
PHYSICAL REVIE% A OCTOBER 1986

Laser scattering measurements of thermal ion-acoustic fluctuations
in collisionally dominated plasmas

Andrew N. Mostovych* and Alan %. DeSilva
Laboratory for Plasma and Fusion Energy Studies, Uni Uersity ofMaryland, College Park, Maryland 20742

{Received 23 August 1985)

The thermal ion-acoustic Auctuation spectrum of a high-density, low-temperature (10"cm, 2

eV) collisional plasma was measured using CO2-laser scattering. The measured spectra differed sub-

stantially from spectra observed in collisionless plasmas. Fluctuations at the ion-acoustic frequency
were strongly enhanced and the width of the resonance was significantly narrowed in comparison to
the collisionless case. Comparison to the predictions of various collisional theories shows the
Bhatnagar-Gross-Krook theory to be the most successful in describing the data.

I. INTRODUCTION

The fluctuation behavior of equilibrium plasmas is
determined by two basic processes: the discrete collisions
between particles and the collective interactions of parti-
cles with the average fields of the system. The relative
importance of these interactions is characterized by the
plasma parameter g= 1/n AD, wh, ich is the inverse of the
number of particles in a Debye cube and which measures
the ratio of the mean interparticle potential energy to the
mean plasma kinetic energy. If the plasma parameter is
small, as is the case for most laboratory and astrophysical
plasmas, many particles participate in setting up the col-
lective fields around any individual particle and thus the
effects of two-particle correlations (i.e., collisions) are not
important. As a consequence, most of the kinetic theory
that has been developed to model the fluctuation behavior
of plasmas depends on expansions in g and does not
specifically consider collisional effects. There are, howev-
er, some plasmas, such as the ones found in the interior of
stars, in inertial confinement fusion experiments, and in
dense, low-temperature arcs, that are strongly influenced
by collisions and for which g is no longer small. As a re-

sult, the standard collisionless theories are inadequate in
treating such plasmas. Efforts to generalize the theory
have been made by several authors however, these
theories differ in their predictions and current experimen-
tal data are insufficiently precise to test their validity.

In this paper we compare the various theoretical predic-
tions and we present laser scattering measurements of
thermal ion-acoustic fluctuations from dense, low-
temperature (n =10' cm, T, =2 eV), i.e., collisional,
helium, and argon plasmas which are used to test the
theoretical predictions in the collisional regime. To insure
that comparison to theory can be made without resorting
to parameter fitting schemes, the plasrnas are also fully
diagnosed by independent spectroscopic, interferometric,
and probe measurements.

Ion-acoustic fluctuations were selected because of their
high sensitivity to the effects of collisions, given their rel-
atively low frequency. In particular, the degree to which
the scattering spectra can be expected to be altered by the
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FIG. 1. Ion-acoustic spectra for a collisional argon plasma as
calculated from the various collisional theories (Refs. 1—5) and
compared to a collisionless calculation [Salpeter (Ref. 14)].

presence of collisions is determined by the ratio (v;;/kC, )

of the ion-ion collision frequency to the ion-acoustic fre-
quency kC, [where k=4m/licsin(8/2) is the fluctuation
wave number and C, =(ykT/m)'~ is the ion-acoustic
velocity, 8 represents scattering angle, and rn is ion mass).
If v;;/kC, ) 1, collisional effects are important and for
given plasma conditions they can be maximized by a
choice of small wave numbers. In this work collisional ef-
fects were maximized by the use of a long-wavelength
(A.o ——10.6 lsm) CO& laser and small scattering angles
(4'—9'). This choice of scattering parameters was, in fact,
ideally suited to test the validity of the various theories,
since in this parameter regime the predicted ion-acoustic
fluctuation spectra vary substantially from theory to
theory, as is demonstrated by the calculations presented in
Fig. 1.

This paper is organized in the following way. Section
II provides a review of laser scattering theory. A discus-
sion of the various theoretical models which are applic-
able to the study of collisional plasmas is presented in Sec.
III, the validity of the theories is examined, and their pre-
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dictions of the ion-acoustic fluctuation spectra are given.

In Sec. IV we describe the experiment. This includes the

plasma source, its properties, and the laser scattering set-

up. The scattering results are presented in Sec. V, while

the interpretations and conclusions are found in Secs. VI
and VII, respectively.

II. SCATTERING THEORY

A. Review of scattering theory

The power spectrum of light which is scattered by a
plasma automatically contains the frequency and wave-

length spectrum of density fluctuations that are endemic

to the plasma. The relationship between the spectrum of
scattered light and the plasma density fluctuations is

given by'

2 (n(k, co)n "(k,co))S k, co = lii11 liiil
T ~v- TV n

(2)

and represents the density fluctuations of the plasma.
The spectral density function S(k,co) can also be written
in terms of its Fourier transforms in the following way:
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where k=k, —k; and ~=co, —co; are the respective fluc-
tuation wave number and frequency and where Po is the
incident laser power, n, the electron density, L„ the
length of the scattering volume, ro the classical electron
radius, and s and e the unit vectors in the direction of the
scattered light and incident electric field, respectively.

The spectral density function S(k,co) is defined by

S(k,co)= lim lim I dr fdr' fdt fdt'(n(r, t)n'(r', t'))e '"" ''e'""
v ~ TV

(3)

For a stationary process, (n(r, t)n "(r',t')) is only a func-
tion of r=t t' and R=—r —r', thus, Eq. (3) can be in-

tegrated to yield

S(k,co)=—f dR J dr(n(0, 0)n'(R, r))e '"'e'"'

from which one can readily identify (,n (0,0)n' (R,r) ) as
the velocity-independent pair correlation function. As a
result, scattering experiments, in addition to measuring
the density fluctuation spectrum of the plasma, also ob-

tain valuable information about pair correlations in the
plasma.

