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ABSTRACT 

Harmonic generation and parametric decay are examined in a toroidal ACT-I 
plasma using electrostatic plate antennas. The harmonic generation, which is 
consistent with sheath rec t i f i ca t ion , is suf f ic ient ly strong that the 

nonlinearly generated harmonic modes themselves decay parametrically. 
Resonant and nonresonant parametric decay of the second harmonic are observed 

and compared with uniform pump theory. Resonant decay of lower hybrid waves 
into lower hybrid waves and slow ion cyclotron waves is seen for the first 
time. Surprisingly, the decay processes are nonlinearly saturated, indicating 
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The successful application of high power ,-f heaf'ng schemes generally 
requires an understanding of nonlinear mechanisms which come into play in 
plasmas subjected to strong electric fields. Fortunately many nonlinear 
processes can be studied on small-scale devices where measurements are more 
easily performed. In this letter we report observations of harmonic 
generation and subsequent parametric decay of the second harmonic at low power 
levels in the low density toroidal ACT-1 plasma 'JSing electrostatic plate 
antennas. Resonant decay of lower hybrid waves into lower hybrid waves and 
slow ion cyclotron (electron-ion Burlisbaum) waves is seen for the first time. 

The harmonic generation is consistent with plasma sheath rectification at 
the antenna, and uniform pump theory provides accurate predictions of the 
unstable frequencies for parametric decay. The saturated amplitude of the 
decay, however, does not scale exponentially with the pump power, but 
linearly, even at pump levers close to threshold. This scling indicates a 
nonlinear saturation mechanism rather than convective saturation of the decay. 

The plasma used in this experiment was produced in the ACT-I device using 
a biased hot filament source in the toroidal magnetic field which is 
adjustable up to 4.2 kG. Plasma temperatures of T e = Tj = 1 eV, density n » 
0.5-1 x 1 0 ^ , and low col 1 isionality Uj/& C 1- = 10"^ were typical. Two curved 
metal plates, separated torcidally by 1 port (16.7 cm) and driven in antiphase 
through a matching network, served as an antenna. 1r.̂  driver frequency u D was 
chosen between 1-2 x QC^ which, for the slow wave and ui_̂  = ? * Q c^, 
corresponds to a second harmonic ion Bernstein wave. For the harmonics, 
however, nxu D > H>J_H = (up-| + nci '^ s o t' l a t t h e s e frequencies correspond to 
lower hybrid waves. Edge regions of laboratory plasmas are in this regime. A 
schematic of the experimental setup is shown in Fig. 1(a). 
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To model the coupling of an electrostatic antenna one may start with the 
equation for the potential * 

e . v» = 4np f p e e , 

where 2 -!s the hot uniform-plasma dielectric tensor. Pfree r e f e r s t 0 

electric space charge not included in the uniform plasma model, in particular, 
to the charge on the antenna conductors and on the surface of the plasma 
sheath. Because of the behavior of the Sheath, both the displacement and 
conouction currents from the antenna have a nonlinear component, the former 
due to nonlinear sheath cipacitance and the latter to sheath 
rectification.^ Because sheath rectification is dominant, the current-voltage 
characteristic of the antenna can be estimated by 

eV a 
nv.A kT o t e i= — j — : — x e 

where i is the antenna current, n 0 is the density in the sheatn, v t is the 
electron thermal velocity corresponding to the electron temperature T e, and A 
is the effective plate area. (An accurate determination oF A requires 
consideration of the effect of the magnetic field.) With antenna voltage V a = 
V 0 x e l U ) t the amplitude of the n t h harmonic in the current is 
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i eV„ eV„ 
o e e 

I m denotes the modified Bessel function of order m. Figure 1(b) shows the 
observed harmonic amplitude ratios Ag/Aj, ^^l' and A^/Aj (Aj being the 
driver amplitude, etc.) as a function of eV a/kT e, the ratio of antenna voltage 
to plasma electron temperature. Shown for comparison are theor tical values 
of the above ratios, based on sheath rectification and eyaiuating the single 
parameter, eV a/kT e, for 1 W of antenna power. Observation of the resonance 
cones of the harmonics -sing radial scanning rf probes confirm that the 
harmonics are being generated near the antenna, it is also evident from the 
presence of resonance cones and the magnitude of the cone angles, given by 

2 Z „2 
tan2e = -|i * (-2-̂ 4 

that the harmonics are propagating as lower hybrid waves. 
As the density is increased, the amount of harmonic generation 

decreases. Simultaneous changes in the linear loading make the density effect 
hard to quantify, but it is consistent with our simple model which predicts 
that at constant antenna power the sheath will exhibit less nonlinearity at 
higher densities. In principal, the nonlinearity can also be reduced by 
increasing T e and/or by reducing A. 
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While harmonic generation is confined to the sheath region, the spectrum 

is additionally enriched by nonlinear wave-wave and wave-particle interactions 

in the plasma bulk. In particular, in this experiment we observed both 

resonant and nonresonant parametric decay of the second harmonic. The growth 

rate for these decays is given by 

|3e/3w I 

with (q-, 11- oil ii . 01 1 i , ' o i l 1 a i 

Wo [[—r+ —rriJ + r-2—-r?—n 
e = 1 + Xe * M = k«t-K is the scalar projection of the die lectr ic 

tensor, ai 0, u>_t u are the angular frequencies of the pump, lower sideband and 

low frequency wave or quasimode, respectively, and n d is the cyclotron 

frequency of species o. 

