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Plasma Modification Associated with Parametric
Instabilities Driven by Intense Electromagnetic Waves

James T. Flick and Hans W. Hendel
Plasma Physics Laboratory, Princeton University
Princeton, New Jersey 08540

ABSTRACT

~

The isothermal (Te x Ti) parametric ion acoustic
decay instability, expected to causc modification of
the ionosphere upon irradiation by intense electro-
magnetic waves Wy € wpe, has been studied in detail
in laboratory Q-machine plasmas. The instability is

conclusively identified by wavelergth and frequency

measurements, over all parameter ranges (k>\de < 0.2;
wLF/wpi < 1). Other parameter: determined are
instability threshold and maxim m acoustic frequency
dependence upon density; instability bandwidths and
spatial profiles; electron and ion heating--all in
agreement with linear, homogeneous theory. Not in
agreement with theory are relations between LF, HF and
pump intensitcies.

Significant enhancement of the plasma RF resis-
tivity occurs when the HF instability field amplitude
becomes comparable.to or larger than the pump field

amplitud~. When this occurs, energy absorbed by the

plasma directly from the pump and i..directly from the




I. SUMMARY

The purpose of the experimental effort at Princeton
University is to study, in laboratory pPlasma, effects relating to
observations of enhanced absorgtion of electromagnetic waves in
the ionosphere. (A review paper on "Laboratory Parametri.c
Instability Experiments" has been published in Comments on

Plasma Physics, see Ref. 1.) The experiments were pz:-formed

in a Q-machine plasma, which has comparable ion and electron
temperatures, similar to the ionosphere.

Excitation of the parametric ion acoustic decay instability
occurs when an exciting RF electric field Eo(wo < wpe) exceeds
a threshold value in agreement with predictions from linear
theory. The instability spectrum consists of simultaneously ex-

cited high frequency (wHF = Dy = wLF) and low frequency (w

o LF

<< wFF) bands. The enhanced collision fre-

W T T
acoustic — "pi

quency (anomalous RF resistivity) was measured by cavity Q
determinations, and by extension of the cavity work to direct
probe measurements of instability and pump amplitudes. Cavity Q
measurements showed onset of anomalous resistivity, for vde/vthe
= 0.05 in good agreement with instability threshold predictions
from infinite homogeneous theory. (See Ref. 2, Phys. Rev.

Lett. 29, 634 (1972)). More recent measurements show strong
resistivity enhancement evolving after several instability growth

periods, the enhancement increasing strongly with pump electric

field. At higher pump intensities, (10 x threshold) significantly




greater than those reported in the previous cavity work, in-

stability satu -ation, <E2 > ¥ B &

inStHF 5 leads to saturation of the

anomalous resistivity.

Significant ion and electron heating (Phys. Rev. Lett. 31,
199 (1973), see Ref. 3) is observed, with intensities about
ten times threshold, maintaining Te/Ti ¥ 1, and severe ion Landau
damping of acoustic waves. The intense heating also leads to
reduction of the plasma density, due to changes in the axial

transport properties.
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II. INTRODUCTION

One of the primary physical mechanisms proposed for the ob-
served ionospheric modification by intense electromagnetic waves
has been excitation of parametric instabilities.4' However, di-
rect, conclusive identification of the specific heatirg mechanism
in the ionosphere is difficult due to its inaccessibility. For
this reason, laboratory programs have been set up to duplicate,
as completely as possible, conditions in the ionosphere. Since
one of the dominant characteristics of the ionospheric plasma is
the comparaole ion and electron temperature, which should cause
severe ion Landau damping of acoustic waves, identification of
the acoustic waves, and thus of the ion acoustic decay instability
under these ccnditions is essential. 1In addition, the instability
characteristics might be different from an instability where all
waves involved are weakly damped. For this reason, the Princeton
experimental program has been directed to the conclusive identi-
fication of the ion acoustic decay instability in 2n isothermal
plasma, and of its properties, in an attempt to model the
dominant characteristics of the ionospheric heating experiments.

