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Analysis of Thomson scattered light from an arc plasma jet
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In this paper we present an analysis of Thomson scattered light from an arc plasma jet. Our approach goes
beyond the standard random-phase approximafi?d) 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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[. INTRODUCTION without rigorous theoretical justifications.
The degree of coupling is usually described by the ratio of

The dynamic structure factor, or spectral density functionthe potential to the kinetic energy per parti¢see, e.g., Ichi-
is a fundamental quantity that describes the correlationsnaru[11]) and in singly ionized systems is written &s
among particles in a plasma, as the individual and/or collec=e?/4meyksTd, whereT is the electron temperature acd
tive behavior of electrons and ions remains imprinted in it.= (3/47n)*? is the ion-sphere radius, with=n,=n; the
Thermodynamic and transport properties can then be deriveglectron (or ion) density. The Debye length in a two-
from the spectrum of the density fluctuatiddg. Of particu-  component plasma is given in terms of the coupling param-
lar interest is the electron density-density correlation, since ipter as\ , = (kg T/262n) 2= (d%/6I') 2 The factory2 that
can be directly probed in a plasma using Thomson laser scagppears in the definition of the Debye length accounts for
tering (see, e.g., Paviol2]) allowing the simultaneous mea- poth electron and ion screening. The number of electrons
surement of electron density and temperature if an accural e a sphere of radiusp is A=47rn)\3D/3. In an ideal

model for the dynamic structure factor is available. In theplasmaA>1 (or T<1) and the Coulomb screening is well

early work of Salpetef3], the spectrum of the electron- Jepresented by the Debye length. In the opposite cAse,

density fluctuations was obtained for an ideal, uniform an I h ol domi he ki
collisionless plasmp4—6]. We will refer to this model as the <1 (or I'>1), the potential energy dominates over the ki-

random-phase approximatiéRPA). The RPA has then been _netic energy and p dqes not relate anymore with the screen-
successfully applied for measurements of electron tempera?9 of the electrostatic forces. These plasmas are then called
ture and density using Thomson scattering in several plasm@rongly coupled. For typical conditions in atmospheric
environmentg4,6] with the exception of thermal arcs and Plasma jets]'~0.05-0.1, corresponding only to about
atmospheric plasma jets7—9]. Comparison between the ~2-4 electrons in the Debye sphere. It is then clear that, at
RPA model and the experimentally determined dynamidhese couplings, nonideal corrections to the RPA may be-
structure factors in thermal arcs and atmospheric plasma jeg@ome important since the number of electrons within the
provides electron temperature values that are inconsisteebye sphere remains quite small. Typically, we should ex-
with the local thermodynamic equilibriuth TE) temperature  pect the RPA to be valid foh =10. Moreover, as the degree
values extracted from other well-established diagnosticspf coupling increases, the collision rate between charged par-
such as emission spectroscopy or enthalpy prd@ésin  ticles becomes progressively more important. However, cal-
addition, some authoi®,10] have recently reported experi- culating the correct value for the collision frequency in a
ments showing dependence of the derived electron temperaeakly nonideal plasma requires some attention. In this re-
ture values on the scattering angle. In those experimentspect, we should notice that in an ideal plasma the electron-
density fluctuations were probed at a wavelength for which aon collision frequency is mainly determined by long-range
straightforward interpretation of light-scattering data basedCoulomb forces. On the other hand, lasapproaches unity,

on the random-phase approximation may not always be ashort-range interactions become significant. An estimate of
curate. Indeed, similar experiments conducted at differente;, the electron-ion collision frequency, in this transition
wavelength showed no dependence on the scattering angiegion has been recently discussed by Valeeal. [12]. We
[10]. Inclusion of electron-ion collision®,10] or correction  see that for typical values of the coupling parameter which
for inhomogeneities in the scattering volurf® have been are found in plasma jetsy.;/w,=0.01-0.02, wherew,
proposed as possible mechanisms responsible for the ob=(e?n/ egm)*2is the electron plasma frequency. We are then
served angular dependence in the analysis of measured daaa region where the use of a collisionless model for the
using the RPA. However, such approaches are still heuristidynamic structure factor may be questionable.
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Il. THEORY with p(k,t) = pi(k,t) —pe(k,t) the charge-density distribu-
tion. The charge-charge correlation function naturally gives
the spectrum of the charge fluctuations, and they are related
In a Thomson scattering experiment, the intensity of theig the plasma dielectric function by the fluctuation-
scattered light is proportional t&.(k,w), the electron dissipation theoreril3]
density-density correlation function, which represents the
spectrum of the longitudinal density fluctuations. In the low- 1 K2
energy  (nonrelativistig limit, k=1k|=]|k;—kg| S, (K, w)=— — —Im
=(4m/\;)sin(6/2), wherek; andkg are the incident and scat- k3
tered wave number, respectively; is the incident laser
wavelength, and the scattering angle. The difference be- Thus, in the high-frequency regime, we clearly have
tween the scattered and the incident photon frequeney is S_(k,)=2S,,(k, o).
=ws— ;. In order to describe the collective modes of elec-  Since our measurement apparatus detects only the high-
trons and ions, we introduce the time-dependent density atequency feature of the spectrum, the measured scattered
speciesa, light intensity is then proportional to onlg,,(k,w).

