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ABSTRACT N

'Experimental studies of plasma heating due to

microwave irradiation of the magnetically confined

plasma column in the Princeton L-3 device is presented.
X-band (10.4 GHz) microwave power, both in the ordinary
'énd the extraordinary modes of propagation, is used in
these experiments. Plasma heating is observed to occur
simultaneously with the occurance of parametric decay
insfabilities. The mode structure of the pump wave and
the decay ion wave dispersion has been measured with

high frequency probes. Detailed measurements of electron
heating rates are presented and compared with collisional
heating rates., In addition, production of suprathermal
‘electrons And ions is also observed and measured. A
comparison is made with recent lasef—pellet‘intéraction

N
‘experiments. \
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I. INTRODUCTION

Because of possible applications to laser pellet inter-
action and rf heatiﬁg of magnetically confined plasmas, tﬂe
study of parametrié instabilities and associated piasma Heat—
ing is of considerable importance([l,2].To present dateAmdst
‘ experimental studies of parametric instabilities and plasma
heating have been performed in uniform plasmas. However,fit
has heen shown 1n a number of theoretical papera thal inhomn-
geneities of density, temperature, or magnetic field may
considerably modifY'the nature of these instabilities, and
consequently the assoc1ated plasma heat1ng[3] Therefore 1t
is of interest to perform experlments in 1nhomogeneous plasmas
to test the validitY‘of these theories, and to determine what
type of plasma heating one may obtain. This requires eithar
-sufficiently high temperatures and/or sufficiently collisian-
less plasmas, and electromagnetic waves incident onto an iHhomo-
geneous plasma from the outside. Ih‘order to study some of
these effects, we set up an experiment in the Princeton L-3
device where a fast rise time (50 nano-sec) X-band (fo.ﬁ 10.4 GHz;
Ao = 2.9 cm) collimated microwave beam (approxifiately 3.5 x 3.5 cm
illumination area) was radiated onto the magnetically confiaed
plasma column. Depending upon the polarization of the inéident
“electric field two ﬁades of opératidn were used: (a) The ordinary
("o™) mode of propaéation (E Hﬁ where B is the external dc
magnetic field):; (b) The extra- ordlnary mode of propagatlon
("EO", where E lB) ..In the O mode of propagatlon decay into
electron plasma waves (Bohm and Gross.or Langmuir waves) aad

ion acoustic waves is expected to occur([2,4].In the case of .
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EO mode decay into upper hybrid.(Bernstein) and lower hybrid

or ion acoustic waves is expected to occur([2,5].In particular,

pe e pi

have for the most unstable mode, w = pi/4, Wes << w (where

) 1is the electron (ion) plasma frequency,  and Qe(Qi)

since in the present experiments w 220 , w_. = lOOQi, we
w

wpe(wpi
"is the electron (ion) cyclotron frequency). The plasma diameter
has been varied between 5 and 10 cm so that Ao < d. The density
gradient scale length is typically. H = 1 to 3 cm, so that
Ay = H,- and the most unstable wavelength is of the order of
A =10.1 cm so that A/H << 1. Under these conditions we expect
that in the ordinary mode of propagation the magnetic field
effects can bé ignored, and that for a large range of acoﬁstic
frequencies and wave-numbers (i.e., W. 4 < w) the WKB approxi-
mation should hold when density gradient effects are included in
the growth rate calculations[3].0n the other hand, WKB.type of
solutions for the incident wave will not be valid. Nevertﬁeless,
tﬁe present scaling, (i.e., sharp gradients) is very similar to
recent results obtained in laser-pellet interactions(as well as
in RF heating of fusion plasmas near the lower-hybrid frequency)
and hence it is of éreat interest to.study this regime[6,2].
There have been only a few experimental studies of plasma
heating due to parametric instabilities near the w = wpe layer,
especially in inhomogeneous plasmas (which 1s the case of
interest in laser fusion). . In particular, Dreicer et al.
reported observation of suprathermal electrons produced during
studies of anomalous absorption by rf cavity techﬁiques[7]. In
this Q-machine experiment Té = Ti7 and collisional losses are
sufficiently high so that the homogeneous theories apply. (In
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addition, the main:heating was obsefved in the uniform region
of the:plasma). Mpre récently Miguno and Degroét reported
observation of parametric instabilities and plasma heatiﬁQ in
a plasma filled wgveguide system[8].In this case mainly studies
on energetic tail formation were made; The most similaf‘experi-
mental arrangement to ours are those of Eubank [9] and Ogabayashi
et al. [10]. Bothﬂof these experiments were of pfeliminary
nature, and thus:ZXa) no detailed measurements of the decay waves
were made; (b)‘dué”to the-slow_rise:time of the microwave:system
(milliseconds) no.éetailea measurements of the initial heéting
rates could be madé. Because of the slow rise times, ioniiation
problems were also:present. In addition, no focusing dev;ce
(hor£) was used to“gollimate the incident microwave beam. We
had rectified thesé;problems in the present experiment, agd
obtained further e#bérimental data on the details of plas@a
heating associatediﬁith parametric instabilities. Prelim;nary
results of. this woik had been presented at a recent confegence [111.
The plan of the paper is as follows: In Section II we suﬁmarize
the results of inhomogeneous plasma-éheory, in Sections IIi and
Iv wé present the é#perimental results on the 0%nd EO mode of
propagation, and iﬁ“éection V the Summary and Conclusions are

