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A Survey of Experiments on Parametric * 
Instabilities and Anomalous Absorption 

Miklos Porkolab 
Plasma Physics Laboratory, Princeton University, 

Princeton, New Jersey 08540 

ABSTRACT 

In rf heating experiments the possibility 

of p·arametric instabilities must be recognized. 

'J'he experimental evidence for the occurrence of 

parametric instabilities and associated anomalous 

absorption and/or heating will be surveyed. The 

experiments performed in the past few years can 

be divided according to geometry as follows: 

(1) Excitation by grids (including probes and 

capacitor plates). (2) Cavity excitation. 

(3) Microwave irradiation from waveguides. 

The advantages and disadvantages of these 

techniques will be compared by discussing 

specific laboratory experiments. The evidence 

of anomalous absorptio.n and heating, as being due 

to parametric instabilities, will be discussed. 

Presented at International School of Plasma Physics, 
"Symposium on Plasma Heating and Injection," Varenna, Italy, 
Septembe'r 21 to October 4, 1972. 
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l ~ . INTRODUCTION . 

In this lecture we shall attempt to summarize the status of 

experimental work on parametric instabilities and anomalous 

absorption associated with such instabilities. Because of the 

vast growth of this subject, we will give only a rather 

rudimentary survey and concentrate on the most recent work. In 

particular, we shall not cover here the extensive research that 

has been done on.mode-mode coupling. ·Rather, an attempt will be 

made to concentrate_on .those experiments where (i) the "pump" 
. . . . . 

is essentially an "electromagnetic" wave;. i.e., its wavelength 

is.much longer than that of the decay waves. (ii) The purpose 

of study is directed toward the possibility of anomalous absorp~ 

tion and/or heating. This work can best be surveyed either 

from the point of view of the geometry of the experimental setup, 

or from a distinction based on the modes involved in the insta-

bilities. We shall employ a bit of both classifications here, as 

well as a historical approach. 

2. DISCUSSION OF EXPERIMENTS 

In Table I we attempted to make a survey of some of the 

experimental results in the last three years. Some of the work 

listed here has either not been published yet, or has been 

published only very recently. Hence, our understanding of the 

results of these experiments could be rather poor.and we assume 

responsibility for any mis-quotations. 
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In the first column of Table I we list the experimental 

geometries and in the second column the authors of the experi-

ments are listed. Then we classify their experiments according 

to the direction of the electric field relative to the de magnetic 

field, and then the main results of the experiments are listed. 

In particular, the important questions concern the measurements 

of the thresholds, the spectrum, the pump frequencies,, the decay 

waves, and whether anomalous absorption and heating have been 

observed. 

One of the first experi~ents to demonstrate anomalous 

absorption.was that done by Gekker arid Sizukhin. 1 The .experimentai 

setup is. shown in Fig. 1. Plasma was injected into a circular 

waveguide from one end, and high power microwave energy was 

injected from the other end, with frequency w < w pe It was 

found that, while at low powers most of the energy was reflected, 

above some threshold the reflection was greatly reduced (see 

figure of reflection coefficient) . It was concluded that 

11 anomalous 11 absorption occurred. The threshold v 0 /v th .~ 0 •. 1 

observed was approximately an order of magnitude larger than that 

predicted by theory. In addition, a time variation of the absorp

tion coefficient was observed. In this experiment no detailed 

measurement of spectrum, local electric field, etc •. was made. 

Similar experiments were performed also by Batanov, et al., 213 

and Sergeichev, et al., 5 who placed.the waveguide in a de magnetic 

field. These authors measured strong heating; i.e., the appear-

ance of energetic particles, at time scales orders of magnitude 

faster than that accountable by ordinary collisional absorption. 
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we should also mention the results of Demirkhanov, et al., who 

observed parametric instability and'.,heating d'tie to a modulated 

4 current in the plasma. 
. 6 . . 