Although work in this area is complicated by the severe ion
Landau damping of acoustic waves, our results identify the ion

acoustic decay instability, and demonstrate its strong effects on

plasma heating and modification, as pr:dicted. Due to the severe

ion damping, this instability has prcperties quite different from

the ion acoustic instability in a plasma with cool ions.




LELE, EXPERIMENT
Machine Parameters

The plasma device used is the Princeton "Q-1" machine
(Fig. 1). Summarizing the equilibrium conditions: The alkali
metal (K,Cs) 1 m long X 3 cm diameter plasma is produced at each
end by contact ionization of neutral atoms, and thermionic
emission of electrons from hot tungsten end plates (Ti o

e

X Tpl = 0.2 eV) oriented perpendicular to the axial confining mag-

netic field (wpe/wce < 3). Plasma production from each end is

balanced, so that no equilibrium ion or electron drifts are

present. Neutral collisions are negligible, since the neutral
pressure is cryogenically reduced below 10-7 ToTE .

Frequency and amplitude measurements are made with special
HF probes. Electron temperature measurements are performed with

Langnuir probes--when the RF perturbation effect on this measure-

ment is serious, a standing wave line is used to tune out the RF

potential. Ion temperacures are determined with probes that me=

chanically surpress the electron saturation current.b Wavelength
measuremeznts are made either with an axial probe (k; < 15 cm-l)
or with rotary double probes (k < 70 cm-l) and sensitive,

specially constructed HF and LF interferometer systems.



Parametric Instability

The ion acoustic parametric decay instability, described in
detail elsewheree, is summarized briefly below:
The presence of a large-amplitude electromagnetic, or
4 electrostatic (pump) wave in a plasma causes nonlinear (para-

metric) coupling between plasma normal modes--in this case, ion

acoustic and electron plasma waves. When the pump intensity &

is raised above a critical level, Eocz’ HT and LF bands of the

o

instability are parametrically excited, receiving energy from
the pump field, and obeying the well-known frequency (energy) and
wavenumber (momentum) conservation relations:

g ® @yp * Yyp

o

T<LF . T<HF

The effects of experimental conditions on the pump, HF, and

LF modes are discussed briefly:

Pump (w = w = wpe)

The RF pump field (~ wavelength = electromagnetic pump) is

applied axially with a cavity or capacitive ring structure

(Fig. 2). Due to the large ratio of the collisionless skin
depth, ¢/w [1 = (wpez/wz)], to plasma radius, a, perturbation
effects by the plasma on the RF field can be neglected. However,
the presence of plasma within a spatially localized axial RF

field leads to linear mode conversion of the driving field into

electrostatic waves. Significant coupling to axially propagating




electrostatic waves requires h'E S < (l/Ed|)(a/az)Eo“,7 (Fig. B0

Figure 4 shows the measured dispersion relation of these waves

i compared to theory for anm = n = 0, Gould-Triv=2lpicce wave

corrected for the experimental radial plasma profile. Thus

electrostatic, as well as electromagnetic excitation of the para-

metric instability must be considered.

HF Waves

Unstable HF waves (wHF X wo) are weakly damped electron

plasma waves (lower hybrid branch, 0.1 < w/wpe < 1l) in a strong

magnetic field, satisfying the Gould-Trivelpiece dispersion re-

lation, i.e., radial (n) and azimuthal (m) standing waves,

allowing only discrete values of kHF(Fig' 5). In the limit

m, n » «, the dispersion relation can be written:

2
w2 = w 2<El>
R \k

5 (2)

A number of significant points can be derived from this:

First, these waves are reflected as they propagate radially out

from the canter of the plasma column. When azimuthal effects are

2y 4 ,
W ; inclusion of

. 2
neglected, reflection occurs at ros wpe (rc)

azimuthal wavelengths reduces r. even more. Second, evaluation

of axial and radial damping lengths (of undriven HF waves) shows:



R
(3)
Imk \NE k £
J'::.E. kA <1
k wp kX, de
where Im k is the damped part cof a wave with wavenumber k, and,

if k” >k, Tk, (Imk) = ve/wR) =107, Hence, the waves are

weakly spatially Jdamped, showing that k; can have only discrete

values under most experimental conditions, even when kga >> L,

The condition for axial standing waves, however, is well-satis-

fied only for densities below = 109 cm—3 Since the HF waves are

radial and azimuthal standing waves (no convective losses), homo-

geneous instability theory should apply.
LLF Modes

Parametrically excited LF modes are ion acoustic waves in an

unmagnetized plasma, (wci << Wep < wpi' Pri < a). Due to the

comparable ion and electron temperatures, these waves are

severely ion Landau damped; in the notation of Fried and Gould,8

the collisionless dispersion relation becomes in the long wave-

length limit (%Ay < 1):

27.
' - i
Z (w/kvthi) = 5 (4)
e
where Z is the plasma dispersion function. For Te = Ti' the
3
least damped root is:
1/2
wp = 2.0 k(p/m)/
(5)

. - T T




This result compares favorably with collisional fluid

theory:

wpp = k(T + 31, /2 2 ok (r/my /2 o

The low frequency acoustic waves are thus severely Landau
damped, as expected, and are virtually unaffected by magnetic

fields, or radial density gradients.9

IV. EXPERIMENTAL RESULTS
Identification: Wavelength and Frequency Measurements

Identification of the ion acoustic parametric decay insta-
bility in a plasma with Lo P o is achieved by wavelength and
frequency measurenents. The expected frequency conservation re-
lations are shown, for various pump powers, in Fig. 6. Note that 1

although the HF and LF spectra are broad Aw = /2, the HF

“LF
(electron plasma wave) spectrum is a mirror image of the LF (ion

acoustic) spectrum, as expected from theory.

Typical acoustic wavelength measurements are shown in Pig. 7,
demonstrating spatial coherence over at least three complete
wavelengths. These results were obtained with a double rotary

probe with 2 mm spacing, and a narrow bandwidth interferometer, )

permitting measurements of wavelength of a fraction of a milli-

meter. ‘The coherence is unexpected, since the acoustic waves
are severely Landau damped. A simple physical explanation

follows: Since the HF modes are radial and azimuthal standing




[POS— 3

waves, k is fixed by boundary conditions. 1In addition,

im,n
since wyp T w, >> Wipr Yyp is also fixed to a very good approxi-
mation (Fig. 5) for each value of m,n. Finally, since all HF
modes have discrete wavelengths, RLF = ic - EHF must also be
coherent to satisfy momentum conservation. We note that this
effect has made acoustic wavelength measurements possible. 1In
isothermal plasmas where kHF is not fixed, acoustic wavelength
measurements would be extremely difficult.

The parametrically excited acou: tic dispersion relation de-
termined from these measurements is shown in Fig. 8, giving
wLF:=kLF Cg where Cg=1(2.3+0.6) x 105 cm/sec, in good agreement

with expectations. Also indicated are the wavelength matching

conditions: IkHFI x IkLF" k, ®* 0. Note that w . < w_./2,

LF — “pi
h'kde < +.2. The second condition is expected from theoretical
considerations, since kAde > 0.2 causes strcng electron Landau

damping of HF electron plasma waves.
Spatial Profile

Another interesting consequence of the severe LF damping can
be seen in the instability radial profiles (Fig. 9). First the
HF wave decays spatially in the radial direction due to the cut-
off at rc(w/wpe). As w/wpe 1s increased, rc decreases as
expected. 1In addition, the LF acoustic decay wave follows pre-
cisely the decay of the HF wave, in agreement with expectations
for a wave that damps in approximately one wavelength when not

parametrically driven by the pump and HF wave.