Two dist inct decay processes were observed involving the second harmonic 

as pump. Figure 2(a) shows the complete spectrum including driver (F Q ) , 

second harmonic (2FQ), upper and lower sidebands (USBj, USB?, LSBj, LSBg), and 

corresponding low frequency excitations (QMj, LF^). One process (subscript 1) 

is the well-known decay of a lower hybrid wave into a lower hybrid wave and an 

ion cyclotron quasimode.7 The other process (2) (not seen previously) is the 

resonant d=cay of a lower hybrid wave into a lower hybrid wave and an ion 

cyclotron wave (sometimes called a Buchsbaum mode)8 with u < s i c i and 

ki > , "2-"cf yz 
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The two decay processes can be read i l y d is t inguished by the frequencies of the 

decay waves. Data p lo t ted in F ie . 2(b) per ta in to both decays as observed 

over a range of to ro ida l f i e l d s t rengths. Observed decay wave frequencies are 

compared wi th the frequencies determined by Eq. (1) to be the mGst unstable. 

I t is found that the quasimode frequency is always close to f c i and that the 

frequency of the ion cyc lot ron wave is strongly constrained by the matching 

condi t ion kQ = k_ + k. 

Observation of the decay wave amplitudes also provides informat ion 

concerning the nature of the decay process. Resonant decays are constrained 

by the Manley-Rowe re la t i cns NQ + N_ = const, and N 0 + N = const, where N0 

re fers to the wave "ac t i on " of the pump ( e t c . ) . 3 Wave amplitude is 

proport ional to wave ac t i on . In F ig . 2(c) the ra t ios \ S B 2 / A L f Z , \ S 8 I / A Q M I > 

\sB2/'A2F(t>> a n d ALSB1^2F<|> a r e P l o t , t e d a s funct ions of the squared amplitude 

of the second harmonic. For the resonant decay (subscr ip t 2 ) , the r a t i o of 

the decay wave amplitudes i s a constant , in agreement wi th Manley-Rowe, since 

N_=N=G Jnd N0=No a t t=o gives for t>o 

A / * - « - ^ - l A LF / A LSB H_ ( N i _ v 

For the nonresonant decay this scaling does not hold and the decay wave 

amplitudes are determined by the decay saturation mechanism. 1 0 Above 

threshold the observed sideband amplitudes are proportional to the pump 

amplitude b2f$ [Fig. 2(c)] indicating nonlinear saturation for both decay 

types. This behavior is surprising in view of the fact that parametric decay 

of lower hybrid waves is expected to be conveetive.11- The same amplitude 

scaling has, however, been seen on an earlier experiment.** One possible 
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explanation is that the decay is made absolute by ref lect ive trapping of the 

decay waves. (In contrast to the earl ier experiments, ACT-1 has no ends.) 

The f i n i t e spatial extent of the pump can accomplish ref lect ive trapping 

through the effect of the purap on the decay wave wave numbers.12»*3 Treating 

the pL'nip as a square potential "wel l , " a rough estimate of the threshold for 

absolute ins tab i l i ty i s : 

I v / 1 ! > 1 , 

where r^ and r^ are the (unequal) well wall reflectivities, r is the spatial 
growth rate r = Y / v g r o u p , and L is the pump cone width as transited by the 
decay wave. For absolute instability the group velocities of the decay waves 
must be oppositely directed. The threshold condition reduces for our 
experiment to: 

2 
r . r / L ~ ^ e 2 * ^> 1. 

1 2 Scoiii 

This threshold is very close to the convective threshold and very similar in 

scaling. For lower hybrid waves at higher frequency i t is interesting to note 

that one of the reflections (nearly tangent) becomes strong and the other weak 

thereby reducing the convective threshold by a factor of two. Experimentally 

i t is often the case (when there are resonance cones) that the observed 
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thresholds are lower than convective estimates.** Further work, is required to 
resolve this issue. 

In summary, we have observed substantial harmonic generation associated 
with the use of an electrostatic antenna in the ion cyclotron frequency 
range. These harmonics have sufficient intensity to decay parametrically 
through both resonant and nonresonant channels. The decay wave amplitude 
scaling indicates absolute rather than convective instability. 
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FIGURE CAPTIONS 

Observations of Harmonic Generation 

(a) Experimental setup on ACT-I with electrostatic launchers. 

(b) Solid line harmonic ratios from sheath rect i f ica t ion. Points are 

amplitudes from the spectrum analyzer. 

Observations of Parametric Decay 

(a) Parametric decay spectrum showing driver pump (second harmonic), and 

resonant(2) and rtonresonant(l) decay products. 

(b) Decay product frequencies as a function of magnetic f ie ld 

intensity. Square points are calculated from uniform pump theory. 

Solid curves are based on data (x marks). 

(c) Decay product amplitude ratios vs antenna power. 
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