given.
II. SUMMARY OF THEORY

In an inhomogeﬁéous plasma the thresholds and growth rates
of parametric decay:-instabilities may change due to convective

losses. As shown by Perkins and Flick, [3] the instabilities

Q

may become convective, and for the parametrié decay the following
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effective threshold (i.e., a total amplification of exp(A)

is obtained) has been obtained for the O mode:
2 1.6a Vi 1/2 V.V

E 1 e :
> (—) + 4 ) 1(a)
41rnoTe ksH .wl wlwo

for strongly damped waves, and

2
E 5 2.4A

41rnoTe ksH

k, ViVg 1k )
() + 4( ) b
ku Wy,

/2

for weakly damped waves [i.e., for k_,_cs > (wl\)i)l ]. For
T, << T,, Wwe have the following definitions:
V. mTm_ 1/2 V. :
i _ e io | _
o, =~ m, Y ag, P W T keg (2)

1 i 1

where v is the damping rate of the ion acoustic wave, Wy

i
2 2 2 /2

is its frequency, k° =k, + ki, k, < ku, c_ = (Te/mi)l is

s
the acoustic speed, Vio is the ion-neutral collision frequency,
Te is the electron temperature (measured in units of energy),

n, is the equilibfium density, H 1is the density gradient scale
length, and A 1is the number of e-folding the decay waves are
amplified as a function of pump power. We note that an approxi-
mate lower limit on k, can be obtained from the condifion of
violation of the WKB approXimation, i.e., k, ~ 1/x. Using the
Langmuir wave dispersion rclation

2 _ 2 X 2 2,2
wh = e L+ )+ 3 (ky kv (3)



we obtain. B )

1

Kimin ° 173,273 ' (4)
D

where " A = vte/w:pe is the.electron Debye length, and

D
_ 1/2
Vie = (Te/me)

ie.the electron thermal speed. Thus, we,see
from Eq. 1l(a) andlikb) that the threshold increases with
decreasing values of ky (i.e., freQuencies) for both weakly
and strongly damped.' ion acoustic waves. The reason for enis is
that the amplificagion rate decreases with longer wavcleniths
since the convectiée losses increase. We note that this result
is valid only for ghe O-mode of propagation, and that similar
calculations in inhomogeneous plasmas for the EO mode are not
available. Therefore, we shall compare our results of the EO
mode with theories'of homogeneous plasmas [5]. Note that in
Egs. 1(a), 1l(b) inzéhe right hand side the last term corresponds
to the results of unifOrm plasma theory [3,4]1. Thus, in order
to be in the regime of inhomogeneous plasma theory we need in
the right hand side:the first term (i.e., the term proportional
to 1/(k,H)) dominate the second term. This requires sufficiently
small values of (vé)wo). If the inhomogeneous term dominates,
the spatial growth fate is given by [3] |

E2(X) = Eg exp (A)

where A 1is given by Egs. 1(a) and 1(b). 1In the publisheai‘
literature [3] for growth of fluctuatiOné‘from background noise

an "effective thresnold"'of A=35 (or 2m) was chosen arbitrarily.



In the present work for threshold we shall use A =1 (since
we can monitor the initial fluctuation level) .
III. EXPERIMENTAL RESULTS FOR THE
ORDINARY MODE OF PROPAGATION
The experimental set up is shown in Fig. 1. The plasma is '
produced by a slow wave structure fed by a 1 kW S-band (2.45 GHz)

microwave source which operates 'in-the non-resonant (w, < Qe)

mode [12].  Typical plasma parameters are as follows:
L 1al2 -3

~ . : - N ,
Noax < 3 x 10 cm T, Te = 5 eV, Ti ] Ofl eV, Bo 2 kG,
P > 2 x 10“3 Torr in Helium-gas, and n__., = 1.35 x 1012 cm—3
crit
(where Dorit - is defined as fo = fpe(ncrit))' A 3.5 kG mirror