Density Dependence

The effects of density variation upon instability threshold

ECOZ and maximum instability frequency downshift wpp are shown

in Figs. 10 and 1l. As expected, E, 21 n:‘)/2 L 208

- , (Fig. 10)

giving good agreement with the homogeneous theorv over a wide
range of densities. Threshold dependence upon acoustic damping
can be neglecteu, since viLD/wLF ~ constant, independent of
density. Agreement of theoretical and experimental thresholds
for a single density has been reported previously.2 Maximum
instability frequency shift from the pump frequency is shown to
be W p 2 wpi (Fig. 11), as expected for the single decay insta-
bility, ruling out multiple-decay type processes that lead to

- > . @
Gpgy OF B, = Uy > Spi

Acoustic Instability Regimes-Dependence Upon M/wpe

General instability regimes are outlined in Fig. 12. Modes
identified as ion acoustic decay instabilities can be separated
into two main areas; one where all HF wavelengths are strongly
affccted by transverse boundary conditions (m,n = 0), and one
where m,n >> 0, i.e., HF boundary effects can be neglected. When
w/wpe ~ 1, k; > k,;, boundary conditions are important, and small
changes in HF decay mode numbers cause large changes in Xk (see

also Fig. 5). Since the acoustic dispersion relation wLF==kcS

indicates that a large change in k causes equally large changes
in W pe this effect leads to well-separated instability peaks,

one for each HF mode excited. Another acoustic regime exists for

10




w/wpe < 0.4, as shown in Fig. 12. Here for the same acoustic fre-
quency, HF radial and azimuthal mode numbers become much larger,
since kj/k,; = w/wpe < 1. Now the effect of HF boundary conditions

can be neglected, allowing the instability to choose the most un-

stable wavelength, in contrast to the previous case where only
discrete wavelengths are allowed. 1In addition, in this regime,
ko << kinst’ so instability excitation is essentially electro-
nagnetic. As shown in Fig. 13, the maximum threshold freguency
downshift (or acoustic frequency) is wrp * wpi/S over a wide
range of densities, with comparable instability bandwidth. At
higher pump powers, the range of unstable frequencies increases
to approximately wpi/Z, in agreement with other results. One
urprising point is that even though Wrp € Vair only frequencies
jownshifted from the pump are observed, whereas linear parametric
1nstability theory predicts comparakle down-and up-shifted peaks
for the experimental conditions. The three-wave decay model 1is
thus applicable to the experiment over a wider range of experi-
mental parameters than the theory would suggest.

This regime (kO = 0-the "electromagnetic instability") is of
particular interest, since it most closely approximates con--
ditions of the ion acoustic decay instability in a uniform,
infinite isothermal plasma, like the ionosphere. One should
note, however, that the pump field has a significant component

transverse to the confining magnetic field. The instability also

propagates transversely, so one might expect the effect of radial




density inhcmogeneity to be important. Since the HF waves are

transverse standing waves radial convect.ve effects can be
neglected. In addition, as Fig. 9 shows, the instablility fre=
quency is essentially independent of radial position, supporting
the fact that all radial inhomogeneity effects can be neglected,

ensuring applicability to ionospheric plasma.
Instability Growth and Saturation, Pump Depletion

An area of considerable interest is the time evolution of
the ion acoustic decay instability, and its final saturated state.
For example, if relations between LF, HF instability, and pump
intensities are known, one can easily determine ion, and electron
heating rates, pump depletion, and enhancement of RF heating
efficiency, often described in the literature as anomalous RF
resistivity. Some of the results of work in this area are de-
scribed in Ref. 2. More recent work is presented in detail,
covering instability grow:h, saturation, and power balance.