B. Evaluation of the spectral density function
from BBGKY theory

The standard method by which the spectral density
function is obtained is by calculating the pair correlation
function from a Bogolyubov-Born-Green-Kirkwood-
Yvon" (BBGKY) hierarchy of K1imontovich'~ equations.
This hierarchy of equations corresponds to expansions in
the plasma parameter g =1/n AD, which must be small to
allow for truncation of the hierarchy.

To include discrete particle correlations, the BBGKY
hierarchy must be solved to at least the first order in the
plasma parameter. Such a solution produces the Balescu-
Lenard equation for the single-particle distribution func-
tion

"c)f, df q, f g np
+v + E = ' k cop~gp

dt Br m Bv c)v
& n m

5(k v —k.v') 1 8
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I

tion governed by the Balescu-Lenard equation.
The form of the electron spectral density function

naturally breaks up into two separate terms: the first of
these corresponds to collective density fluctuations of the
electrons, while the second term corresponds to fluctua-
tions in the electron density that are due to fluctuations in
the ion density and are coupled to the electrons through
collective electric fields. Both terms have the plasma
dielectric function e(k, co) in their denominator; as a result,
the magnitude of these terms is only appreciable at the
frequencies corresponding to the normal modes of the
plasma [i.e., «k, co)=0]. For electrons, there should be a
resonance at a frequency corresponding to Langmuir
waves co=co~(1+ 3k A,D)', and for ions, a resonance
would be expected at the frequency of ion-acoustic oscilla-
tions co= k[(y, T, + y; T,)/Mj'~ . If, however, the wave-
length of the fluctuations is very short in comparison to

with

«k, co) =1+6;(k,co)+G, (k, co)

Ua c)f (u)

where I. refers to a Landau contour, U is the thermal
velocity, and f(u) is the single-particle distribution func-

and a spectral density function given by

) 6;(k,co)+1
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the Debye length (kAD »1},the collective plasma effects
become relatively unimportant because in this limit the
plasma dielectric function approaches unity and the spec-
tral density function reduces to

S(k,co)=2m IF,(v)5(co k—v)dv,

which only depends on the velocity distribution of single
uncorrelated electrons.

The form of the sptx".trai density given in Eq. (6) was
obtained, independently, by several authors. ' ' They all
assumed, however, that the plasma was collisionless and
thus only used the linearized Vlasov equation to calculate
the plasma dielectric function. In this approximation, the
spectral density function for thermal plasmas is obtained
by using a Maxwellian distribution function in the calcu-
lation of e(k,co). The resulting ion spectrum for equal ion
and electron temperatures is shown in Fig. 1 (the curve
due to Salpeter). The ion component is very broad and
does not form a true resonance at the ion-acoustic fre-
quency. This occurs because ion-acoustic waves are very
strongly Landau damped when electron and ion tempera-
tures are equal. "

For most plasmas, the spectrum of fluctuation given by
the Vlasov evaluation of Eq. (6) is adequate and has been
confirmed by many experiments. See, for example, the
extensive reference lists in Refs. 10 and 19. However, if
the mean-free path of ion-ion collisions becomes cotnpar-
able to the wavelength of ion-acoustic fluctuations (i.e.,
v;;/kC, = I), then collisions are expected to become im-
portant and it is no longer valid to ignore the Balescu-
Lenard co1lision term. In particular, collisions between
ions are expected to reduce the efficiency of Landau
damping by the introduction of an ion-ion restoring force.
As a result, the ion-acoustic resonance should become
much more pronounced, even for plasmas with equal elec-
tron and ion temperatures.

Finally, it is important to mention that for plasmas
which are in thermal equilibrium, the calculation of the
density fluctuation spectrum can be greatly simplified by
taking advantage of the fact that the fluctuation spectrum
is directly related to the electrical conductivity of the plas-
ma. This relation is commonly known as the fluctuation
dissipation theorem.

+V (pv)=0,

p +p(v V)v= —Vp+Vo,
Bf

BE
p +p(v V}e=a:d—V q,

Bt

(10)

where d, cr, and q are the rate of deformation tensor, the
stress tensor, and the heat flux, respectively. It is impor-
tant to note that these equations only describe the time
evolution of average macroscopic quantities, which do not
fluctuate in equilibrium. It is possible, however, to relate
the microscopic fluctuation spectrum to the macroscopic
fluid equations by use of the "Onsager's hypothesis of the
regression of fluctuations" which states that the correla-
tions (A(t)A(0)) of any microscopic variable A evolve
from time t=0 according to the macroscopic fluid equa-
lons 22

while higher-order refinements to f are obtained by itera-
tion. The convergence of this theory relies on the mean-
free path of the plasina particles being much shorter than
the wavelength of the plasma fluctuations; therefore, this
procedure is only valid if the following condition is satis-
1ed:

kA, D

g ln(g ')

Numerical evaluation of the electrical conductivity de-
rived in Ref. 21 and an application of the fluctuation-
dissipation theorem yields an ion-acoustic spectrum which
is shown in Fig. 2 for various collision frequencies. It is
clear that collisions have a significant effect on the shape
of the spectrum. Namely, the ion-acoustic resonance be-

comes pronounced and the zero-frequency entropy fluc-
tuations become apparent. In fact, any collisional kinetic
theory should, in the collisionally dominated limit, pro-
duce spectra which are qualitatively similar to these. This
can be better understood if one examines a fluid model
which is formally much simpler and equally valid in the
limit of infinite collision frequencies.