can be energized'at the ends of the 1.6 m long uniform

(AB/B < #0.15%) device.. The fast rise-time (T = 50 nanosec) X-band
microwave power is radiated via a focusing horn onto the plasma
column approximately near the center of the device (1 m from the
slow waﬁe structure). In vacuum the horn collimates the micro-
wave beam up to the center of the chamber into a cross-sectional
area of -3.5 X 3.5 cm. However, witﬁ the plasma present some
refraction of the microwave beam . is observed, and high frequency
fields within the width of the horn in a cylindrical shell around
the plasma column are observed. We believe that similar effects
may also occur in laser-pellet ihteraction, in which case an |
even more complicated spherical shell of electromagnetic radiation
could form around the péllef. Therefore, as we shall see, it is
rather difficult to célculate the local electric fields near the
critical surface. Typical diagnostics include an electrostatié
multigrid energy analyzer, Langmuir probes, a fast rise time

diamagnetic lobp, axially and radially moveable high frequency



probes, X-band reééiver ang)spectrum.analyzer, and an 8 mm
microwave interfefgmeter for measuriﬁg density. In Fig.ié we
show measurementszgf a typical densily gradient (as determined
by a Langmuir probe), and for obtaining the proper perspeétive
we superimposed a’%chematic sketch of the X-band free-spaée
waveléngth. Thislghows that the‘ave}age diameter of our plasma
column correspondsgto three to five free-space X-band wavelengths
(not unlike CO2 légér wavelenéth-pellet size ratios). Ini.ctual
" measurements the X-band waves were found to be partially standing
waves due to refleéfions Lrom Lhe plasma column. |

As the incideﬁt power was raiseﬁ above 15 watts, (i.e.,

/2 _

1 =2 : i
Eo/(4ﬂnoTe) = ‘.D/Vte = 10 7) parametric decay speqtra with

maximum amplitudes
high frequency probes immersed in the plasma near the critical
layer. The low fréguency ion wave spectrum and the high .
frequency sidebandgfabout the pump frequency satisfied the usual
frequency selectioﬁ?rules, Wy = mi + w,. Typical decay ééectra
considerably above;“threshold" is shown in Fig. 3(a). Note that
at intermediate power levels (237 watts) the spectrum extends
to fpi (112 MHz),;@he ion plasma,frgquency. However, at very
high powers the spéctrum extends evén somewhat above fpi‘ Also,
at very high powers’ the spectrum piLgs up in the very low
frequency components, unlike at intermediate or low power levels.
We have attempted tb measure effective "thresholds" or growth
rates as predicted by Eq{ 1(a), 1(b). In Fig. 3(b) we show an
example of effectigg threshold (which we defined at A = i”;n
Eq. 1) as a functiép of w(i.e., k)., The functional variation

indicates good agreement with Eg. 1. 1In particular, this figure



shows that the threshold decreases with increasing'frequencies
(wave-numbers) up to about fpi/4’ and then increases. AHowever,
note that the higher frequepcy components (f > fpi/4) are present,
even though linear theory would predict stability due to strong
Landau damping at the corresponding sidebands. Altﬂough
" these higher frequency modes are clearly present, their ampli—
tudes (and also the amplification rates which we measured latgr)
are smaller than those of the most unstable modes. It is'possi—
ble that the'higher frequency components are generated by non-
linear effects. The thresho;d of the most unstable wave
(f =~ 25 MHz) is in goqd agreement with the inhomogeneous threshold
-2 ' '

at A =1, i.e., Pth = 16 W, vD/vte 2 10 °, and it is

approximately an order of magnitude (in power) above the homo-
geneous threshold (P, .* 1.6 W, v /v, = 3 x 1073y .
We have made further experiments by using different diameter
plasma sources, and operated under various conditions, so as to .
generate different types of density profiles. The gradient scale-
lengths were varied from H = 1 to 3 cm, and the density profiles
were not always ekponential as in Fig. 2. In contrast to the
‘ results shown in Fig. 3(b) we found that the threshold'curves
wefe hot a "typical” result, but rather a special'case. In
general, the.inhombgeneous threshold theory (Eq. 1) was not always
obeyed; rather, the amplification rates were often independent of
wave number (or frequency) even for f < fpi/4” An example of
such a case 1s i1llustrated by Fig. 4, where we show amplification
of individual wave packets which were selected by appropriate