Growth Measurements

Discussing first instability growth, we note that due to
the small amplitudes of acoustic waves, LF growth measurements
are very difficult. At the high frequency, the large pump ampli-
tude interferes, but can be tuned out with a homodyne technique,
with a severe loss in sensitivity. Results are shown in Fig.
14 (a) demonstrating growth and decay of the acoustic LF insta-

bility; just akove threshold; as expected, instability growth

12




occurs with a rate vy = w ®* w_., and decay v. *
1

LF pi consistent

L
with the picture of severely ion Landau damped acoustic waves.
Note that initially the instability is coherent. After approx-
imately 10-20 acoustic periods (Fig. 14(b)), the instability
becomes incoherent, consistent with steady-state spectral bser-

vations.

Steady-State Measurements

In comparison, steady-state amplitude measurements can be
easily performed, due to the greatly increased sensitivity of the
equipment. LF and HF pump intensity measurements show that the

LF/4F intensity ratio 1s constant (= lO-3

, Fig. 15), independent
5f pump intensity from threshold well into instability saturation,
in disagreement with expectations from linear theory. Thus,

the relative significance of LF and HF field intensities are
virtually unaffected even by saturation effects, i.e., low fre-
uency instability intensities always remain small in comparison
to HF intensities. Having established the relation between HF
.nd LF intensities, one need only determine the dependence of
instability intensity upon pump intensity to evaluate completely
‘he relationship between pump and instability (Fig. 16). Near
threshold, the instability intensity increases strongly with
pump intensity in agreement with the theory (E?nst a(l/y)) of

. 10
parametric enhancement cf HF and LF thermal fluctuations. Sat-

uration (not present in linear theory) occurs when instability

: L ! 2 2 .
and p'mp intensities are comparable, with <Einst> o Eo g 1 Exiist
ing saturation theorlesll-14 do not account for this dependence.




Power Balance

The significance of these results with respect to pump
depletion and total power absorption is shown in Tig. 17(a).
Below threshold, (or, equivalently, before instability growth),
Pabsanz’ as expected, since classical RF electron heating of
the plasma is the dominant loss mechanisr under these conditions.
Increasing P bs @bove threshold leads to instebility onset and
pump depletion (consistent with the measured relation between
pump and instability intensity). Fig. 17(b) shows that
Pabsoc(Eo2 + EinstHF)’ i.e., that the dominant loss mechanism is
still (classical) RF heating of electrors, but that now a sig=-
nificant portion of the heating is done by the instability,

Relating this enhancement to conditions Just below threshold we

introduce the well-known concept of anomalous resistivity

2
L " fEinstHF}
\)e ve 1 +———2-—— (7)
E
o

*
and evaluation of e only requires knowledge of the relation

between instability and pump intensity-previously determined in
Fig. 16. Thus the direct consequence of instability saturation
is to limit the maximum anomalous RF resistivity (Fig. 18).

*
Note that for the experimental conditions Vi Ay = g,

max’ e

The significance of this result to ionospheric plasma modi-
fication experiments is: (1) the parametric ion acousti.: decay

instability in an isothermal plasma causes a large increase in

1k

S 1 ool R Ry o e e



total power absorption due to the presentation of a more resis-

tive load to the incident RF heating power (reducing reflected
power), and (2) the resistive enhancement is limited, due to
instability saturation. The second result is in contrast to

earlier cavity work,“ where pump intensities were not sufficient

to cause instability saturation.

Ion and Electron Heating

Ion Heating (See Ref. 3)

The significant results of this work are measurements of
intense ion heating comparable to the electron heating, pro-
portional to the energy dersity of the parametric ion acoustic
decav instability, and the conclusive relation of this stochastic
ion heating to the fluctuating electric fields of the ion-
acoustic component of the decay instability. Ion-temperature
vise times T, are longer, but of the order of the instability
growth times (l/wpi < 1l/y < Ty << l/wci) and many orders of mag-
nitude shorter than electron-ion collisional relaxation times,
indicating that ion heating by the ion-acoustic decay instability
is the only mechanism which can account for the observations.

Ion heating rates agree reasonably well with computer simulations
and with a simple theory.