In this limit the behavior of the plasma is governed by
the usual equation of fluid dynamics

III. COLLISIONAL KINETIC THEORY

A. Balescu-Lenard equation

The electrical conductivity of a highly collisional plas-
ma was first calculated by Kivelson and Dubois. ' They
solved the linearized Balescu-Lenard equation in the limit
that the plasma is collisionally dominated, using the
Chapman-Enskog technique. This is a perturbational ea1-
eulation which assumes that the time evolution of the
single-particle distribution function is primarily governed
by collisions. Thus, the zeroth-order distribution function
is obtained from the solution of
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FIG. 2. Shape of the ion-acoustic resonance, as predicted by
the Kivelson-Dubois solution of the Balescu-Lenard equation,
for various collision frequencies. Curves parametrized by
v;;jkC, .
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Using these equations it can be shown that the spec-
trum of scattered light from a fluid in thermodynamic
equilibrium is given by

CP —C„2zk /PoCP

Cp (vk /poCp) +co

C, Ik
Cp ( I k')'+(a) —C,k)

where C, is the sound speed, C» and C„are the specific
heats at constant pressure and volume, x is the thermal
conductivity, and I is the damping coefficient for sound
waves:

1 4 nab+'9b x 1
I =— +

2 3 pO pO CU

and rt, h and qb are respectively the shear and bulk coeffi-
cients of viscosity.

An examination of this equation reveals that the fluc-
tuation spectrum of a fluid plasma is composed of two
distinct components: one at zero frequency due to
nonpropagating entropy fluctuations and one at the ion-
acoustic frequency due to propagating pressure fluctua-
tions. The width of the two resonances is determined,
respectively, by the thermal conductivity and the ion-
acoustic damping coefficient. Both of these parameters
decrease with increasing collision frequency. Thus, the
fluid model qualitatively produces the type of spectra
predicted by the Kivelson-Dubois calculation and expect-
ed of all collisional kinetic theories in the limit of high-
collision frequencies.

velocity, position, and time range, except that now it is as-
sumed that these particles have already relaxed to the lo-
cal equilibrium distribution and thus are emitted with a
Maxwellian velocity distribution centered about the local
flow velocity Q(r, t)

For small deviations fmm equilibrium, the collision
term can be linearized; this form of the BGK collision
term was employed by Leonard and Osborn and Theimer
and Theimer to calculate the electron density fluctuation
spectrum in equilibrium plasmas. Leonard and Osborn
used a stochastic approach, while Theimer and Theimer
used the Fourier-Laplace method to calculate the electri-
cal conductivity and subsequently the fluctuation spectra
via the fluctuation-dissipation theorem. Theimer and
Theimer's calculations were, however, simplified since
they assumed an isothermal plasma (i.e., T= To).

In this work we extended Theimer and Theimer's calcu-
lations by removing the isothermal restriction. Figure 3
displays the results of such a calculation near the ion-
acoustic frequency for both the general and isothermal
cases. It is clear from these results that both the general
and isothermal cases show strong collisional modification
of the ion-acoustic spectrum, however, the isothermal
simplification omits important features of the fluctuation
spectra. If the local temperature is included, then the
ion-acoustic resonance shifts to a frequency corresponding
to the adiabatic sound velocity and the zero-frequency res-
onance appears, signifying the presence of nonpropagating
entropy fluctuations. In general, the qualitative behavior
of the BGK model is comparable to that obtained from
the Balescu-Lenard equation.

B. BGK model

Another very successful treatment of collisional plas-
mas is the Bhatnagar-Gross-Krook' (BGK) theory which
employs a pseudo-phenomenological collision term that
satisfies the basic requirement that particle number,
momentum„and energy be conserved in any collisional in-
teraction. In the BGK model, the time evolution of the
one-particle distribution function due to two-particle col-
lisions is governed by
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where u ( r, t) and T( r, t) are the flow velocity and tempera-
ture at x and t and where n(r, t)/o is the effective col-
lision frequency.

The first part of the coihsion term n(r, t)f (u, r, t)/a cor-
responds to the rate at which particles leave a particular
velocity range U at a position r and t. The second term
n (r, t)P(u, r, t)/tr, on the other hand, corresponds to the
rate at which particles are reintroduced into the same
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FIG. 3. Ion-acoustic spectra for a 2 eV argon plasma for
various collision frequencies (v;;/kC, ) as predicted by the gen-
eral and isothermal BGK models.
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C. Fokker-Planek model D. Generalized Langevin equation

The Fokker-Planck equation, commonly used in calcu-
lating transport quantities, is also useful in calculating the
fluctuation spectra of collisional plasmas. Such a calcula-
tion was used by Grewal where he assumed that the ef-
fect of collisions on the time evolution of a single-particle
distribution function is the same as that which a particle
experiences when undergoing Brownian motion. The
Fokker-Planck collision term corresponding to Brownian
motion may be wr1tten as

8 8 e 8—v. +—E f(rv t)
dt Br m BU

v+ — f(r, v, t), (14)
T a

BU

where v is the effective collision frequency. The first
term corresponds to collisional friction, while the second
term represents diffusion in velocity space due to col-
11slons.

Grewal solved this equation for both electrons and ions
using a Green's function approach and calculated the elec-
tron density fluctuation spectrum with a method
equivalent to the fluctuation-dissipation theorem. In Fig.
4 we show a calculation of the ion-acoustic fluctuation
spectra for different values of the collision frequency. It
is obvious from these spectra that in the limit of high col-
lision rates, the ion-acoustic resonance is completely
damped out, while at the same time the zero-frequency
fluctuations are predicted to grow. This is in direct con-
tradiction to the predictions of the BGK and Balescu-
Lenard collision models and is caused by the fact that the
Fokker-Planck collision term for a Brownian particle as
given by Eq. (14) conserves neither momentum nor ener-

gy. As a result, this form of the Fokker-Planck collision
term is only appropriate for treating collisions which
transfer negligible amounts of momentum and energy be-
tween colliding species, as is the case for electron-neutral
collisions in weakly ionized plasmas,
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FIG. 4. Fokker-Planck calculation of the Ar 4,
'2 eV) ion-

acoustic resonance which is parametrized by v;, /kC, .

With the exception of the BGK theory, which does not
possess a formal foundation, all of the models discussed
so far are formally based on the assumption that the plas-
ma parameter g= llnkD is small. There exists, however,
a kinetic formalism which does not rely on expansions in
the plasma parameter but instead casts the basic kinetic
equations in the form of the generalized Langevin equa-
tion. This formalism is commonly referred to as the pro-
jection operator technique, developed by Zwanzig and
Mori for the study of nonequilibrium statistical mechan-
1CS.