filtering and heterodyne techniques. We note that in this case

the amplification as a funclion of pump power 'is nearly independent
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of wave number, and £hat the only clear tendency ié a définite
“reduction in ampiification rates above f = fpi/4(0r ZS.QHZ)
(a sign of Landa&;damping). These results are in cleaf“contrast
to the predictioné of inhomogeneous plasma theory, i.e., Egq. 1.
The radial location of decay Qave amplitude and relative
pump wave level is shown in Fig.’5. In Fig. 5(a) we sho& that
the incident powéf~is strongly decreasing before the cri%ical
layer, and that iﬁ;refracts around the plasma column (wﬁich i
the present case h?d a bell shaped profile with its centéf
located near r =*1 cm). Note that the decay spectrum ié peaked
near r = 2.5 cm,iﬁust outside the dritiqal layer (which'Qas
approximately r 5?2;2 cm) , and that a smaller peak is present
on the opposite siae'of the plasma column due to the ref;écted
(and in generél ld&er amplitude) microwave beam. From tﬁis
.picture we see thaf'the décay instability is located in é;
strongly nonunifofm rf pump field, with its amplitudes decreasing
at scale lengths cbmparable to. the gradient scale length of
increasing plasma aénsity. ‘This is in contrast to the usﬁal
theories which assime a constant pump field [3]. Fﬁrtherﬁore,
the actual local pump electric fieldé near the critical sﬁ%faee
are smaller than oﬁe.would obtain'frém calculations usinthhe
incident pump powe%;and vacuum field radiation patterns. ﬁéecause
of complications afiSing from refraction effects, and techﬁical
difficulties arisiné_when we tried to measure the local electric
fields with probes, we were unable to detérmine quantitatively the
local pump electrié;fields. Hence, in this paper we shall.quote
the vacuum electricﬁfields calculatea from the radiation'pattérh

of the horn. According to Fig. 5(a) the actual local electric
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fields near the critical layer could be smaller thén the inci-
dent electric fields by a factor of 3 to 5, and thus the observed
thresholds are well within an order of magnitude of uniform
plasma theory. Because of the presence of the magnetic field,

we do not believe that linear mode conversion is of importance

in the present geometry. Our attempts to detect such lineérly
converted waves proved negative.

In oraer to verify tha£ the low frequency decay waves were
ion acoustic Qaves, we carried out interferometric measurements
somewhat above threshold using band-pass filters. In such a
manner the dispersion relation for ion acoustic waves with
frequencies up to 15 MHz (or A, = 0.75 mm) were ﬁerified.

Figure 6 shows the results of such measurements. We also show a
typical interferometer output of an ion acoustic wave packet at
f = 7.5 MHz, near the center of the microwave horn. Similar
data was used to obtain the dispersion curve of Fig. 6. Higher
frequencies could not be measured with the present probe
techniques since the wavelengths became comparable with probe
dimensions. Also, for higher pump powers'(Pin > 400 W) the
cross correlation distances became comparable with wavelengths,
indicating transition to strongly turbulent regimes.

In addition to,sfudying the mechanism of parametric decay,
the important goal in our experiment was to study anomalous heat-
ing of the plasma. This requires a fast rise-time microwave pulse
80 that heating rates fasterAthan the classical collisional value
could be detected. 1In our plasma the total electron-ion and
electron-neutral collision frequency is vy o= 6 X 106sec—l. The rise

time of the microwave sYstem was T = 50 nsec, which proved to be
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sufficiently short to demonstratg the presence of anomal¢usly

fast main body pIgSma heating. 1In fig. 7 we show_results of
the retarding poténtial electron energy analyzer measurements

of the électron distribution function at low and at high rf

pump powers. We %ge that at low power (Pin = 118 W) the
temperature increé?ed from Ty = 5 eV to about 6.5 eV. fhere

was also a smali énergetic tail preéent (not shown here). At
higher power levei?a larger tail.as well as more main body

heating was obserﬁgd. The distribution function is of a two-
component Manwellign form. These results were obtained [or
microwave pulses &f a few microseconds in duration. Once the
pulse length was {ﬁcreased over T -= 3-4 usec, the heating
remained independent of time. The growth rates are éuffigiently
large so that in oae microsecond the parametric decay spectrum
was fully developed:and saturated. Of course, at high pump

powers the purely Q?owing mode [4] could also be excited. B However,
the detection of this mode is difficult, and we have not made
detailed measurements concerning the presence or absence of such

an instability in the present experiments. From these and

similar measurements we find that at the highest power levels used

(Pin ~ 4 kW) at mpSk a few percent of the particles were in the
tail. The temperature of the tail was Te ? 50 eV for main body

o

temperatures of the’order Te < 20 eV. .Also, even at the

maximum input powef'of, P~ 4 kW (i.e., VD/V 0.2) the

th ~
observed maximum particle energies were limited to ¢ £ 0.% kevV.
We note that these results compare qﬁalitatively with the

predictions of the nonlinear theory and computer results for the

case of finite inte?action region of Thompson et al..[13].5 of

'



course, the detailed néfure of suprathermél tail formation
(such as number of particles and maximum particle energies)
depends crucially on the size of interaction region and hence
no quantitative agreement between real and computer experiments
could be expected.