Eubank later performed a series of experiments in which 

x-b~nd microwave power was beamed ontp a magnetically confined 

plasma column. The setup is shown in Fig. 2. He found that as 

·the reflection was reduced, decay spectrum appeared in the plasma, 

as shown in Fig. 3. At the same time a diamagnetic loop placed 

around the plasma column showed increase in the perpendicular 

energy content of the plasma. A gridded probe at the end of the .. 

device showed parallel energy increases by 10 - 15 eV. After 

changing polarization, roughly·comparable resuTts.were found both· 

for the ordinary and the extraordinary modes. The thresholds, 
. . . . 

which were an order of magnitude too high, were attributed to 

density gradient effects. However; the micrOWjiVe wavelength was 
. . 

comparable with the· plasma size· in th:ls experiment, which causes · 

problems in·interpreting·thresholds. Furthermore, additional 

ionizatiori due to the x-band microwave power made more detailed 

coricltisions difficult. 

·A number of authors used ca vi ties· for exciting parametric 

instabilities and for studying anomalous ab~orption. The experi

mental setup of Dreicer, et al. 7 is shown in Fig. l(b). In a 

12 similar setup, typical results obtained by Chu and Hendel are 

shown in Figs. 4 and 5. These figures show instability onset as 

deduced from the cavity Q measurements (where P b = P. - P f = a s inc re 
2. . 2 

cE /Q and E = Ptrans/c). By monitoring the reflected and trans-

mitted power, it is possible to determine the "lossiness" of the 

L 
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ca vi t:·y ·and hence the onse:t of instability. .Figure 4 shows: the 

increase of plasma· rf ·r~sistivity, i.J.'.lcrease. of "temperature" as 

dete.rmined from conductivity ·measurements, and growth. of 'nc)ise 

spectrum· (pic~ed up by a probe from within .the cavity). In .F.ig •. 5 

the electric field is plo.tted as a funstion of absorbed ·power.· 
4· 

It is found that in the unstable regime Pabs.cx E, and hence in 
. 2 

the high frequency resistivity, v is found. to be v ex E • This · 

relation~hip ·is found to agree with the·.th~oretical predictions 

of Oberman and Valeo, and Dubois and Goldman. 

10 .. The· experiments of Chang and Porkolab, and Stencel and 

~orig11 .have·. been performed in a "grid" .georne-ery·, !.~., Lhe i:f 

: :fields are applied between grids immersed in the plasma, or 

·· .between a long wire probe and the ··~etal chamber wall. This geo

metry allows probing.of the·pl~sma with rf probes which can be·· 

moved in various directions in the ~egion of· decay. Thus, .the 

wave numbers can be ·aetermined quantitatively and hence the waves 

identified. For a definite identification of the decay procesEes,. 

this was found to be a crucial measurement in a number.of recent 

expe~·iments. 13 ' 14 In addi ~iori, with special. rf probes. the local 

e.iectric fields ca:n. be measured; and· hence the· threshold ·fields 

and. growth rates .can also .be llleasured~ 

· From . the. work. of Chang and Porkolab in Fig. 6 we show some . 

. wavelength measurements of Bernstein waves. lO · .More recently, 
. · .. ·., . ' . . 13.· . .· . . . . . 
. Gi:'ek·· and .Porkolab . have obtained :further results in· the parametric · 

.decay ·of .. the extraordinar.Y mode into Bernstein waves and ion 

a:·coustic ·waves arid/or lower hybrid waves. In these ·experiment.s 
. . . . . ,. 

"the·· pump· field has been. applied. in the ·accessible regime either 
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near the upper hybrid frequency '()r the s~'cond harmonic of the 

cyclotron t'i:··eq.uency. At the same· time, intense heating of the 

plasma was observed, together with anomalous absorption of the 

applied rf fi'elds. we believe these results might explain the 
' . . . ··. 15 

recently observed strong rf heating in the TM-3 Tokamak. 

