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Analysis of Thomson scattered light from an arc plasma jet

G. Gregori, U. Kortshagen, J. Heberlein, and E. Pfender
Department of Mechanical Engineering, University of Minnesota, Minneapolis, Minnesota 55455

~Received 9 August 2001; published 2 April 2002!

In this paper we present an analysis of Thomson scattered light from an arc plasma jet. Our approach goes
beyond the standard random-phase approximation~RPA! and provides more consistent data for the electron
temperature and density in plasmas that are weakly nonideal and collisional. The theory is based on a memory
function formalism for the spectral density function with the use of the three lowest-order frequency-moment
sum rules. These moments are then corrected for temperature inhomogeneities in the scattering volume. The
proposed interpretation of scattering data is compared with the RPA result and with the standard Bhatnagar-
Gross-Krook collisional model for the dynamic structure factor. It is shown that the obtained electron tem-
perature values are closer but not equal to local thermodynamic equilibrium temperature values extracted from
spectroscopic measurements.
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I. INTRODUCTION

The dynamic structure factor, or spectral density functi
is a fundamental quantity that describes the correlati
among particles in a plasma, as the individual and/or col
tive behavior of electrons and ions remains imprinted in
Thermodynamic and transport properties can then be der
from the spectrum of the density fluctuations@1#. Of particu-
lar interest is the electron density-density correlation, sinc
can be directly probed in a plasma using Thomson laser s
tering ~see, e.g., Pavlov@2#! allowing the simultaneous mea
surement of electron density and temperature if an accu
model for the dynamic structure factor is available. In t
early work of Salpeter@3#, the spectrum of the electron
density fluctuations was obtained for an ideal, uniform a
collisionless plasma@4–6#. We will refer to this model as the
random-phase approximation~RPA!. The RPA has then bee
successfully applied for measurements of electron temp
ture and density using Thomson scattering in several pla
environments@4,6# with the exception of thermal arcs an
atmospheric plasma jets@7–9#. Comparison between th
RPA model and the experimentally determined dynam
structure factors in thermal arcs and atmospheric plasma
provides electron temperature values that are inconsis
with the local thermodynamic equilibrium~LTE! temperature
values extracted from other well-established diagnost
such as emission spectroscopy or enthalpy probes@7#. In
addition, some authors@9,10# have recently reported exper
ments showing dependence of the derived electron temp
ture values on the scattering angle. In those experime
density fluctuations were probed at a wavelength for whic
straightforward interpretation of light-scattering data bas
on the random-phase approximation may not always be
curate. Indeed, similar experiments conducted at differ
wavelength showed no dependence on the scattering a
@10#. Inclusion of electron-ion collisions@9,10# or correction
for inhomogeneities in the scattering volume@9# have been
proposed as possible mechanisms responsible for the
served angular dependence in the analysis of measured
using the RPA. However, such approaches are still heur
1063-651X/2002/65~4!/046411~8!/$20.00 65 0464
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without rigorous theoretical justifications.
The degree of coupling is usually described by the ratio

the potential to the kinetic energy per particle~see, e.g., Ichi-
maru @11#! and in singly ionized systems is written asG
5e2/4pe0kBTd, whereT is the electron temperature andd
5(3/4pn)1/3 is the ion-sphere radius, withn5ne.ni the
electron ~or ion! density. The Debye length in a two
component plasma is given in terms of the coupling para
eter aslD5(e0kBT/2e2n)1/25(d2/6G)1/2. The factorA2 that
appears in the definition of the Debye length accounts
both electron and ion screening. The number of electr
inside a sphere of radiuslD is L54pnlD