In Fig. 8 we show energy analyzer measurements of energetic
ions. It can be seen that‘for input powers of 1.4 kW ions
with energies up to 30.volt are present, and that the ions are
drifting with a mean energy of ¢ = 15 Volt. Such drifting ions
were present for input powers above fhreshold (10 W), and with
increasing input powers a significanf increase in ion energies
Qas observed. At maximum input powers of Pin - 5 kW(vD/vT = 0.2)
ions with méximhm energieé of 60 volt were detected, which
corresponds approximately to the mean energy (temperature) of
the suprathermal electrons. Maximum drift velocities were b
approximately 15-20 volt, and the number of particles in this
tail were approximately equal to the number of electrons in the
electron tail (i.e., ~ 142%). We remark that since the trans-
mission coefficient of ions'passing into the energy analyzer
are not known accurétely, the accuracy of estimating the number
of ions in the tail is not very good (order of magnitude estimate).
We have also made spectroscopic measurements -of main body heating -
of ions (initially T, % 0.1 eV). However, we could not detect
significant main body ion heating during the short pulses
(t < 10 psec). Finally, we note that radial scéns with the
energy analyzer showed that both electron and ion heating were
localized to fegions where the paraﬁetrié decay waves had large
amplitudes (near the critical layer) and had the same radial

distribution as that shown in Fig. 5(b).

S
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We have alsojéerformed measuréments of heating withi; shielaed
diamagnetic loop.i?Figure 9 shoWs the results of such mggéurements.
We see that some géating 6ccurs above threshold (10 W), and that
considerably highég rate of heating occurs above Pin = 100 W.
These measurements tend to corrobofate the retarting potential
énergy analyzer measurements (i.e., that significant heafing
occurs only abovelébreshq}d fp;}parametric instabilities).
The total perpend;qular energy ihcrease at Pin = 4 kW corresponds
fo approximately ‘;TL =~ 2 eV, as determined by the calibrated
diamagnetic loop..;We note that this is approximately an order
of magnitude less than the parallel heating, AT,.

Since a considerable fraction of the energy (in some cases

ayrer

most of the energyf;went into main eléctron body heating, -we
performed measureméhts of the main temperature near the peak

of the parametric %5stability regi&n (which also coincided with
the location of the peak temperaturé) as a function of tiﬁé and
input power. Thesé:measurements were.done by a Langmuir probe
and box-car integrator sampling technigue. .The probes were
located downstream:from the microwave region so"thét spurious
rf pickup problemsj?ould not occur. (The energy analyzer -was
removed during thééé measuremen;s).‘ Figure 10(a) shows tﬁé
results of such me;éﬁreménts. We see that similar to the';
enerqy anaiyzer meSQUrements, beyond a few microseconds tﬂé
heating saturates;T;In addition, aéAthe input power (and H;nce
heating rate) is in@reased, the saturation occurs at somewhat
earlier times. This suggests that in the present expérimeﬁt
convective losses oﬂf of the region of heating may considéfably

limit the maximum electron temperatufe. Similar saturation

!
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effects have been observed by Grek during studies of parametric
heating near the cyclotron harmonic frequencies [14]. 1In Fig. 10(b)
we plotted the average rate of change of temperature in the f%rst
few microseconds. We see that the heating rate increases roughly
linearly with input power. At low powers (Pin < 100 W) the heating
could be. increasing faster than'linearly with input power.

However, due to backg;ound fluctuations and small changeslin
temperature in this regime we. could not make quantitative
measurements. At high powers (Pin > 1 kW) the heating rates
saturate. This may be due to increased losses, and/or satura-

tion of the response time of our diagnostic system (thé latter

is not reliable for times less than one usec). A quantitative
comparison of the slope of Fig. 10(b) indicates heating rates

a factor of 20 faster than classical collisiona; absorption (due

to coulomb and electron—neutral'céllisions). Thus, we conclude
that for input powers a factor of five or more above threshold

the main body electron temperature is heated anomalously fast

due to the simultaneoﬁsly occuring (and localized in the same
radial position) parametric instabilities.

Finally, we should mention that we have also attempted to
measure the possible presence of anomalous reflection and/or
absorption directly, using directional couplers in the waveguide
(placed just before the .incident microwave horn). However,
these measurements showed ohly 7% reflection, almost independent
.of incident power. Wé concluded that most of the incident
power was absorbed and/or cunveéted away by refraction around
the plasma column, and ﬁhus the receiving cross. section of the -

transmitting horn (which was located approximately 5 cm from the
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’ . - i
plasma column) was too small to make meaningful measurements.

i
Ced

IV. , EXTRAORDINARY MODE OF PROPAGATION

We have alsq:performed heating‘experiments in the extraordinary
mode of propagati%n. In Fig. 1ll(a) we show the amplitudes of the
decay spectrum at" three different power levels and in F%g. 1;(b)
we show typical thresholds for para@étric decay. The dé¢ay layer
in the present case was near the eléctron plasma frequeﬁéy,