Finally, let us discuss briefly some experiments by Porkolab 

14 .and Arunasalam, (see Fig. 7) in which a study has been made of 

plasma produced by a·slow wave structure (such as has b~en used 

first by Lisitano and coworkers)~ 16 It is found that strong 

parametric decay occurs at frequencies such that w < w The ce 
instability is due to the decay of either a long wavelength elec-

tron plasma wave (at low densities), or a whistler wave (at high 

d · · · t · .. · · n >· 2 x 1012 cm- 3-). ensi ies, i.e., 
0 

The electron plasma wave 

de~~ys into a similar short wavelength wave, and an ion acoustic 

wave. The.whistler may decay into. either an electron plasma wave 

· and an· ion ·acoustic wave, or into. a second whistler wave: and:- an 

ion a~oustic ·wave. 17 ' 18 The· wave mimbers have. ·been.' measu:r:ed· wi-th· 

interferometry, and the decay processes.were identified. Using· a 
. . 

second coil~ additional heating has also been measured. Utilizing 

a fast· rise time·, 6 kW S-band rf source, with pulse lengths from 

0.4 to IO µsec, anomalous heating of both electrons· and ions is 

observed. The distribution functio~s of both electrons and ions· 

have been measured. Approximately 10%·of both species are heated 

by. one to. two orders. of magnitude .above the .cold plasma tempera

ture,· in times of the order of a microsecond. Nearly complete· · 

abso.rptioh of the applied· r·f ·power: is· obs'erved. We shall show 

several slides demo'nstratirig anom:ai'ous heating processes in these 

... ·/· 
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experiments. We should also mention that a good nonresonant 

plasma source can be made by injecting rf from a waveguide at an 

-+ 
angle to the B-field at frequencies below the electron cyclotron 

frequency. Again, parametric instability is observed to be 

'bl f h 1 d . 14 responsi e or sue p asma pro uction . 

3. DISCUSSION OF THE RESULTS 

Let us now summarize some of the results presented in ·this 

lecture. In Table II we iist some of the waves which have been 

observed to decay parametri.cally·. We see that essentially all 

the electromagnetic modes with frequencies above the ion plasma 

frequency may _be used for parametric heating of a plasma. ·waves 

with frequencies·near the lower hybrid19120 and below may ~lso 

produce similar phenomena, although the situation here is more 

complicated (i.e., mode-mode coupling, cross-field currents, etc., 

make the understanding of these experiments more difficult). In 

Fig. 8 (.a-f.ter .. ·Ref. 17) we show how some of these results may be 

applied to heat toroidal devices, such as tokamaks. Note that ·the 

shaded triangle, which is inaccessible for the extraordin.ary mode, 

is accessible for whistler waves and electron.plasma waves. 

In summary, it is clear from Table I that not any one 

geometry has proved the best to verify all asp~cts of parametric 

instabilities. In particular, the waveguide experiments offered 

some of the first evidence of anomalous absorption (and/or reduced 

reflection). The advantage of this geometry is the possibility 

of ~sing large powers for heating, wav~length~ less than the 

• 
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density gradient scale length, and 'd.irect applicability to high 

frequendy heating 0£ fusiori plasmas, ionospheric experiments, 8 

and laser f~~ion piojects. 

The cavity experiments have the advantage of controlled 

electric field geometry, as long as one. is. riear threshold so that 

pump depletion is not significant. Thus this geometry proved 

useful for a quantitative measurement of the anomalous resistivity 

in the regime of weak turbulence. The disadvantage of this sys

tem is the difficulty with which the plasma can be probed in the 

regfon of interaction (i.e., wavelength measurements have not 

been possib~e and local electric field measurements are difficult). 

The grid system is highly versatile in that probing of the 

plasma region is easy, thus wavelength measurements can be done 

readily. Although the control of electric field pattern is more 

difficult, in some cases it has been measured by double probes. 

Thus, this geometry offers the possibility·of local measurement 

of pump depletion. Perhaps the main disadvantage of this system 

is that the grids are in contact with the plasma, and thus in the 

case of long wavelength waves reflections may occur. Hence, care 
.. -···· ,· 

must be exercised in determining thresholds. The slow-wave. 

structures and capacitor-type arrarigements offer possibilities of 

exciting iriteresting "body" waves, such as whistl~rs, electron 

plasma waves, etc. They may also provide some practical geometries 

to heat fusion plasmas to high temperatures.· More work remains 

to be done to optimize such coil structures. 

