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ABSTRACT

Non-r2Sonant parametric decay of lower-hybrid waves, observed in a number
of high-power tokamak rf hearing experiments, is positively identified as a
decay into ion-cyclotron guasi-modes. The decay-wave spectrum, wavelength and
amplitude prcfile are measured inside a toroidal plasma with pump frequency £,

~ 3.5 £y ~ 25 £ ..
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Lower—~hybrid wave heating of magnetized plasmas is a promising candidate
for tokamak ignition because of the readily available microwave power and the
desirable features of slow-wave coupling structure/phased-waveguide arrays.
However, at the high power levels required for tokamak heating, various
nonlinear phenomena can occur. Opne well-known nonlinear phenomenon is the
parametric decay1_7 of lower-hybrid waves in which the freguencies of the

decay waves are observed t¢ be separated roughly by the ion cyclotron

frequency, fci' This dccay spectrum has become a characteristic of lower-

hyorid wave heating in tokamaks. It has been observed in ATC,G JFT—2,7

9 10 11

8 WEGA,” PETULA, and Alcator A.

Doublet-IIA, In all these experiments, the
decay frequency spectrum was detected by a probe placed in the limiter shadow
but, because of the difficulties in wavelength measurements, the component
waves were never identified. Varicus conjectures were made, based on the
observed decay spectrum. The spectrum has been attributed to non-resonant
decay (lower-~hybrid wave + lower-hybrid wave + ion cyclotron guasi-mode) in
the ATC experimem:,6 and to resonant decay (lower-hybrid wave + lower-hybrid
waves + ion cyclotron waves) in the JFT-2 experiment.7 In this paper, we
present the first positive experimental confirmation for the former
interpretation, namely, the non-resonant decay of lower-hybrid waves in a

12,13

toroidal plasma. Unlike previous linear machine experiments, the wave in

the present experiment was excited by a slow wave structure in the frequency

range fo ~ 3.5 fp.

i~ 25 f.i» very similar to the tokamak experiments.

Moreover, the result indicates that toroidal geometry may have an imprrtant
effect on the decay threshold. Therefore the experiment described here
provides a good simulation of the parametric decay procesz that can occur near

4,5

the tokamak edge, which process can be critically important to the heating

efficiency. However, the final determina*’ .. of the amount of pump depletion
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that may occur in a high-power tokamak heating experiment still awaits further

theory and experimentation.

The [lollowing parametric dispersion relation1 has been derived from

dipole pump approximation:
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where p is the parametric coupling coefficient1i Xi and Xa 3re the ion and

electron susceptibilities: for the low frequency decay waves and the

superscripts "+" and "-" refer to the upper and lower sideband modes; J, and

J, are the Bessel functions of the first kind. Equation (1) has been solved

numarically] for the growth rate of the decay instability. The calculation

can be greatly simplified with the following assumptions which are well

justified in our experiment: (a) p2 << 1, (b) Ixyl > ‘X;I' Ixg! >> [xe+l.

{c) 1+Xi—+xe_=0'1+x1++x+#0.

e Then the growth rate can be

calculated from!
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where "Re" denotes the real part of a complex quantity; w, and I, are the
frequency and the damping rate of the sideband mede. Figure 1 shows the
calculated growth rate as a function of the decay wave frequency €for our
experimental parameters. Collisiocnal damping and electron Landau damping are
included in I'y, and the parallel wave number (k.) of the decay wave is used as
a free parameter to maximize the growth rate. The periodic variation of the
growth rate (with period ~ f_.) is due to oscillations in the ion
susceptibility as a function of frequency. This behavior will explain the
decay spectrum shown in Figure 2b. The convective decay threshold can be

estimated from1

Y>m "2/Lz ‘ (3)

where L, is the antenna length and v, is the parallel phase velocity of the
sideband. Eguation {3) assumes that the decay waves grow by a factor of e&" in
one transit through the pump region. However, in a toroidal plasma, the decay
waves can go through the toroidal pump region more than once and the decay
threshold can be lower than that predicted by Eg. (3). This interesting
phenomenon is, we believe, the explanation for the low threshold observed in
our experiment.