(since at fO > fd§~= 10.4 GHz, fce ~ 4.5 GHz, fpe(crit;) = 9.5 GHz).
We note that sinceé: H 2 AO, there is sufficient tunneliﬁg for

the incident waves to get to the upper hybrid layer. Thé most
unstable wave is ﬁear f ~ 50 MHz, which is slightly above the

local lower hybrid-frequency (fLH =T45 MHz near the critféal

layer for f_ ). 'As the pump power is increased we see from

8351
the spectrum thatfion acoustic waves (f < 40 MHz) as well as
some cold lower hfgrid waves (Trivelpiece-Gould modes) (f°> 60 MHz)
are excited. ' The spectrum around the pump frequency showed the
presence of a lowei sideband, whichiwas the image of the low
frequency spectrumt; Because of the expected very short wave-
lengths, interferometric techniques wiﬁh probes did not work
in the present experiments. However, earlier measurement§ by
Grek. and Porkolab }n a uniform plasma in a capacitor geometry
corroborate such agéumptions [14].-1We also note that similar
spectra was also o;served in the FM-1 spherator at Princeton
[10] in the regimegzwpe << Qe. |

In Fig. 12 weﬁshow the electron distribution functioﬁ due

to the parametric decay. We see that both main body and tail

heating occurs, anqﬂthat £he results are quite similar to those



-17-

obtained in the ordinary mode of propagation. Agéin, a few
percenthof the particles. (up to 5%) were in the tail at Pin ~ 4 kW,
and particle energies above 0.5 kV were not observed. Measure-
ments of electron temperature with Langmuir probes were also
similar to those obtained in the O-mode, with typical heating
times of.one to two microseconds. Heating of the ion tail has
also been observed, with a typical mean drift energy of 15 eV,

and a broadening of 4 eV for input'powers of XPia'z 2 kW and pulse
length'of-lo usec. For longer pulse lengths ionization took

place, and no measurements were taken.

In Fig. 13 we show a summary of the localization of heating .
in the EO mode, aﬁd parametric decay in a plasma“with rather
steep density gradients. Note the effects of refraction of the
electromagnetic wave arqund the élasma column (i.é;, decay on
both sides), as well as the localization‘of the decay waves and
ion heating.-“These both strongly suggest that igg heating is
associated with the presence of the low frequency fluctuationé
and possibly acceleration by the expanding suprathermal electrons
(also localized in the same léyer.) The sidebana upper-hybrid
(or Bernstein) waves were also localized in this same layer, as
well as the observed electron heating, as shown in Fig. 14. Note
that the insﬁability (and heatingi regions are localized in
regioﬁs.of strodgly'decfeasingueléctric fields and density gradients,
hence a quantitative'éomparisen-ofvthresholds éndfgrowth rates .
with theories assuminé constant rf pump fieldé is not justified.
However, it .is interesting~to-note‘that.similarly to the O-mode
and to the FM-1 experiments [10], “the estimated local threshold

fields near -the critical layer were not too different (i.e., well

3
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within an order ofwmagnitude) of the predictions of uniform
plasma and rf field theories [5]. Of course, the incidenp
power is higher siﬁce tunneling must take place. Since much

of the results obtained in the present experiments (mpe > Qe)

at high powers in the EO mode of operation were quite similar
to those of the O-mode, we shall not present any further data

here.
V. .. SUMMARY AND CONCLUSIONS

We have studie& excitation of parametric instabilities
during microwave heating of a magnetized plasma. Since the
magnetic field was geak (i.e., Qe < mpe) the heating obse;ved
during both ordinar§?and extraordinary mode of irradiation was
quite similar. Forishe ordinary mode ef excitation the deeay
waves have been measured, and the waves were identified to be
ion acoustic waves.x The waves were locallzed in a narrow
packet in the den51ty gradient, in the vicinity of the crltical
layer, and at high Qowers had frequencies frem £ =0 to fpi'

The lower sideband éés believed to be Langmuir waves (from
frequency and.wave-ﬂﬁmber matching.) The threshold for instabili-
ty of the differentf?ave-number components depended on thegﬁack_
ground plasma condiﬁions, and followed the predictions of ishomo—
geneous plasma theory only occa81ona11y. In particular, a ﬁumber

-~ ;

of different dens1ty proflles were trled but in all cases

H = (Vn /n ) —1 2 AO[; and in many cases the threshold for decay was
nearly 1ndependent of the wave number (frequency) of decay waves.
There could be several reasons for the irreproducibility of non-

uniform plasma theory. (a) Refraction of the incident microwave

beam around the plasma column was always observed; (b) The ﬁump
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electric fields were inhomogeneous (i.e., strongly decreasing
in front of the critical layer) where the parametric decay instabili-
ty was localized (i.e., (Vno/nO)_l 2 A, = V|E0|/|E0|). (c) The
density gradients were not always linear (as usually assumed by
parametric theories}. (d) The initial background fluctuation
level was often as high as ﬁ/no ~ 5%, (e) Nonlinear interactions
among - the different wave-number components may be strong.. Thus,
we. believe that some of these effects may be sufficient to
invaliaate the predictions of the usual theories of parametric
instabilities in inhomogeneous plasma. The importance of some
of these effects have been discussed recently [15].