By use of projection-operator techniques, Mori was
able to show that the time evolution of an arbitrary set of
dynamic variables A=(A&, . ... , A„) of a many-body sys-
tem can be put into the form of a generalized Langevin
equation, as given by

d A(0) =iQ A(t) f dr—4(r) A(t r)+f(—t)
t 0

f(t) =exp[is(1 —P)L ji (1 P)LA (0—),
@(r)= (f(r)f'(0) ) (& (0)&'(0) )

i Q = ( A (0)A '(0) ) ( A (0)A *(0))
where f(t) is the microscopic random force acting on A,
4(r) corresponds to the system dissipation due to the ran-
dom force, and Q A gives the time evolution of the A due
to the evolution of the macroscopic system variables. The
projection operator P is defined by its action on an arbi-
trary dynamic variable 8 as

PB—= (aW'(0))(a(O)a*{0))~(0),
and L is the Liouville operator, L= it H, ).

Equation (15) is an exact expression for A(t) and its
solution would still require one to solve the many-body
problem. However, the real quantity of interest is the
correlation matrix 4(t) which can be calculated fairly
readily since the equation which governs it

t(t) i A Wt)+ J,d~@(t)'d—it —r)=0 (17)

is much simpler in the sense that all of the system dynam-
ics are solely governed by the damping matrix 4(t) which
is usually successfully modeled by use of simple physical
arguments.

An application of this technique to the study of density
fluctuations in a plasma was first made by Linnebur and
Duderstadt They u.sed a generalized version of Eq (15).
represented by

X(p) i f dp'—Q{p,p'). 4'(p', t)

+ f dr f dp'4'(pp', r) Ã(p', t r)=0 (18)—

to generate a set of coupled equations for the time evolu-
tion of the electron density fluctuation spectrum. These
equations were solved by assuming that the static correla-
tion function (3{0)A(0) ) for the electrons and ions could
be calculated from the Debye-Huckel pair correlation
function and that the damping kernels 4 decayed ex-
ponentially in time.
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Nuinerical evaluation of the Linnebur-Duderstadt solu-

tions, in this work, showed that in the short-wavelength
limit the solutions were weH behaved and in agreement
with the numerical calculations presented in Ref. 2. How-
ever, for long-wavelength fluctuations, such as the ones
sampled by small angle laser scattering experiments, the
calculated fluctuation spectrum became negative valued
and thus unphysical. This result led to the discovery of
an error in the original work of Linnebur and Duder-
stadt which if corrected produced physically acceptable
results for both long- and short-wavelengths. Figure 5
shows such calculations for the ion-acoustic spectra of a
(2 eV) argon plasma with various effective collision fre-
quencies. These results look very similar to the Fokker-
Planck calculations in the sense that the ion-acoustic fluc-
tuations are totally damped out in the highly collisional
regime. Such behavior is suggestive of equations which
do not conserve energy or momentum. ln fact, it was
pointed out in Ref. 29 that the Linnebur-Duderstadt
model is not energy conserving.

IV. EXPERIMENTAL PROCEDURE

ARC DISCHARGE CIRCUIT

R=250&

22 CIII
I

I

TTTTTTTTTTT
I kV MAIN BANK IO kV PREIONIZER

PPpaeee/div.

FIG. 6. Schematic of the arc discharge circuit with a sample
of a typical discharge current profile.

A. Plasma source

The testing of the various collisional theories previously
discussed requires the use of a very dense, low-
temperature plasma which is in kinetic thermodynamic
equilibrium and for which the plasma density, tempera-
ture, and impurity content are accurately known. These
requirements were satisfied by the use of a pulsed arc,
designed to produce plasmas with n=lG' cm, T=2
eV which last for about 100 @sec. The arc was also made
capable of high repetition rates (0.5 Hz) in order to allow
for integration of the scattering signals cumulatively over
many shots.

The arc consisted of a quartz tube (r=2.3 cm, /=22
cm) mounted between two copper-tungsten alloy elec-
trodes which were fed by a 1200 pF capacitor bank
charged to 1—2 kV. To produce a relatively flat current
pulse over the time of the discharge, and hence a quies-
cent plasma, the capacitor bank used to drive the arc was

Lad

0.050=
4J
lX

I

0 20 40 60 80 IOO !20 I%0
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FIG. 5. Ion-acoustic spectra for Ar I,
'2 eV) calculated from

Linnebur-Duderstadt model. Parametrized by v;;/k C, .

constructed as a lumped delay line which has the charac-
teristic of producing square discharge pulses. A schemat-
ic of the capacitor bank circuit and a typical discharge
pulse are shown in Fig. 6.

In normal operation, the chamber was filled to 1—7
Torr with helium or argon gas and discharge currents of
about 10—25 kA produced plasmas with densities and
temperatures of about 10' —10' cm and 2—4 eV. For
scattering measurements, the plasma collisionality was
maximized by operating the arc at the highest pressure (3
Torr for Ar and 7 Torr for He) and the lowest bank volt-
age (1500 V) consistent with stable plasma discharges.
This produced plasmas with 1.95 eV and 10'7 cm 3 for
argon. The corresponding degree of ionization was near
100%%uo in argon and about 50%%ue in helium.

The electron density in the arc plasma was determined
from axial line density measurements made through open-
ings in the electrodes with a quadrature HeNe laser inter-
ferometer. ln determining the density, it was assumed
that the axial line density was directly proportional to the
length of the plasma column. This was verified by
measuring the radial line density and finding it indepen-
dent of axial position. From these measurements, the
electron density was found to be a smooth function of
time, as shown in Fig. 7, roughly following the profile of
the current pulse. Measurements at various radial posi-
tions also showed that the plasma density was relatively
flat across the diameter of the discharge tube, as seen in
Fig. 8, indicating a very uniform arc discharge.