3 /3. In an ideal
plasmaL@1 ~or G!1) and the Coulomb screening is we
represented by the Debye length. In the opposite caseL
!1 ~or G@1), the potential energy dominates over the
netic energy andlD does not relate anymore with the scree
ing of the electrostatic forces. These plasmas are then ca
strongly coupled. For typical conditions in atmosphe
plasma jets,G;0.05–0.1, corresponding only to aboutL
;2 –4 electrons in the Debye sphere. It is then clear tha
these couplings, nonideal corrections to the RPA may
come important since the number of electrons within
Debye sphere remains quite small. Typically, we should
pect the RPA to be valid forL*10. Moreover, as the degre
of coupling increases, the collision rate between charged
ticles becomes progressively more important. However,
culating the correct value for the collision frequency in
weakly nonideal plasma requires some attention. In this
spect, we should notice that in an ideal plasma the elect
ion collision frequency is mainly determined by long-ran
Coulomb forces. On the other hand, asG approaches unity,
short-range interactions become significant. An estimate
nei , the electron-ion collision frequency, in this transitio
region has been recently discussed by Valuevet al. @12#. We
see that for typical values of the coupling parameter wh
are found in plasma jets,nei /vp.0.01–0.02, wherevp
5(e2n/e0m)1/2 is the electron plasma frequency. We are th
in a region where the use of a collisionless model for
dynamic structure factor may be questionable.
©2002 The American Physical Society11-1
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GREGORI, KORTSHAGEN, HEBERLEIN, AND PFENDER PHYSICAL REVIEW E65 046411
II. THEORY

A. Charge-charge correlation function

In a Thomson scattering experiment, the intensity of
scattered light is proportional toSee(k,v), the electron
density-density correlation function, which represents
spectrum of the longitudinal density fluctuations. In the lo
energy ~nonrelativistic! limit, k5uku5uk i2ksu
5(4p/l i)sin(u/2), wherek i andks are the incident and sca
tered wave number, respectively,l i is the incident laser
wavelength, andu the scattering angle. The difference b
tween the scattered and the incident photon frequencyv
5vs2v i . In order to describe the collective modes of ele
trons and ions, we introduce the time-dependent densit
speciesa,

ra~r ,t !5(
s51

N

d„r2r s
(a)~ t !…, ~1!

wherea5 i ~ions! or a5e ~electrons!. The total number of
particles of typea in the system isN, and the time-
dependent position vector of thesth particle of speciesa is
r s

(a)(t). The Fourier components of the density are thus

ra~k,t !5(
s51

N

exp@ ik•r s
(a)~ t !#. ~2!

The electron-electron density correlation is defined as

See~k,v!5
1

2pNE2`

`

eivt^re~k,t !re~2k,0!&dt, ~3!

where ^ . . . & denotes a thermal average. Having implicit
assumed isotropy, the dynamic structure depends only on
magnitude ofk and not on its direction.

The correlation functionSee(k,v) has two main contribu-
tions @5,2#: a low-frequency part related to the light scatter
from electrons that closely participate in the screening of
ions, and a high-frequency (v*kv t , with v t the electron
speed! term arising from free electrons that do not participa
in the ion screening. In our experiments we probed the hi
frequency part ofSee(k,v), representing electrons oscillatin
in the vicinity of the plasma frequency, while the low
frequency satellite remained spectrally unresolved. Using
fluctuation-dissipation theorem,See(k,v) is expressed in
terms of the plasma dielectric response functione(k,v), and
in the high-frequency limit we have@5#

See~k,v!.2
1

pv

2k2

kD
2

ImF 1

e~k,v!G , ~4!

wherekD is the inverse of the Debye length. The right-ha
side of Eq.~4! is related to the linear response of the plas
to an external electric field. This is clarified by introducin
the charge-charge correlation function

SZZ~k,v!5
1

4pNE2`

`

eivt^r~k,t !r~2k,0!&dt, ~5!
04641
e

e
-

-
of

he

e

-

e

a

with r(k,t)5r i(k,t)2re(k,t) the charge-density distribu
tion. The charge-charge correlation function naturally giv
the spectrum of the charge fluctuations, and they are rel
to the plasma dielectric function by the fluctuatio
dissipation theorem@13#

SZZ~k,v!52
1

pv

k2

kD
2

ImF 1

e~k,v!G . ~6!

Thus, in the high-frequency regime, we clearly ha
See(k,v)52SZZ(k,v).

Since our measurement apparatus detects only the h
frequency feature of the spectrum, the measured scatt
light intensity is then proportional to onlySZZ(k,v).

B. Frequency moments

The advantage of the proposed approach is that freque
moment sum rules of the charge structure factor are ea
obtained.SZZ(k,v) is even in frequency, thus its odd fre
quency moments are all zero. Defining the even freque
moments as

V2n5E v2nSZZ~k,v!dv, ~7!

then we have for the first three moments@2,13–15#

V05SZZ~k!, ~8!