The important conclusion obtained in the present work is

that even in the presence of sharp density gradient [(Vno/no)_l: Al

o
strong parametric decay instability was obseryed'near the critical
layer. The local threshold (near the critical layer) for these
instabilities was comparable with the predictions of uniform
plasma theory (well within ah~order of magnitude) in both the
ordinary and the extraordinary modes of propagation. However;
this corresponded to approximately an order of magnitude higher
incident power leyels (possibly dué to tunneling and refraction
effects.) Measurements of plasma heating showed the formation
of two—componéntvMaxwellian distribution function of electrons
with a few percent of the particles in the tail for input powers
3 orders of magnitude above uniform plasma thresholds. However,
the maximum tail temperatures were within a factor of five of
the main body temperature (cold component), and the maximum

particle energies observed were at most only a factor of fifty

higher than the mean energy of the cold component. Direct



. ).
measurements of the heating rate of the main body of electrons
(cold component) ehgwed an anomalopsly fast heating rate, -namely
a factor of twenty:faster than classical collisional absorption.
The heating was ldealized to regions where the strong parametric
decay instability-ﬁes present. We postulate that nonlineerly
generated short waQelength components may be responsible for
the fast heating of the main body [13] (in particular, strong
decay spectrum was observed with frequenc1es up to the ion
plasma frequency, i:e., kAD = 1). Alternatively, other
nonlinear effects, guch as. resonance broadening [16] may heve
to be invoked to eéblain the present‘results. A group of'
energetie ions was elso observed, with maximum energies of
the order of the meée energy of the suprathermal electrons.

A comparison oflthese results with laser-pellet interection
experiment [6] strongly suggest that the observed good laser
absorption, the lack of extremely energetic suprathermal electrons,
and the generation ot energetic ions may be consistent w1th the
excitation of the pa;ametrlc decay 1nstab111ty near the critical
layer. In particula%, the presence of the magnetic field and
strong gradients in our experiments shows that the presence of
self—generated magnetlc fields and strong density gradlents‘
observed in laser experiments [17] do not necessarily prevegt
the excitation of st%eng parametric decay instabilities. Iﬁ

particular,recently Grek et al [18] in CO. laser-foil interaction

2
experiments observed:the presence of sideband decay spectrum
which was quite similar to ours. In conclusion, more theorétieal

work on parametric idstabilities in strongly inhomogeneous plasmas

are needed to get better egreement between experiment and theory.

d
]



-21-

ACKNOWLEDGEMENTS .

*This work was supported by the Energy Resea?ch and Develop-
ment Administration (formally the United States Atomic Energy
Cpmmission) contract E(ll-li—3q73.

We thank Mr. J. Johnson and Mr. J. Taylor for their techni-

cal help.



=22=

. REFERENCES ;- B

fi] NUCKOLLS, J. -H., in Laser Interaction and Related Plasma
Phenomena, Vél. 3B (Plenum PreS?F‘New York, New York, 1974)
po 399- ,

{2] PORKOLAB, M., . in Sy@posium bn.Plésma Heating and Injection,

(Editrice Compositori, Bolognagwltaly, 1973)pp. 46,54; also

in §ymposium'6h Plasma Heating in Tb;oidal Devices, (Editrice
Compositori, Bologna, Italyf lQ%ﬁj,pp. 28, 41,

[3] HARKER, K. J., and CRAWFORD}tF;Iw;; J. Geophys. Res. 75, 5450
(1970) ; PERKINS, F. W., and FLICK, J., Phys. Fluids 14, 2012
-(1971); ROSENBLUTH, M. N., éhys, k§v. Lett. 29, 565 (1972);
PESME, D., et :al, Phys. Rev,kggtﬁ,vgl, 203 (1973).

[4] DUBOIS, D. F.,. and GOLDMAN;_M. v.};bh&é. Rev. Lett. ;3; 544
'(1965); NISHIKAWA, K. J., P#yé. Sdgi Japan 24, 916 (1968); ibid .

|24, 1152 (1968).. -

[5] VPORKOLAB, M.;fﬁuclear Fusion ;g, 329 (1972).

[6] RIPIN, B., et al, Phys. Rev. Lett. 34, 1312 (1975).
[7] DREICER, H., ELLIS, R. F., and-iNbRAHAM,J. C., Phys. Re&.fLétt;fA
31, 426 (1973). | | |
[8]1 MIZUNO, K., and DEGROOT, J. S., University of californié, Déyis,

Report R—4,_l975A(unpublishedy. | ' o

[9] - EUBANK, H.,‘Bhyé. Fluids ;g;‘zssif(1971). e

[10] OKABAYASHI, M., CHEN, K., and PORKOLAB, M., Phys. ﬁév;'Le££.'§;,
| 1113 (L973). | |

[11]"PORKOLAB,_M., AﬁUNASALAM, V., LUHMANN, N. C., and SCHMITT, J.,

Paper E8 in the’Fourth Annual Ancmalous Absorption Conference,

- Lawrence Livermore Laboratory, April, 1974 (unpublished).