Electron temperatures of the arc plasma were deter-
mined by measuring the ratio of spectral line intensities
from successive ionization stages of the same ionic
species. In particular, argon plasma temperatures were
determined from the Aru (3350.9 A) and Aright (3344.7
A) lines. These lines were chosen since they are well iso-
lated and their intensity ratios are very sensitive to tem-



ANI3REVif N. MOSTOVYCH AND ALAN %'. DeSILVA 34

6xl0

5

E

(f)

UJ
Cl

C)
K
o 2

LIJ

I I

P=5 torr
Its

5-
Argon

~ Helium

0 25 50 75 l00 l25 I 50 I 75 290 225
TIME ( parsec}
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perature in the 2 eV range. ' Furthermore, the very small
(5 A) wavelength separation of the lines made relative in-

tensity calibration of the spectrometer unnecessary. These
lines were also used to measure the temperature of helium

plasmas containing argon as a trace impurity (helium lines
were not chosen because it was difficult to find helium

lines that were as sensitive and as easily measurable in this
temperature range). Some typical temperature measure-
ments are displayed in Fig. 9, while a radial temperature
scan showing a very flat temperature profile is displayed
in Fig. 10. Errors in the temperature measurements were

primarily due to uncertainties in the transition probabili-
ties of the argon lines (50%) and in the calculation of the
upper-state population densities of the Arttt line (30%).
Nevertheless, the error in determining the temperature

FIG. 9. Electron temperature of argon and helium plasmas
as a function of Fill pressure. Measured from the ratio of spec-
tral line intensities.

was small (10%) due to the sensitivity of the line ratios to
temperature.

Impurity contamination of the plasma was checked
spectroscopically by observing the prominent emission
lines of ionized electrode, wall, and pump oil atoms
(Cu, W,Zn, Si,O,C). Only electrode impurities were found,

bp the detection of both copper (Cutt 2770 A, Cu tt 2545
A) and tungsten (Wtt 2030 A) lines. Using the ratio of
impurity and nonimpurity line intensities and the Saha
equation, it was possible to set an upper limit of 1.8% and
1.3% on the impurity concentration of copper and
tungsten, respectively.

The stability properties of the plasma were checked by
use of high-speed photography, inductive probes, and elec-
tric Langmuir probes. Framing camera photographs with
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FIG. 8. Typical radial density profile of the are plasma.
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FIG, 10. Radial distribution of temperature in argon and
helium discharges.
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exposure times as short as 5 nsec showed the plasma to be
stable, uniform, and reproducible in both helium and ar-

gon discharges in the 1—7 Torr and 1—3 Torr pressure
ranges, respectively. Magnetic probe measurements
showed that there were two basic modes of operation of
the arc discharge. At early times (r ~ 30 sec), the bulk of
the current was concentrated in the central region of the
arc (within the radius of the electrodes r &0.5), while at
later times (~~50 sec) the current distribution diffused
outward until the current density was constant across the
arc radius. Conveniently, the uniform current density
mode of operation would last for times longer than 50
@sec, thus permitting adequate time for scattering experi-
ments. Finally, electric probes confirmed the results of
the previous diagnostics by showing that the plasma was

very uniform and quiescent in the sense that the measured
floating potential showed no signs of large-scale fluctua-
tions and that the gradient in the potential was a smooth
function of axial position.

B. Laser scattering setup

Scattering measurements with long-wavelength lasers
from dense low-temperature plasmas are generally very
difficult to perform since whenever the input laser power
is sufficiently intense to produce a discernible scattering
signal, it is also sufficiently intense to perturb the plasma
by heating it. In this experiment, the problem of heating
the plasma was overcome by the use of a heterodyne tech-
niques2 3s which is capable of boosting the detected signal
many orders of magnitude; as a result, it permits the use
of a relatively low-power laser (200 W) which does not
perturb the plasma.

A schematic of the heterodyne scattering configuration
is shown in Fig. 11. First, a small fraction of the main
laser beam (TEMoo, p =100—200 watts, =r100 psec) is
split off to form a local oscillator beam and, subsequently,
the main and local oscillator beams are focused into the

plasma with a 10-cm-focal-length lens. Any light that is
scattered out of the main beam and into the solid angle
subtended by the local oscillator beam is imaged onto a
liquid-helium cooled Ge:Cu detector. The nonlinear mix-
ing of the scattered and local oscillator beams produce a
detected photocurrent, which contains the plasma fluctua-
tion spectra. In particular, the photocurrent can be ex-
pressed as

10(~)=
~

j~, +PLo+2([P, (co)PLo]'~2cos(cot) I,hv

where P= c(EE"/8m. ) is the average power of the indivi-
dual fields, i) and G are the detector quantum efficiency
and gain, co is the fluctuation frequency, and g is the mix-

ing efficiency which measures the extent to which the two
radiation fields are in phase over the surface area of the
detector. The form of this photocurrent shows that mix-
ing the scattered light with a local oscillator beam pro-
duces a signal that is composed of two distinct com-
ponents: a slowly varying (frequency =1/laser pulse
length) average power envelope that is due to the local os-
cillator and scattered light beams (P, +PLo); and a high-
frequency beat (i.e., heterodyne) term which contains the
plasma fluctuation spectrum [(P PLo) cosa) r ]. Tlie
heterodyne term is in the radio frequency range in this
work. Consequently, it is easily differentiated from the
low-frequency average power terms and its spectrum is
analyzed at high resolution (bf=6 MH, ) by the use of a
scannable electronic filter. In addition, the capability to
separate the heterodyne term from the very large average
power terms permits scattering measurements in high
stray light environments, as is the case for small angle
scattering. The stray light, not being frequency shifted by
the scattering process, only contributes to the average
power terms which are easily filtered out.
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FIG. 11. Diagram of the optical system and scattering geometry.
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C. Data acquisition system

To recover the density fluctuation spectrum from the
detector photocurrent, an elaborate system of electronics
was developed which could perform the required analysis.
A general schematic of the system is displayed in Fig. 12.
First, the detected photocurrent (I=0.1—1 pA) is filtered
with a 10 MHz high-pass filter to remove the low-

frequency power envelope of the local oscillator. The
much higher frequency (10—300 MHz) scattered signal is
allowed to pass through and is amplified by high-

frequency low-noise amplifiers (500 MHz bandwidth,
NF=2.5). Subsequently, the high-frequency signal is
mixed with a rf local oscillator to produce an
intermediate-frequency (IF) difference signal centered at
290 MHz and having a bandpass of 6 MHz. Only those
signals which differ from the rf local oscillator by 290
MHz are permitted to pass through, thus it is possible to
scan across the frequency spectrum of the detector signal
by simply changing the frequency of the rf local oscilla-
tor. Finally, the intensity of the IF signal is detected with
a square law crystal and integrated with a gated integra-
tor.