V25
1

2 S kBT

m
k21

kBT

M
k2D , ~9!

V45
1

2 F3kB
2T2

m2
k41

nkBTk2

3m2 E ¹2vee~r !gee~r !dr

1
nkBTk2

3m2 E ¹2vei~r !gei~r !dr

2
nkBTk2

m2 E exp~ ik•r !gee~r !~ k̂•“ !2vee~r !dr

1
3kB

2T2

M2
k41

nkBTk2

3M2 E ¹2v i i ~r !gii ~r !dr

1
nkBTk2

3M2 E ¹2vei~r !gei~r !dr

2
nkBTk2

M2 E exp~ ik•r !gii ~r !~ k̂•“ !2v i i ~r !dr

1
2nkBTk2

mM E exp~ ik•r !gei~r !~ k̂•“ !2vei~r !dr G ,

~10!
1-2
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ANALYSIS OF THOMSON SCATTERED LIGHT FROM AN . . . PHYSICAL REVIEW E65 046411
where k̂ is a unit vector parallel tok, M is the ion mass,
vab(r ) is the interaction potential between a particle of sp
ciesa and a particle of speciesb separated by a distancer.
The pair distribution functions are given bygab(r ). These
moments have also a clear physical interpretation@1#: the
zeroth moment gives the total power in the fluctuations a
given scattering angle, the second moment is a restatem
of the conservation of the number of particles and the fou
moment includes the effects of pair interactions. We sh
notice that the frequency moments reported here are str
valid only if the electron and the ion temperatures are eq
i.e., Te5Ti5T. Generalization to a two-temperature plasm
is straightforward. However, since our interest focuses o
on the fast-moving electrons, then in the limitm!M , the
relevant temperature in describing frequency moments is
given byT5Te .

The static structure,SZZ(k), does not have a simple rep
resentation, and, in general, can be obtained only from
lecular dynamics simulations@16# or the hypernetted chain
equation@17,20#. However, since a weakly nonideal plasm
does not have a short-range order, characteristic of hig
correlated systems (G@1), it is reasonable to assume
simple linear Debye-Hu¨ckel form for the pair distribution
functions@18,19#, along with the bare Coulomb potential d
scribing the charged particles interaction. The use of a b
Coulomb potential is, in fact, unreasonable if we want
preserve the two-component plasma system from collap
~see, e.g., Baus and Hansen@20#! as particles of opposite
charge may stay arbitrarily close together. In reality, quant
diffraction ~i.e., the Pauli exclusion principle! prevents this
collapse from happening by reducing the effective poten
at a separation distance of the order of the de Broglie ther
wavelength@13,21#. Since the electron thermal waveleng
remains much shorter than the ion-sphere radius at typ
densities of our plasma, we can regard quantum diffrac
effects as higher-order corrections in the Coulomb poten
Under these conditions, and sincem!M , the previous ex-
pressions for the frequency moments considerably simp
~see also Refs.@22,23#!

V0.
k2

k21kD
2

, ~11!

V2.
1

2
~kv t!

2, ~12!

V4.
1

2
@3~kv t!

41~kv t!
2vp

2#, ~13!

where kD5(2e2n/e0kBT)1/2 is the inverse of the Debye
length andv t5(kBT/m)1/2 is the electron speed.

Following the approach described by Hansenet al. @24#,
we can rewrite the response function in terms of an unkno
memory function N(k,v)5N8(k,v)1 iN9(k,v). The charge
structure factor can then be expressed in a very general
as
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SZZ~k,v!5
1

2p

~kv t!
2N8~k,v!

@v22v0
22vN9~k,v!#21@vN8~k,v!#2

,

~14!

wherev0
25V2 /V0. Here,N8(k,v) represents the dampin

of the electron plasma wave andN9(k,v) its dispersion. In a
phenomenological approach, the memory functions are c
sen such that the correct three lowest-order frequen
moment sum rules are exactly reproduced by the cha
charge correlation function. The advantage of such
representation is that we do not need anymore an exact
croscopic theory to derive the spectrum of the longitudi
density fluctuations. Conversely, the spectrum is obtaine
a form that is phenomenologically self consistent. Assum
that the memory functions are much simpler objects than
density correlation itself, we adopt the following Gaussi
form for the damping function@24#:

N8~k,v!5Aptk~v1l
2 2v0

2!exp~2tk
2v2!, ~15!

wherev1l
2 5V4 /V2 and tk is the (k-dependent! relaxation

time for the damping of the collective modes. From the a
lytic properties of the response function, and hence
N(k,v), the dispersion memory functionN9(k,v) is then
obtained fromN8(k,v) with the help of the Kramers-Kronig
relation @24,1#

N9~k,v!52P
1

pE N8~k,v8!

v82v
dv8

52tk~v1l
2 2v0

2!exp~2tk
2v2!E

0

tkv

exp~y2!dy,

~16!

with P denoting the principal part of the integral. The rela
ation timetk is related to the sixth moment of the charg
charge correlation function@22#. We have

v2l
4 5

V6

V2
5v1l

4 1
v1l

2 2v0
2

2tk
2

. ~17!

However, explicit expressions forV6 in terms of the electron
temperature and the electron density are difficult to obt
since they involve triplet correlation functions in slowly co
vergent integrals@15#. In our analysis then, the relaxatio
time is left as an additional parameter in the expression
the correlation function. In Fig. 1 theoretical line shapes
See(k,v) in the high-frequency limit have been calculate
from the memory function formalism~MFF! model for dif-
ferent values oftk . The theoretical spectral density in th
RPA approximation is also plotted for comparison. W
clearly see significant differences between the MFF and R
models. Since, in our formulation, the relaxation time is
adjustable parameter, it can be phenomenologically varie
order to change the damping mechanism of the collec
modes. In absence of a reliable microscopic theory, the
1-3
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GREGORI, KORTSHAGEN, HEBERLEIN, AND PFENDER PHYSICAL REVIEW E65 046411
vantage of a phenomenological approach is that the detai
these physical processes are all lumped together in one s
parameter.

C. Inhomogeneous systems

From the previous analysis we have derived the comp
set of equations required to describe charge, or hi
frequency density fluctuations in a homogeneous system,
assuming that in the volume under consideration, large-s
variations of the plasma properties, specifically electron te
perature and density, remain negligible. The charge struc
factor is thus determined byv0

2, v1l
2 and the relaxation time

tk . The intensity of the scattered light, as measured by
detection apparatus, is given by

I ~k,v!5AE hi~v8!SZZ~k,v82v!dv81B, ~18!

where hi is the instrument function. Following van d
Sandenet al. @25#, we estimate the instrument function usin
the measured light signal from an argon jet at room temp
ture. We find thathi is well represented by a Lorentzian wit
30 GHz half width.A andB are parameters that also includ
the response of the experimental apparatus, the total num
of scattering particles~i.e., the electron density! and their
temperature. At a given scattering angle~or wave number!
the full set of unknownsv0

2, v1l
2 , tk , A, andB is determined

by calculating the convolution ofSZZ(k,v) with the instru-
ment function using fast Fourier transform and then perfo
ing a Levenberg-Marquardt nonlinear fitting@26# of I (k,v)
with the experimental line shape. The fitting result for t
parametersv0

2,v1l
2 ,tk is actually independent fromA andB

which only represent a scale term of the instrument respo
and the baseline correction. As mentioned, if the system
uniform, electron temperature and electron density can
obtained fromv0

2 andv1l
2 using Eqs.~11!–~13!.

The situation is, obviously, more complex if the syste
exhibits nonuniformities, as the expressions for the f
quency moments need to be corrected in order to incl

FIG. 1. Theoretical spectral density functionSee(k,v) at u
590° for T515 000 K andn51.031023 m23: RPA ~solid line!;
MFF with tk51.0310214 s ~dash-dotted line!; MFF with tk

53.0310214 s ~dashed line!; MFF with tk56.0310214 s ~dotted
line!.
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additional broadening of the line shape. Effects of inhom
geneity in the scattering volume on the Thomson signal h
been previously reported by Gregoriet al. @9# and by Roz-
mus et al. @27# ~and references therein!. Typically, thermal
plasma jets exhibit strong density and temperature gradi
and with the large laser beam waist diameter used in
experiment in order to reduce inverse bremsstrahlung h
ing, large-scale variations of the plasma properties in
scattering volume may, to some extent, modify the measu
line shapes@9#. Since the measured signal is proportional
the electron density times the spectral density function,
high-density region in the scattering volume will largely co
tribute to the measured signal. Thus, it is expected that
electron density obtained from Thomson scattering be re
sentative of the peak densities in the probed region. On
other hand, in the presence of temperature inhomogene
the measured dynamic structure will be given by

