and some work concerning the
ion heating. The details of this theoretical work
will be presented elsewhere.* Here we wish to
summarize some of these results inasmuch as
they help to interpret the present experimental
results.

Our theoretical investigations (both analytical
and numerical) indicate that in order to explain
the frequency spread of Af/f~0.3, one must have
wo/wy ! <2, In this regime it is possible to ex-
cite both cold lower-hybrid waves and hot ion
plasma waves and/or ion Bernstein waves as side-
bands. The low-frequency modes in the regime
wy/ Wiy °* < 2 correspond to ion-cyclotron (quasi-)
modes and/or electron-Landau damped quasi-
modes, depending upon T,, T,;, ky\p, and U/C;
(where 2, is the electron Debye length, U=cE,/B
is the magnitude of the E xB drift velocity, and
C, is the speed of sound).*® In Fig. 3, we show
examples from our numerical results,* which
demonstrate a frequency spread of Af/f, <0.3, as
observed experimentally. We note more pro-
nounced ion-cyclotron harmonics as 7,/7; ap-
proaches unity, We also note that the maximum
frequency separation corresponds to the turning
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FIG. 3. Frequency (w) and growth rate (y,) as a func-
tion of EA Dy in H* plasma. (a) wy/wy=1.57, T,/T;=3,
U/Cs =1, kyyApe=2X10"% kyAp,=6x1073, w, 2/ w,,’
=0.25; (b) wo/wyy=1.91, T,/T;=1, U/Cy =1, kyAp,
=6x10"%, kyAp, =1x107%, w,,%/w,?=0.152. For both
(a) and (b), wg;/w(=0.033.

point of the sideband waves w, (i.e., the transi-
tion point from backward to forward waves). In
general, the numerically obtained decay spectra
show good qualitative agreement (even though one
might expect nonlinear effects to distort the spec-
tra).

An important theoretical question is the effect
of nonuniformities of the pump wave upon the in-
stability thresholds. If we assume that the pump
wave is confined by resonance cones to a finite
width as defined by the wave guides, finite-length
stabilization elimates most instabilities for w,/
wiy>2.4% On the contrary, for w,/w;;<2 decay
into the hot ion plasma waves (the short-wave-
length forward-wave branch in Fig. 3) can occur
due to the low convective losses of these waves.
In addition, decay into the backward-wave branch
may also occur if the sidebands form standing
modes in the toroidal direction near the rational
magnetic surfaces (these modes have recently
been discussed by Coppi et al.®). Again, the con-
dition for the existence of these modes is that w,/
w;y=2. Inthis case, convection due to shear de-
termines the threshold. Our estimates indicate
that the threshold due to shear is U/C,<0.5. The

foregoing considerations for the ATC parameters
predict threshold power in the range of P, ,~10~-
100 kW for w,/wy;<2, roughly in agreement with
experimental observations. '

Our analysis also indicates that whereas for 7,/
T,=1, Imy;(w)~Imy,(w), we have for T,/T;=3,
I,Xo(w) >Imy;(w) [where x,(w) is the susceptibil-
ity of species j]. Since according to quasilinear
theory, heating of a particular species of parti-
cles is proportional to Imy ; we believe that the
main body of ions are heated by the low-frequen-
cy ion-cyclotron quasimodes (i.e., where T,~T)).
On the other hand, we expect that the sideband
heats mainly the parallel component of the elec-
trons, and the perpendicular tail of the ions. For
T,=3T; even the low-frequency quasimodes
should heat the bulk electron temperature. Com-
bined with the experimentally measured density
and temperature profiles, these results suggest
that in ATC parametric decay and ion heating
should occur in the region 0.5 <7/a < 0.8, where
2z T,/T;z1, and n(r)~3n,", Of course, strong
turbulence effects may may modify some of these
conclusions; for example, the sideband may also
interact with the main body ion temperature if
the wave amplitudes are sufficiently large.* A
more detailed account of this work will be report-
ed elsewhere.
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FIG. 1. (a)-(d) Parametric-decay spectrum due to a
split wave guide; D, gas; n=1.8x 10% em™%, (a) Py
=63 kW, (b) P;,=41 kW, (c) P;,=19 kW, and (d) P;,
=1.5 kW; f,;~13 MHz. (e),(f) Parametric-decay spec-
trum due to a single wave guide; H, gas; n=1.2x 10"
em™®, P; =35 KkW. (e) Low-frequency spectrum, and

(f) pump and sideband; f,; ~25 MHz.