Electron Heating

Electron temperature rise is due to classical RF heating by

pump and HF instability field intensities, since essentially all

L,

P




of the applied power absorbed by the plasma goes into heating of
electrons. However, under all experimental conditions, electron
thermal conductivity is very high; in addition, the Q-machine
endplates act as infinite electron heat sinks, effectively
preventing any significant increase in plasma electron temper-
ature, maintaining Te/Ti ¥ 1. In a plasma where electron heat
loss can be ne¢glected, RF heating causes a rapid rise in Te/Ti’

causing significant reduction in acoustic Landau damping,

16




V. CONCLUSIONS

Review

The ion acoustic parametric decay instability has been con-

clusively identified in a plasma with Ti 3 Te' by wavelength and

frequency me.surements. Thresho! density drfpendence, insta-

bility intensity dependence upon pump intensity near threshold,

HF and LF spectra, instability growth rates and bandwidths (Aw

z wLF/Q 2 v'LD) are all in good agreement with coherent, homo-

1

geneous theory.

Other measurements appear not to be in agreement with linear
theory. First, the LF/KF intensity ratio is constant, over a

wide range of pump intensities. Second, instability saturation

. 2 2 2 2
. . , £ :
occurs with <Ey . ..> o E " when <E{ _ ..> % E_

Absorbed power measurements show that

B . 2
= Paps ° ve[<EinstHF

(ptot.abs.

electron heating by the HF fields as the dominant energy loss.

Ion heating, by comparison, can be neglected, since
2 2 3

> /<E., » E£<€ § .
EinstLF / ElnstHF 1 Other measurements show that the

*
anomalous PF resistivity, and thus the absorption, v
2

% _ 5
(a2 ve[l i <EinstHF /Eo

the classical value.

/plasma vol.)

> + E02]; consistent wich the picture of RF

2], can be an order of magnitude above

e T —




Significance to Ionospheric Program

What significant points can be derived from the results re-
garding the ionospher.c heating? First, the isothermal para-
metric ion acoustic decay instability is very effective in
enhancing absorbtion (as well as causing pump depletion) of
incident RF waves, leading to more efficient heating than in the
absence of the instability. Due to the broad bandwidth of the

instability snectra, in contrast to the case where Ti £ B

observations show *+hat the instability does not excite new para-
metric acoustic decay instabilities (i.e., cascading), even for
EO/EOc * 20. Hence the anomalous absorbtic: 1s due only to the
HF field of one instability. This means, that with instability
saturation, anomalous resistivity (per unit volume) also
saturates. The saturated value is quite la-ge: = 10 v.. Second,
most of the absorbed energy is deposited in the electrons, even
though acoustic waves are severely ion Landau damped. Third, if
heating pulses are long enough for instability saturation,

TR fpi_l’ electron heating rates for a given pump intensity are
increased ~ 10 x over classical levels, due to anomalous resis-
tivity (more efficient power absorbtion). Likewise, ion heating
rates are also increased substantially on the T time scale by

the factor wLF/v. 1 (sinzce AwL ), due to stochastic ion

icol F = YLF

heating by the random acoustic fields of the parametric ion

acoustic decay instability. Fourth, observed density reduction




due to plasma heating may have little relevance to the iono-

sphere, where the plasma is weakly ionized.
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Fig. 1. General machine configuration,

showing typical plasma parameters.
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Fig. 2. Pump field configuration: (a) Capacitive
ring structure, (b) RF cavity. Perturbkation effects due
to plasma can be neglected, since the collisionless skin

2
depth c/w [1 = (w/wpe)“] >> dplasma”
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' F?g. 3. Direct (linear mode) conversion of pump
field intom = n = 0 electrostatic Gould Trivelpiece
plasma waves E*, due to axial field gradients. Compar-

ison is made to a simple theory: = (z) = [Eg/1 + (z/a)2]
> B (k“a) Ee'kllo‘. e i

ELECTROSTATIC PUMP DISPERSION RELATION

l. T T i 1 I '
+4 hd

Theory: m=0, n=0 mode T
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radial density profile
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Fig. 4. Dispersion relation of converted pump
field, showing good agreement with theory for an
m = n = 0 Gould-Trivelpiece (lower hybrid branch