A. Charge-charge correlation function

1

e(k,w)| ©

N
p(r,t)= 2 o(r— r(s")(t)), (1) B. Frequency moments
. The advantage of the proposed approach is that frequency
wherea=i (ions) or a=e (electrons. The total number of Mmoment sum rules of the charge structure factor are easily
particles of typea in the system isN, and the time- Obtained.Sz;(k,w) is even in frequency, thus its odd fre-
dependent position vector of tish particle of species is ~ duency moments are all zero. Defining the even frequency
r{*)(t). The Fourier components of the density are thus ~ Moments as

N n
palkt)= 2, exilik-r(v)]. @ 02n= [ o Szalicoto, “

The electron-electron density correlation is defined as then we have for the first three momefi#s13-13

1 (= Qo=Szz(k), ®
Sedkw)=5—1 | epukDp(~kO)dt,  (3) v
1(keT , KgT

where( . ..) denotes a thermal average. Having implicitly 92=§ Wk + Vk ' ©)
assumed isotropy, the dynamic structure depends only on the
magnitude ofk and not on its direction.

The correlation functio®. (K, w) has two main contribu- 1 3k3T? 4 nkgTk? V2 d
tions[5,2]: a low-frequency part related to the light scattered T2l e 3m2 f Veel 1) Ged 1) dr

from electrons that closely participate in the screening of the

ions, and a high-frequencyw&kv,, with v, the electron nkgTk?
speedlterm arising from free electrons that do not participate >
in the ion screening. In our experiments we probed the high- 3m
frequency part 08,4k, w), representing electrons oscillating nkaTk2
in the vicinity of the plasma frequency, while the low- __B
frequency satellite remained spectrally unresolved. Using the
fluctuation-dissipation theorenG.«(k,w) is expressed in

[ voun)gatnan

fexp(ik-r)gee(m(R-V)Zvee(r)dr

ielectri ; 3k3T? ke Tk?
terms of the plasma dielectric response funct¢k, ), and L% ey NKg f V2. (1) (r)dr
in the high-frequency limit we haviés] M2 3M?2 i(0)Gi
< (K 1 2|<2I 1 . nkeTK [,
eel ,w)——Egm ko)l (4) + e f Vevei(r)gei(r)dr
wherekp is the inverse of the Debye length. The right-hand nkgTk? . N )
side of Eq.(4) is related to the linear response of the plasma YD exp(ik-r)g;i(r) (k- V)%v;(r)dr
to an external electric field. This is clarified by introducing
the charge-charge correlation function 2nks TK2

“ +WJ exp(ik-1)gei(r) (k- V)%vei(r)dr |,

1 ,
Szz(k,w)= 72— _we""t<p(k,t)p(—k,0)>dt. ©) 10
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wherek is a unit vector parallel t&, M is the ion mass, Ss(k.0) 1 (kv) N’ (K, )
v,5(1) is the interaction potential between a particle of spe- <zz(K,®)= 5— > " ; ,
ciesa and a particle of specie8 separated by a distance 27 [w?~ 05— oN"(K,0)*+ [«N (k’w)]214
The pair distribution functions are given lgy,z(r). These (14
moments have also a clear physical interpretafibp the
zeroth moment gives the total power in the fluctuations at . .
given scattering angle, the second moment is a restatemef} the electron _plasma wave ahd (k) its dlsper_smn. Ina

of the conservation of the number of particles and the fourtt? enomenological approach, the memory functions are cho-
moment includes the effects of pair interactions. We shalP&" such that the correct three lowest-order frequency-
notice that the frequency moments reported here are strictl oment sum ru_Ies are e_xactly reproduced by the charge-
valid only if the electron and the ion temperatures are equa ,harge coryelapon function. The advantage of such a
ie., T.=T,=T. Generalization to a two-temperature plasmarepresentatlon is that we do not need anymore an exact mi-

is straightforward. However, since our interest focuses onl%rosc_;)p;: trt1eotr_y to (éerlve thel spiﬁctrum ?f the_ Ionbggltgdlgal
on the fast-moving electrons, then in the limit<M, the ensity Tiuctuations. L.onversely, the Spectrum IS obtained in

relevant temperature in describing frequency moments is ju form that is phenom.enologlcally self consistent. Assuming
given by T=T,. at the memory functions are much simpler objects than the