( 
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Thus, in conclusion we may state that parametric instabilities 

occur in almost any configuration in the presence of medium 

strength (or strong) high frequency· field in a plasma. In 

particular, the thresholds of such instabilities correspond to 

rf drift velocities of a few percent of the electron thermal 

velocity in most experiments.. The anomalous absorption and/or 

heating of plasmas has also been observed in a number of cases, 

and in many cases the simultaneous presence of a pararnetricinsta-

bility and/or decay spectrum has also been observed. In some 

cases weak turbulence theory has been successful to explain 

saturation. 

It must be pointed out, however, that a number of questions 

remain, some of which include the following: (a) Different satu-

ration mechanisms may occur for different modes and these will 

have to be studied. (b) The nature of heating must be further 

studied, i.e., an important question is what part of the distribu-

tion function is heated under different circumstances. (c) The 

mechanisms of ion heating must be dealt with~ (d) · Saturation 

in strong fields, i.e., Vd/Vte > 1 remains to be studied. 

(e) The question of "anomalous ... reflection, i.e., Raman back-. 
' . 

scatter, ·etc., and the effect of density gradients, will have to 

be studied. Thus, in the nexi fe~ years we may expect intensive 

work in many laboratories to answer some of these questions. 

This work was supported by u. s. Atomic Energy Conunission 

Contract AT(ll-1)-3073. 
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Fig. 1. (a) Experimental setup of Gekker and Sizukhin. 
(b) Typical arrangement of cavity measurements of anomalous 
absorption (~fter· Dreicer et ~l.). 
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Fig. 3. Typical experimental results of Eubank. (a) Reflec
tion coefficient for incident microwave power, for w < w and 
w > w . (b) Observed oscillation spectrum in argon wi€fi 6000 W 
· 'dpet f 1nc1 en r power. 
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Fig. 4. Re~ults of the cavity 
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Fig. 5. Measurements of the cavity Q of 
Chu and Hendel. 
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Fig. 6. Decay spectrum and wavelength measurements in the 
experiments of Chang and Porkolab. (a) Spectrum of the ion 
acoustic waves (above threshold). (b) Spectrum of the high
frequency waves. w /2rr = 148 MHz,w 0/wce = 2.41 (above threshold). 
The arrow showsthec1'ump frequency and its location in the disper
sion curve. (c) Dispersion curve of cyclotron harmonic waves. 
The shaded regions show regions where parametric instability has 
been observed. Interferometer traces of waves abov~1threshold •. 
(d) Ion acoustic wave, wA/2rr = 3.2 MHz, ki ~ 20 cm (at r ~ 

1.5 cm); (e) lower side band, wL/2~ = 354.8 MHz, k i ~ 18 cm- 1, 
kir ~ 2.2; (f) upper side band, wu/2rr = 361.2 MHz, k 1 ~ 21 cm-1 , 
kircc ~ 2.5. 

ce 

• 



' AXIAL RF 
PROBES 

~ 

6 kW PULSE 

u2.5 GHz 
TUNING 
STUBS' 

t 

-19-

RF 

I kW S-BAND 
TO HELICAL 

SLOW WAVE COIL 

t 

L8J [8J L8J f2J 1 L8J ~ 
ENERGY ANALYZER/ / t l 

PUMP 
45• WAVEGUIDE Bmm INTERF. PUMP 

L-3 DEVICE 

723394 

Fig. 7. Setup for the parametric 
decay of whistler waves in the experiments 
of Porkolab and Arunasalam. 
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Fig. 8. Accessibility for the extraordinary mode in a torus. 
An approximate sketch of accessibility for the extraordinary mode 
of propagation in a toroidal devi ce. n is the assumed plasma 
density as a function of radius, EP refgr to electron plasma waves 
(shown by crosses) and CHW refer to cyclotron harmonic waves 
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