-~



-23-

. '[12] PORKOLAB, M., ARUNASALAM, V., and LUHMANN, N. C., Plasma

‘ Physics 17, 405 (1975).

[13] THQMSON, J‘.' -j., FAEHL, R. J., KRUER, W. L., and BODNER, .S.,
‘Phys. Fluids 17, 973 (1974).

[14] GREK, B.,_and PORKOLAB, M., Phys. Rev. Lett. 30, 836 (1973);

| also GREK, B., Ph.D. Thesis, Princeton University, 1975.

[15]' NICHOLSON, D. W., and KAUFMAN, A. N., Phys. Rev. Lett. ';‘3_3,
1207 (1974). SPATCHEK, K. H., SHUgLA, P. K., and YU, M. Y.,
Physics Letters 51A,183 (1975).

[16] WEINSTOCK, J., and BEZZERIDES, B., Phys. Fluids 16, 2287

‘ (1973); also Phys. Rev. Lett. 32, 754 (1974).

(171 STAMPER, J. A., and RIPIN, B. H., Phys. Rev. Lett. 34, 138
(1975) . S

[18] GREK} B., Private communications; GREK, B., BALDIS, H.,

PEPIN, H., (to be published).

am,



DIAMAGNETIC

X BAND HORN

2:45 GHz, | KW
LOOP PROBES MICROWAVE
TO L-CDIL Y .
/ %Uy/N/ -
Bo |- 45 KG / |
AXIAL PROBE

ENERGY
ANALYZER

4§ f~10-5 GHz, 6 KN MAX,
PULSE: 0.1 - 10p-SEC.

753524

Fig. 1. Experimental setup.

_vz_



-25-

I
SAT

0.1 | ]
e - FOLDING 2cm

0 0l 1

-

|

] | ]
0 2 4 6 . 8 10 12
 (ein) 4

753528

Fig. 2. ‘A typical density gradient (log scale) and
a sketch of the free-space X-band wavelength.



-26-

' ! I T T T T T

\/ NS 3800 WATTS : (a)

701
60
50
40
301

20

SPECTRUM POWER (DB)

0 1 / ] 1 1 1 IL_ 1 1
0 20 -~ 40 60 80 00 120 140 160 180
| f(M-Hz)

1 J 1 T

® EXPERIMENT

— NONUNIFORM PLASMATHEORL

=== UNIFORM PLASMA THEORY
(By:0)

Pry (WATTS)

(b)

1 | 1 | {
0 10 "~ 20 30 40 50 60 70 80 90
: f(MHz) 753527
Fig. 3(a). Low frequency decay spectrum. O-mode.

Fig. 3(b)+ Experimentally measured thresholds at A = 1

~ (dots) uniform plasma theory (dashed line), and nonuniform ,
plasma theory (solid line) (the latter calibrated on absolute

scale from the incident power levels); O-mode.

Ld



L ) N

ION WAVE (FLUCTUATION) AMPLITUDE (ARBITRARY UNITS)

L1 1L 1id

1

| 1 | - i ] i 1

0 100 200 300 400 500 600
Pin (WATTS)
753530

Fig. 4. Amplification rates of background fluctuations
for different frequencies. The density profile and the plasma
diameter are different from that of Fig. (3); O-mode.



60

-28-.

S0

40

30

PUMP POWER (DB)

118 WATTS

T T T 1 T I

PINz 1180 WATTS

(a) N | >__"

100

80

40t

20

DECAY WAVE AMPLITUDE

P

(b)"':

N= 18 WATTS

fx 15 MHz

Fig.
Fig.
of radius.

5(a).
5(b).

P,.
in

| 0 +1 +2 +3 +4 +5
r(cm)
753529

Relative pump power as a function of radius: O-mode.
Localization of decay wave amplitude as a function

= 118 watts, £ = 15 MHz; O-mode.



f (MHz)

-29-

\ h =75 MHz

0 | ° —

/" b

0 1 'l .J | L. |
0 20 60

k (cmh ° :

753525

Fig. 6. Ion acoustic wave dispersion relation obtained from
parametrically pumped low frequency noise. , Inset shows typical
interferometer output about center of mlcrowave horn near the
critical layer; O-mode.



IOOO [ | T [' . T - L i { : .
i -
A 4
)
n ]
_f , _
T __Pig=3800 WATTS - .
10— - Te=4leV .
| 118 WATTS ]
- 4
l 1 I 1 L I 1 , :
0 20 40 60 80 100 120 140
V(VOLTS)
. 753522

-30-

Fig. 7. Energy analyzer measurements of the parallel
electron energies; O-mode.
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