It is necessary to square and integrate the detector sig-
nal because it is the mean-square detector current which is
actually related to the average scattering intensity, as can
be seen from Eq. (19). The mean-square detector current
is, however, also proportional to the local oscillator laser
power; therefore, in order to remove this dependency, the
local oscillator power is monitored by a separate detector
and integrated with an identical gated integrator to pro-
duce a normalization signal. The two signals are then
stored in a low-leakage sample and hold circuit until they

can be ana1yzed. Normally data is averaged over many
shots; thus, the data unit normalizes each individual
detector signal and then adds it to the sum of all of the
preceding ones. The resultant output signal displayed by
the data acquisition system is then given by

~.(fo)= g
, (~„);

&& f f F(f)C(f fo)ID (f)df —dt,

(20)

where the sum is over individual plasma shots, F (f) is the
frequency response of the detector and the detection sys-
tem, C(f f) is the instrument —function of the IF filter,
and P represents all of the conversion and system gain
factors. In general, the scattering spectrum and frequency
response of the system are fairly constant over the detec-
tion bandwidth. Thus, it is possible to reduce Eq. (20) to

(I (fo));
V. (fo) = g 0+'(fo) f c(f fo)df—

~LO);

(21)

where ID is the total mean-square detector current.
This system storks very well unless the laser should

mode beat during the course of a data shot. Mode beating
produces signals which are in the same frequency range as
the scattered signals but many orders of magnitude



LASER SCATTERING MEASUREMENTS OF THERMAL ION-. . .

greater in intensity. Even one such mode beating signal is
sufficient to skew the data tremendously. The recording
of mode beating signals is prevented by monitoring the
high-frequency spectrum of the laser monitor signal. If a
mode beating signal is detected, a conditional circuit inhi-
bits the data acquisition unit so that it does not sample
the contents of the sample and hold circuit for that partic-
ular shot. In addition, another conditional circuit moni-
tors the plasma discharge current and rejects the scatter-
ing data from abnormal discharges.

4e G rlPtohf
Iv hv

(22)

generated in the detector by the laser local osrillator. In
fact, under the conditions of this experiment the shot
noise amplitude is greater than that of the scattered sig-
nal. However, this did not pose any problem in measuring
the scattered spectra because the signal-to-noise ratio for
heterodyne detection3

(szx) "+
2hvbf
q(2P,

can be much greater than one, provided that the integra-
tion time v is made long enough. Physically, Eq. (23) cor-
responds to the fact that long observation times and large
bandwidths permit accurate determination of the mean
values of both the signal and noise amplitudes in spite of
statistical fluctuations about their respective means.

In this experiment the frequency spectra of the scat-
tered light was extracted from the noise by a two-step pro-
cess. First, the total mean-square detector photocurrent
(I ) = (I, ) + (I„)was integrated and normalized as dis-
cussed in the previous section. Then, an additional mea-
surement was made under identical conditions except that
the main laser beam, but not the LO beam, was physically
obstructed to prevent a scattering contribution to the
detector photocurrent. This produced a signal identical to
the previous measurement except that this time it was
only due to the shot noise induced by the local oscillator,
(I ) =(I„). To determine the scattering amplitude the
two signals were subtracted and the difference normalized
by the noise signal. Using Eqs. (19), (21), and (22) it can
be shown that this results in a quantity

qg'g (P, ),
S NS l

V~ 2hvbf

which is directly proportional to the average scattered
power (P, ) and only depends on constant system parame-
ters, thus directly yielding the average scattering arnpli-

V. SCATTERlNG RESULTS

A. Scattering procedure

In practice, the mean-square current analyzed by the
data-acquisition unit is composed of not only the scatter-
ing signal but also of signal currents from various noise
sources in the detection system. The most important of
these is the shot noise

I

0.2

TtME {mb)

FIG. 13. Standard timing synchronization of the gated in-
tegrator. The integrator output (trace c) is held constant after
the integration period by a sample and hold circuit. Trace 8 is
the temporal laser pulse profile and trace A is the arc current
pulse shape.

tude at the selected sample frequency. The complete spec-
trurn is obtained by repeating this process throughout the
necessary frequency range.

For the data presented in this paper, the integration
time per shot was set at 40 psec, and 50 scattering and 50
nonscattering shots were taken for each data point. Fig-
ure 13 shows the standard timing sequence of the gated
integrator with respect to the discharge current pulse.