The experiment was parformed in the Princeton ACT-1 device which is a
steady-state toroidal machine operating at the following parameters: toroidal
field B, < 5.6 kG, plasma density n ~ 1 ~ 6 x 1019 cm-3, electron temperature
T, ~ 5 eV, ion temperature Ty ~ 1.5 eV (determined by test waves near the ion
cyclotron frequency),14 neutral hydrogen pressure 5 x 10_5'1'orr {gauge). The
plasma has a minor radius a = 9 cm, and major radius R = 59 cm. ZLower-hybrid

waves at 160 MHz are excited by an 8-ring antenna15 with parallel wavelength



An = 6 cm. Figure 2a shows, in schematic fashion, the experimental setup, and
a typical parametric-decay spectrum is shown in Fig. 2b. Upon varying the
magnetic field, the frequency of the low-frequency oscillations may be seen to
increase with the ion cyclotron irequency, as in Fig. 2c. The calculated
frequency is slightly higher than the experimental value. This differential
appears because the rf power is fed from the low field side and the pump
amplitude peaks at a magnetic field lowev than the field on the minor axis.

Figure 3 depicts the experimental setup for perpendicular interferometric
wavelength measurements. The parallel wavelength is measured by the phase
shift between two probes 5 mm apart situated on the same field line. The
first sideband ()‘.L ~ 2.5 mm, ), ~ 3.7 em) is identified as a lower-hybrid wave
that obeys the dispersion relation w = “‘pe k"/k.l_' Waves in the other
sidebands are not sufficiently coherent for clean interferograms, indicating
that they propagate with a wide range of Kl which washes out the interference
fringes. The measured wave number and frequency show that 1 + y; + o # 0 for
the lcow~frequency decay wave which must therefore be a forced oscillation
(quasi-mode) that can exist only in the presence of the pump field. This
behavior is true as well in tokamaks and can be understood as follows: a
weakly damped electrostatic wave must have p/k. 3' 3 V,I,e or w/k, f_ 0.1 VTe in
order to avoid strong electron Landau damping; such a condition cannot be
satisfied with » ~ nw,; (o = % = 10) in typical tokamak lower-hybrid wave
experiments where w, ~ 25 Woir Wy £S5 Wpg » Therefore, resonant decay into
electrostatic waves is prohibited under these conditions.

Figure 4 shows radial profiles for the pump and decay-wave amplitudes.
The pump wave is localized along the resonance cone trajectory near the

antenna (30 cm from center of antenna) where the measurement was Made. e

first sideband spreads outside the pump; the second sideband {and also the 3rd



and 4th sidebands) propagates all over the plasma, again indicating a wide
spread in i 1 Unlike the sidebands, the low-freguency decay waves are not
normal modes of the plasma. They are heavily damped outside the pump region
and therefore their amplitudes drop abruptly outside the pump resonance
cone. From these data, it is obvious that the decay-wave spectrum has a
strong spatial dependence. In tokamak experiments, probes can only survive
inside the limiter shadow. Conclusions concerning the variation of the
parametric decay instability at various plasma parameters7 based on signals
from a fixed probe should be treated with caution.

At the operating density n =~ 5 x 1010 cm—a, the decay threshold is about
25 watts net forward power which corresponds to E, < 140 V/cm. It is lower
than the convective threshold (Eo ~ 200 V/cm) calculated from Egq. (3) but much
higher than the uniform pump threshold (E, ~ 30 V/cm). At low densities [n ~
10"0 cm-a), the decay threshold becomes closer to the uniform pump threshold
because the pump wave can cross the plasma center (r = 0) and spreads out.

In conclusion, in an experiment on the ACT-1 toroidal plasma, we have
identified the parametric decay of the lower-hybrid wave into an ion-cyclotron
gquasi-mode. The results, which are in good agreement with theory, are highly
pertinent to high-power lower-hybrid heating experiments on tokamaks where the
occurrence of such parametric decay at the plasma edce may sSeriously reduce

the rf heating efficiency.
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Figure 2.
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FIGURE CAPTIONS

variation of growth rate as a function of decay wave freguency at

n=5x1"cm3, B, =38k, T, =5eV, T = 1.5ev (hydrogen

plasma).
(a) Schematic of the ACT-1 device.
(b) Parametric decay spectrum at n ~ 5 x 1010 cm_3, B_ =~ 3.8 kG,

Q

T, ~ 5 ev, Ti ~ 1.5 eV (hydrogen).
(c) Variation of decay wave (low frequency daughter wave)
frequency with magnetic field at plasma center (r = 0). The
solid line shows the decay wave frequency for which Eg. (2)
give the maximum growth rate.
Schematic of the experimental setup for interferometry
measurements.
Radial amplitude profiles of the pump, sideband and low frequency
decay waves at B, ~ 3.8 kG, n ~ 4 x 10" 3. (a) Pump, (b)
first sideband, (c) first low frequency decay wave, (d) pump, (e)

second sideband (f) 2nd low frequency decay wave.
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