SZZ~k,v!5E Qk~T8!SZZ~k,v;T8!dT8, ~19!

where we have explicitly indicated thelocal temperature de-
pendence inSZZ(k,v;T8). The contribution of regions at dif-
ferent temperature in the scattering volume is represente
the temperature distribution functionQk . In a homogeneous
system,Qk(T8)5d(T2T8). In a very simple picture, we
can regard the homogeneous system as the limiting case
normalized steplike temperature distribution

Qk~T8!5
1

Txk
, ~20!

if T(12xk),T8,T, andQk(T8)50 otherwise. Here,xk is
an angle-dependent parameter which indicates the exten
temperature variations. In the limitxk→0, the homogeneous
case is indeed reproduced. The average temperature in
scattering volume is given by

Tav5E T8Qk~T8!dT85T~12xk/2!. ~21!

This shows that the average temperature is a function of
scattering angle, since at large angles~back scattering! and
small angles~forward scattering! we expect to probe a large
volume than at 90° scattering angle. From the given te
perature distribution, it is easy to calculate the corrected
quency moments of the charge-charge correlation func
under the same approximations that led to Eqs.~11!–~13!.
We then obtain for thenormalizedmoments

v0
252

vp
2xk~12xk/2!

lnS 12
kD

2

k21kD
2

xkD , ~22!

v1l
2 53~kv t!

2
12xk1xk

2/3

12xk/2
1vp

2 . ~23!

This completes the full set of equations necessary to de
electron temperature and density from the experimental d
1-4
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III. EXPERIMENT

We have measured spectral density functions in atm
spheric plasma jets in order to compare theoretical mo
with Thomson laser scattering results. The experime
setup is shown in Fig. 2. A dc torch operating at atmosph
pressure with a pure argon flow rate of 35.0 l/min, or a m
ture of argon at 30.0 l/min and helium at 28.4 l/min has be
used to generate the jet, which is probed in the center 3
downstream from the nozzle exit with aQ-switched
frequency-doubled~532 nm! Nd:Yag laser. The pulse dura
tion is 10 ns with a repetition rate of 20 Hz. The torch h
been operated with an arc current of 600 A at 30 V~with pure
argon! or 40 V ~with an argon-helium mixture!. The jet di-
ameter at the nozzle exit is approximately 8 mm. Data c
lection is performed at various scattering angles with
visible-light fiber bundle and then imaged onto the 100mm
entrance slit of a monochromator equipped with
1403120 mm2, 1800 groove/mm holographic grating. Th
line profile is then measured with a two-dimensional inte
sified charge-coupled device gated array detector.
plasma jet is aligned perpendicularly to the scattering pla
and to maximize the signal, the direction of polarization
the incident light has been rotated along the direction of

FIG. 2. Schematic of the experimental setup.

FIG. 3. Normalized momentv0
2 as a function of the scatterin

angle~in degrees! for the pure argon jet and the argon-helium mi
ture.
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jet axis with a half-wave plate. Additional details of the e
perimental setup can be found in Gregoriet al. @9#.

The characteristic time scale for electron heating in a la
pump field is given bytH;(v t /vE)2/nei @28,29#, wherev t
5(kBT/m)1/2 is the electron thermal speed andvE is the
velocity with which the electrons oscillate in the laser pum
field. For typical laser energies (0.05–0.4 J/pulse) and w
diameter (*2 mm) used in our experiment,tH is consider-
ably longer than the laser-pulse duration, leading to a ne
gible inverse bremsstrahlung heating of the electrons~see,
e.g., Snyderet al. @10#!.

IV. RESULTS

In this section we present electron temperatures and d
sities from the experimental data following the sugges
theoretical approach based on the memory function form
ism. Equation~18! is used to fit the experimental data
order to extract thenormalizedmomentsv0

2 and v1l
2 . The

results are plotted in Figs. 3 and 4. Sincev1l
2 , in the weak

coupling limit, is independent on the specific form for th
pair correlation function, it can be easily fitted forT and n
using Eq.~23! wherexk(T,n) is given by Eq.~22!. Values
between consecutive scattering angles are interpolated
polynomials of order 3. Best-fit curves obtained from th
model are plotted in Figs. 5 and 6. As we can see, the M

FIG. 4. Normalized momentv1l
2 as a function of the scattering

angle~in degrees! for the pure argon jet and the argon-helium mi
ture.