B. Effects of the discharge current
on the scattering spectra

Initial scattering measurements were made in argon
plasmas and the observed spectra showed substantial
peaking near the ion-acoustic frequency. This is expected
for collisional plasmas, but similar behavior can also be
produced by current-driven ion-acoustic waves. ' To
determine if the observed spectra were due to current-
driven ion-acoustic waves, the scattering spectrum was
measured for both k parallel and perpendicular to the
discharge current. The switching from one case to the
other was accomplished by a 90' rotation of the arc plas-
ma about the incident light-beam axis perpendicular go
the current. This produced the required change in the
orientation of the scattering vector with respect to the
current without actually changing the optical alignment
of the system, thus allowing both orientations to be sam-

pled in a single scattering run. The results of such a mea-
surement from an argon plasma (T= 1.95 eV, n= 1 X 10'
cm ) are shown in Fig. 14 from which it can be seen
that fluctuations with klJ are enhanced by about 30%
over the fluctuations with k~~J. This relatively small
enhancement level suggests that ion-acoustic ~aves paral-
lel to the current are weakly driven, and are thus uncou-
pled from fluctuations perpendicular to the current. As
an additional test, the k~~ J scattering spectrum was also
measured both during the discharge, when the current was
about 17 kA, and during the afterglow, when the current
had fallen to zero and was incapable of driving instabili-
ties. In this rneasurernent, the integration time per shot
was reduced to about 25 @sec in order to limit the integra-
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enhancement level was determined to be about 33% which

compares very favorably with the previous measurement.
This proved that the ion-acoustic waves parallel to the
current are not coupled to the current; thus, parallel fluc-
tuations are only due to thermally excited waves.

C. Final data
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tion over rapidly changing plasma conditions in the after-
glow plasma. Figure 15 displays the results of these mea-
surements which show that the zero current spectrum is
shifted to lower frequencies due to lower plasma tempera-
tures (1.5 eV) in the afterglow and that the zero current
fluctuation level was about 60% less than during the
discharge. After correcting for the lower plasma density
and lower laser absorption in the afterglow plasma, the

FIG. 14. Scattered ion-acoustic spectra for the hvo cases of
k~l J and kj.J which demonstrate the effect of the discharge
current.

A comparison of the theories discussed jn Sec. 111 with
the scattering results required that the data originate from
thermal fiuctuations. Final data were, therefore, taken
with k& J. Specifically, scattering spectra from both heli-
um (2.3 eV, 1X10' cm ) and argon (1.95 eV, l)&10'7
cm ) plasmas were each measured at scattering angles
of g 75' and 4.7'. These spectra are shown in Figs. 16 and
17. As expected, they show substantial enhancement and
narrowing, with the peak amplitudes being about 10 times
the predicted amplitudes of collisionless theory. Each
data point corresponds to a scattering signal averaged
over fifty discharges of the arc and the error bars are de-
rived from the standard deviation of the mean.

Another item of interest is the degree to which unlike
ions couple through collisions. To study this, additional
scattering measurements were made in composite helium-
argon plasmas. The resultant spectra for different Ar:He
mixtures (0.2:6.8; 0.5:6.5) are, respectively, shown in Figs.
18 and 19. Strong coupling between helium and argon
ions is evident from the fact that the observed peaks are
located at the ion acoustic frequencies which correspond
to the average mass of the Ar:He mixtures.
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FIG. 1S. Scattering spectra for a 2 eV argon plasma with

k~ ~
J for both zero and full discharge current. The enhancement

of the spectra for J=17 kA is comparable to the enhancement
sho~n in Fig. 14 if corrections are made for lower plasma densi-
ty and lower laser absorption in the afterglow plasma.
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FIG. 16. Scattered light spectra in argon for 4.7' and 8.75'
scattering angles. Calculated curves are due to the BGK theory
(Refs. 1, 5, and 31). The dashed curves are due to the BGK
theory convoluted with the finite resolution of the experiment.
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FIG. 19. Scattered light spectrum from a composite HeAr
plasma. Mixing ratio He:Ar = 13:l.
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FIG. 17. Scattered light spectrum in helium for 4.7' and 8.75'
scattering angles. Theory curves are as in Fig. 16.

VI. INTERPRETATIONS

Even though the observed enhancement of the ion-
acoustic resonance is interpreted as evidence of collisional
plasma behavior, it is important to rule out the possibility
that such enhancement could also have been produced by
collisionless mechanisms. Most importantly, reduction of
Landau damping due to unequal electron and ion tem-
peratures and nonthermal excitations due to the discharge
current could have both produced the observed spectra.

Enhancements of the spectra due to current-driven ion-

08
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FIG. 18. Scattered light spectrum from a composite HeAr
plasma. Mixing ratio He:Ar = 34:1.

acoustic waves has already been shown by experiment to
be very unlikely for scattering data obtained with kj.J.
To further remove any doubts about this, it is also possi-
ble to show that the observed difference between the k~

~

J
and kJ.J spectra is in accordance with theoretical esti-
mates. In particular, the degree to which the fiuctuation
spectrum is enhanced in the presence of an electron drift
current can be estimated by considering the behavior of
the spectral density function in the vicinity of a normal
mode of the plasma. At a normal mode resonance S(k,cu)

depends very strongly on the form of the single-particle
distribution function as

f (co/k)

Bf(u)
5(co —cpu) .

Thus, enhancements due to a drift current in an equilibri-
um plasma are estimated by evaluating Eq. (25) for both
an equilibrium Maxwellian distribution and for a Maxwel-
lian centered about the electron drift velocity ud. The ra-
tio of the two expressions yields

S(k,co;ud) C,

S(k,co', uq
——0) C, —uq

which gives an approximation level of the enhancement of
S(k,co) due to the electron drift current.

For the plasmas used in this work, the drift velocity
was approximately 20% of the ion-acoustic velocity; thus,
the fluctuation levels parallel to the current should have
been enhanced by about 25% over thermal levels. The
measured enhancement level of 33% agrees to within ex-
perimental error with the predicted value, thereby con-
firming the previous assumption that the scattered spectra
measured with kL J are not enhanced by virtue of the
discharge current.

Reduction of Landau damping due to unequal electron
and ion temperatures is also very unlikely because the col-
lisional equilibration time between ions and electrons (70
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nsec) is much shorter than the arc duration (100 @sec).
As a result, electrons and ions can easily reach equilibri-
um among themselves within the I00 psec duration of the
plasma. Also, it is evident from the solution of Eq. (6)
that the electron temperature would have to be about
eight times that of the ion temperature in order for the
collisionless result to qualitatively reproduce the measured
spectra. Such a large temperature differential is sufficient
to substantially reduce (30%) the ion-acoustic frequency
in comparison to its adiabatic value. Since no such shift
was observed, it is safe to assume that the observed
enhancements of the ion-acoustic resonance were not
caused by a reduction in Landau damping due to unequal
electron and ion temperatures.