-wpe/wec < 1) plasma wave, corrected for radial den-
sigy profile.
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Fig. 5. General plasma wave dispersion relation,
showing effects due to different mode numbers. 1In the
limit m,n-« this reduces to the infinite plagma case,

w2 = wde(k; /k)2when kige < 1. n =100 em™3, a = 1.5 cm,
b = 7.? cm, T, = 0.2 eV.
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Fig. 6. Typical instability spectrum, showing
detailed frequency matching, as expected from theory,
w/wpe = 0.3, n = 1019, B = 2 KG, Te = Tj/2 = 0.2 eV.
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Typical acoustic wavelength measurement,
wLF/Aw = 3(Af =

HF wavelength measurements,
conservation (ko = 0; kyp = -kyp)

B=2KG Tg » T{/2 = 0.2 eV.

showing
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Ti/2 = 0.2 eV.
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Fig. 8. Normalized acoustic LF dispersion relation.
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Fig. 9. Instability radial profiles, showing cutoff
dependence upon w/wpe, in agreement with theory.
Normalized LF, HF profiles are plotted together, since
they are nearly equal. (a) frp = 100 kHz, w/wpe = 0.25;
(b) fyrp = 1.1 MHz, w/wp = 0.46; (c) frp = 1.5 MHz,

w/wpe = 0.8; (d) frp =22 MHz, w/wg = 0.92. n = 1010,

B = 2 KG. Dotted lines indicate gheoretical radial cutoff.
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Fig. 10. Density dependence of instability threshold,
showing good agreement with theory. kg << Kjpgt: m/wpe
= 0.4, B = 2 KG.
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' Fig. 11. Maximum acoustic frequency (equivalent HF
instability downshift from pump frequency) vs density,

showing density dependence.
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Fig. 12. Overall view of ion acoustic decay
instability regimes.
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(b) Steady-state behavior of LI portion of instability (sin-
gle trace only) showing incoherence.
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13. Density dependence of "electromagnetic" i
ion acoustic decay instability. Vo > Wpps
0.1, w/wge = 0.4, B =2 KG. Tg = Tj/2 = 0.26V.
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3 MHz, Y * 3 MHz; vLp/wyF

1010, B = 2 KG.
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Temporal growth and decay of LF portion

of instability, averaged over many pulses to show coherence -
f
LE
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Fig. 15. Relations between time-averaged, steady-state
LF and HF instability intensities, showing direct proportion-

ality. frp = 700 KHz, w/wpe = 0.3, n = 1019, B = 2 KG,
e = Ti/2-0.2 ev.
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Fig. 16. Dependence of instability intensity upon

pump intensity. (a) Steady-state, showing growth out of
critical fluctuations, and saturation. (Note definition
of threshold as onset of saturation.) £ 2.6 MHz,

w/wpe = 0.8, n 8 x 102, B = 2 KG, (b) Pulsed, just af-

ter instability saturation, but before equilibrium changes.
2 MHz, w/wpe = 0.7, n

fLr = 1010, B = 2 KG.
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Fig. 17. Typical steady-state absorbed power
measurements, showing relations between Pipbs+r pump

and instability; Papg and total HF field; P,pg and
density. (Note pump depletion and anomalous -ab-
sorbtion due to instability, indicated by shading.)
f1F ~ 3 MHz, w/wy, = 0.8, n = 1010, B = 2 KG,

Te ~ Ti/2 = 0.2 BY.
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Fig. 18. Dependence of measuregd anomalous
resistivity enhancement upon pump, showing sat-

uration. Reduction in v /Ve at high pump levels
is related to severe equilibrium changes.
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