FIG. 5. Best-fit curve ofv1l
2 given by Eq.~23! vs scattering

angle~in degrees!. The plasma gas is argon at 35 l/min.
1-5
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GREGORI, KORTSHAGEN, HEBERLEIN, AND PFENDER PHYSICAL REVIEW E65 046411
model corrected for temperature nonuniformities shows
cellent agreement with the data. From the best fit, an elec
densityn59.331022 m23 is obtained for a pure argon je
and a densityn58.231022 m23 is obtained for the argon
helium mixture. Average electron temperature values, ca
lated from Eq.~21! are then plotted in Fig. 7. We see that
small and large scattering angles the average temperatu
the collection volume slightly decreases as a result of lar
volumes being probed. The maximum temperature in
scattering volume is shown in Fig. 8. It can be seen th
within the experimental confidence intervals, the maxim
temperature values are almost independent on the scatt
angle. The method proposed in this paper hence resolve
problem of angle-dependent results of the Thomson sca
ing temperature measurements that were clearly unphys
This result thus lends further credibility to the method p
sented here.

V. DISCUSSION

We compare the temperature and density values obta
with three different models for the spectral density functio
the standard RPA, the Bhatnagar-Gross-Krook~BGK! ap-
proximation@6#, and the memory function formalism~MFF!
described above. The main difference between the RPA

FIG. 6. Best-fit curve ofv1l
2 given by Eq.~23! vs scattering

angle~in degrees!. The plasma gas is argon at 30 l/min and heliu
at 28.4 l/min.

FIG. 7. Average electron temperature, from Eq.~21!, in the scat-
tering volume.
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the BGK approximation is that the former does not consi
collisions, thus the density fluctuations are simply obtain
by the solution of the Vlasov equation. Instead, in the BG
model, an approximate form is introduced for the collisi
integral in the Boltzmann equation. However, the BGK c
lision operator is designed primarily to describe the effects
weak electron-neutral collisions on the spectral density fu
tion, and its extension in the strong electron-ion collisi
regime may be inaccurate. In addition, both the RPA and
BGK models calculate the spectral density function using
principle of superposition of dressed particles@5# which re-
quires that the conditionG!1 ~ideal plasma! must be satis-
fied.

We shall observe that atk!kD ~small scattering angles, o
large laser wavelength! we probe the density fluctuations fa
in the collective regime. As noticed by Snyderet al. @10#,
here collisional damping is probably dominant, and the u
of either RPA or BGK models is questionable. Conversely
the region k;kD ~large scattering angles, or small las
wavelength! there occurs the transition from a kinetic to
fluid behavior of the plasma particles@20#. This is the regime
where nonideal effects are most important@30#, and again
both RPA and BGK models may become invalid. Instead,
phenomenological memory function approach that we h
described in this paper does not rely on a particular mic
scopic theory for the derivation of the spectral density fun
tion, and it is valid at all scattering angles.

The experimental line shape obtained atu590° for the
argon~30 l/min! helium ~28.4 l/min! plasma jet is plotted in
Fig. 9, along with the best-fit results obtained from the th
models that we have discussed. We see, in all cases,
good fits to the experimental signal, with negligible diffe
ences among them in the fitted lineshape. However, q
different values for the electron temperature are derived fr
these models. This is shown in Figs. 10 and 11. Differen
in the electron density are instead less pronounced. Typic
for the pure argon jet, we getn59.431022 m23 ~MFF!, n
56.231022 m23 ~RPA!, n56.431022 m23 ~BGK!, while
for the argon-helium mixturen58.231022 m23 ~MFF!, n
56.831022 m23 ~RPA!, n57.131022 m23 ~BGK!. We
clearly see that both the RPA and BGK models show a str
dependence of the temperature values on the scatte
angle. This behavior is much less pronounced in the mem