In light of the scattering results from the composite
Ar-He plasmas, it is clear that the presence of a heavy-ion
impurity is capable of substantially affecting the ion-
acoustic resonance frequency. Since copper and tungsten
impurities are known to exist in the plasma used for this
experiment, it is of interest to examine this possibility in
more detail. If, for example, a 1% abundance of copper
and tungsten was found in a helium plasma, the average
atomic weight of the plasma would go from 4 to 6.4.
This would shift the frequency of the ion-acoustic reso-
nance by about 21%. In argon, such a shift for the same
impurity concentration would only amount to about 2%.
As a result, there should appear to be a difference of
about 19% between the expected positions of the helium
and argon resonances. Such a difference is not observed
in the data; consequently, the impurity concentration of
both copper and tungsten must be less than 1%, which,
incidentally, is a more stringent limit than that imposed
by the spectroscopic measurements.

From all of the theoretical models previously discussed,
the BGK theory proved most successful in reproducing
the data. Theoretical curves due to the BGK theory are
presented alongside the data in Figs. 16 and 17. These

curves were calculated for the specific plasma tempera-
tures and densities that were measured by independent di-
agnostics. No free parameters were used in the calcula-
tions other than a normalization of the calculated spectra
to the peak amplitude of the data so as to allow for the
uncertainty (factor of 2) in the absolute intensity calibra-
tion of the detection system. The BGK theory also
predicts the enhancement of entropy fluctuations at zero
frequency; however, this could not be verified in the
present experiment because the finite pulse length of the
laser and low-frequency variations of the laser absorption
in the plasma imposed a lower limit on the detection fre-
quency.

Even though the general shape and position of the ion-
acoustic resonances is predicted fairly well by the BGK
theory, there exists a discrepancy between the measured
and predicted widths of the resonances. This difference,
except for the 4.7 argon spectrum, cannot be accounted
for by the finite resolution of the experiment (bF=6
Mhz, b, k/k=0. 05). A calculation where the finite wave-

length and frequency resolution of the experiment are
convoluted into the theory is also displayed alongside the
data as a set of dashed curves. The basis for this
discrepancy probably lies in the fact that ior.-electron col-
lisions have been assumed to be unimportant in the
theoretical formalism. For plasma conditions encoun-
tered in this experiment, however, such an assumption is
most likely invalid because the collisional equilibration
time between electrons and ions [v„(He)=9 nsec,
v„(Ar)=70 nsec] is comparable to the period of ion-
acoustic oscillations. The main effect of collisional cou-
pling between electrons and ions is to increase the effec-
tive thermal conductivity of the ions through contact with
the highly conductive electrons. This increases the damp-
ing of ion-acoustic waves, thereby increasing the width of
the observed resonances.

In the case of helium discharges, where the plasma may
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FIG. 20. Scattered light spectra in argon compared to theoretical predictions from the solution of the Balescu-Lenard equation
(Refs. 3, 21, and 31).
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FIG. 21. Scattered light spectra in helium compared to theoretical predictions from the solution of the Balescu-Lenard equation
(Refs. 3, 21, and 31).

not have been fully ionized, it is also possible that the
ion-acoustic damping may have been increased by ion-
neutral collisions. Of the various types of ion-neutral col-
lisions, charge exchange collisions are the only ones with a
sufficiently large cross section (-10 ' cm ) to produce
collision frequencies comparable to the ion-ion collision
frequencies. These collisions could have produced damp-
ing by coupling the random motions of neutrals to the or-
dered motion of the iona. Nevertheless, even for compar-
able collision frequencies the damping due to charge ex-
change collisions is expected to be relatively minor be-
cause collisions of this sort transfer very little momentum
in comparison to Coulomb collisions. Careful inspection
of the data shows this to be true. In particular, a compar-
ison of the 8.75' scattering data from the argon and heli-
um discharges shows that the broadening of the ion-
acoustic resonance with respect to the BGK predictions is
about the same for both helium and argon. This is exactly
what one expects to see if charge exchange collisions are
not important since ion-acoustic spectra from argon plas-
mas, which were known to be fully ionized, could not
have been broadened by charge exchange collisions.

Fluctuation spectra predicted by the Kivelson-Dubois
solution of the Balescu-Lenard equation were also com-
pared to the scattering data. These spectra are shown
with data in Figs. 20 and 21 where, as before, the theoreti-
cal curves are normalized to the peak amplitude of the
data. On the high-frequency side of the ion-acoustic reso-
nance the theory produces a very good fit; however, at
lower frequencies this model reproduces the data poorly.
It appears that the approximations employed by Kivelson
and Dubois, in solving the Balescu-Lenard equation,
somehow overestimate the entropy fluctuation contribu-

tion to the total spectrum.
Finally, it is important to point out that the Fokker-

Planck and Linnebur-Duderstadt models are in total
disagreement with the data since they do not even predict
the existence of an ion-acoustic resonance in highly col-
lisional plasmas.

VII. CONCLUSION

Small-angle scattering measurements of thermal ion-
acoustic fluctuations from highly collisional (v;;/kC,
=5—13) argon and helium plasmas have been obtained.
These measurements show substantial enhancements of
the ion-acoustic resonances due to collisional effects. A
comparison to theoretical predictions calculated from in-
dependent measurements of temperature and density
shows that the BGK theory is the most accurate in repro-
ducing the data.

In addition to being very collisional, the plasma used in
this experiment was characterized by a fairly large
(g=0.3) plasma parameter. Thus, there was a good possi-
bility that, with the exception of the Linnebur-Duderstadt
model, the theoretical models examined in this work were
inapplicable„due to their formal dependence on g being
small. Nevertheless, even with g=0.3 the BGK and
Balescu-Lenard models seem to be qualitatively correct.
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