FIG. 8. Maximun electron temperature in the scattering volum
1-6
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function formalism corrected for temperature inhomoge
ities, with a decrease in the average temperature at smal
large scattering angles. Small scattering angles correspon
the regionkD /k;4 –6, where collisional broadening is im
portant. At larger scattering angles (kD /k;2) the differ-
ences among the models are less pronounced, howeve
pecially for the pure argon jet, MFF temperatures rem
substantially different from the RPA and the BGK ones.
discussed, in this region we start seeing nonideal coup
effects. Excitation temperatures close to 12 000–14 000
have been obtained from emission spectroscopy meas
ments @31# in similar plasmas at the same axial positio
Differences between emission spectroscopy and Thom
scattering results based on the MFF approach still exist, s
gesting the possibility of deviations from LTE in arc plasm
jets. However, the extent of such deviations is smaller t
the value reported by Snyderet al. @10# using the RPA in the
data analysis at large scattering angles, an indication th
correct model for the spectrum of the density fluctuation
crucial for interpreting the physical properties of weak
coupled arc plasma jets.

FIG. 9. Experimental line shape obtained atu590° for the
argon-helium jet mixture by accumulating several laser pulses
ing 1 min exposure time. Background subtraction, flat field corr
tion, and removal of the central Rayleigh scattered signal has b
performed.

FIG. 10. Electron temperature derived from the models
scribed in the text vs scattering angle~in degrees!. In the MFF
average temperatures are plotted. The plasma gas is argon
l/min.
04641
-
nd
to

es-
n

g
K
re-
.
on
g-

n

t a
s

From previous studies on the effect of couplingG
;0.05–0.1 on the structure of the spectral density funct
@32# it was shown that the experimental electron features
broader than expected from the RPA. It was concluded
the broadening was due to density inhomogeneities and
some extent, collisions. However, no direct justification w
offered and nonideal effects may also have had some in
ence. Even if large density inhomogeneities in the scatte
volume may contribute to the spectral broadening, and
responsible for the observed angular dependence of the
perature values@9#, Snyderet al. @10# have presented dat
that favor other broadening mechanisms for typical den
variations in the jet. Since in our plasmaskv t /nei;10–30,
collisional damping makes an important contribution
broadening the high-frequency part,v*kv t , of the density
fluctuation spectrum. Our results, on the other hand, seem
confirm the fact that several mechanisms may be impor
in determining the spectral broadening: collisions, nonide
ity, and temperature gradients. Even if their relative con
bution is unknown since these effects are lumped toget
the memory function approach gives a very simple desc
tion of the resulting density fluctuation spectrum. Compar
Figs. 10 and 11, we see that the addition of helium in the
has the effect that, on average, differences among the t
models for the density fluctuations are less pronounced t
for the pure argon plasma jet. This can be understood
terms of our analysis: adding helium in the plasma jet ty
cally has the following effects: decrease in the electron d
sity ~due to the higher ionization potential than argon!, in-
crease in the electron temperature and increase in the the
conductivity ~see, e.g., Bouloset al. @33#!. As a result,G
decreases,~bringing the plasma closer to ideal!, the electron-
ion collision frequency also decreases, and the tempera
gradients tend to be reduced.

VI. CONCLUSIONS

In this paper we have discussed a technique to ana
Thomson laser light-scattering data from weakly nonid
and collisional plasmas in the presence of temperature in

r-
-
en

-

35

FIG. 11. Electron temperature derived from the models
scribed in the text vs scattering angle~in degrees!. In the MFF
average temperatures are plotted. The plasma gas is argon
l/min and helium at 28.4 l/min.
1-7
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mogeneities. It is shown that the phenomenological desc
tion of the electron-density fluctuations based on the mem
function formalism is more accurate than the stand
random-phase approximation when plasma nonideality,
lisionality, or inhomogeneity are significant in determinin
the dynamic structure of correlated systems. Indeed the
liminary results shown here seem to confirm that some of
problems reported in the past with Thomson scattering m
surements of electron temperature and density can
avoided if the proposed approach is followed. In particu
electron temperature values obtained with this method
much less dependent on the scattering angle, with ave
u

n

.D

H

s.

l
r,

04641
p-
ry
d
l-

e-
e
a-
be
r,
re
ge

values closer to the ones determined from spectrosc
measurements of line intensities. However, differences
tween the excitation temperatures obtained from spec
scopic measurements and the electron temperatures de
from Thomson scattering still exist.
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