The static structureS,»(k), does not have a simple rep- density correlation itself, we adopt the following Gaussian

resentation, and, in general, can be obtained only from mof-Orm for the damping functiop24]:
lecular dynamics simulationjsl6] or the hypernetted chain ,
equation[17,20. However, since a weakly nonideal plasma N’ (k,w) =T 70— wh)expl - Tw?), (15
does not have a short-range order, characteristic of highly 5 . )
correlated systemsI'&1), it is reasonable to assume a Wherewy;=Q,/Q, and 7 is the (-dependentrelaxation
5imp|e linear Debye-[—hke| form for the pair distribution time for the damplng of the collective modes. From the ana-
functions[18,19, along with the bare Coulomb potential de- Iytic properties of the response function, and hence of
scribing the charged particles interaction. The use of a barbl(k, ), the dispersion memory functioN"(k,w) is then
Coulomb potential is, in fact, unreasonable if we want toobtained fromN’(k,) with the help of the Kramers-Kronig
preserve the two-component plasma system from collapsingglation[24,1]
(see, e.g., Baus and Hansg20]) as particles of opposite
charge may stay arbitrarily close together. In reality, quantum 5 1f N’ (k,w")

a

é/vherea%:(lzlﬂo. Here,N’(k,w) represents the damping

diffraction (i.e., the Pauli exclusion principleprevents this N"(k,w)=— —do’

collapse from happening by reducing the effective potential w e

at a separation distance of the order of the de Broglie thermal T
wavelength[13,21]. Since the electron thermal wavelength =2n(wf— wh)exp - Tﬁwz)f exp(y?)dy,
remains much shorter than the ion-sphere radius at typical 0

densities of our plasma, we can regard quantum diffraction (16
effects as higher-order corrections in the Coulomb potential.

Under these conditions, and sinoe<M, the previous ex- with P denoting the principal part of the integral. The relax-
pressions for the frequency moments considerably simplifyation time 7, is related to the sixth moment of the charge-

(see also Refd22,23) charge correlation functiof22]. We have
k2 4 QG 4 C!)% o w(z)
R Wo =~ =w 5 1
Qg il (11) 27, “u 272 (17

1 However, explicit expressions fél4 in terms of the electron
Qo= =(kvy)?, (12)  temperature and the electron density are difficult to obtain
2 since they involve triplet correlation functions in slowly con-
vergent integral§15]. In our analysis then, the relaxation
1 time is left as an additional parameter in the expression for
Q4= E[g(kvt)4+(kvt)2w;2)]’ (13)  the correlation function. In Fig. 1 theoretical line shapes for
Scdk,w) in the high-frequency limit have been calculated
from the memory function formalisiMFF) model for dif-
where kp=(2en/ekgT)2 is the inverse of the Debye ferent values ofr,. The theoretical spectral density in the
length andv,= (kg T/m)*? is the electron speed. RPA approximation is also plotted for comparison. We
Following the approach described by Hansdral. [24], clearly see significant differences between the MFF and RPA
we can rewrite the response function in terms of an unknowmodels. Since, in our formulation, the relaxation time is an
memory function Kk,w)=N’(k,w) +iN"(k,w). The charge adjustable parameter, it can be phenomenologically varied in
structure factor can then be expressed in a very general fororder to change the damping mechanism of the collective
as modes. In absence of a reliable microscopic theory, the ad-
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additional broadening of the line shape. Effects of inhomo-
geneity in the scattering volume on the Thomson signal have
been previously reported by Gregat al. [9] and by Roz-
mus et al. [27] (and references therginTypically, thermal
plasma jets exhibit strong density and temperature gradients
and with the large laser beam waist diameter used in our
experiment in order to reduce inverse bremsstrahlung heat-
ing, large-scale variations of the plasma properties in the
scattering volume may, to some extent, modify the measured
line shape$9]. Since the measured signal is proportional to
the electron density times the spectral density function, the
high-density region in the scattering volume will largely con-
tribute to the measured signal. Thus, it is expected that the
FIG. 1. Theoretical spectral density functid(k,») at 6  electron density obtained from Thomson scattering be repre-
=90° for T=15000 K andn=1.0x10?* m~3: RPA (solid ling;  sentative of the peak densities in the probed region. On the
MFF with 7,=1.0x10 s (dash-dotted linge MFF with 7,  other hand, in the presence of temperature inhomogeneities,
=3.0x10 s (dashed ling MFF with 7,=6.0x10 '*s (dotted  the measured dynamic structure will be given by
line).

4x 1071

3x 1071

2x 1071

See [s]

1x107H

1000 2000 3000 4000 5000 6000
frequency [GHz]

Szz(k,w)=f OW(T")Szz(K,;T")dT’, (19

vantage of a phenomenological approach is that the details of

these physical processes are all lumped together in one single L
parameter. where we have explicitly indicated thecal temperature de-

pendence irs;z(k,w; T"). The contribution of regions at dif-
ferent temperature in the scattering volume is represented by
C. Inhomogeneous systems the temperature distribution functi@, . In a homogeneous
From the previous analysis we have derived the completgystem,®(T')=45(T—T’). In a very simple picture, we
set of equations required to describe charge, or highcan regard the homogeneous system as the limiting case of a
frequency density fluctuations in a homogeneous system, i.iormalized steplike temperature distribution
assuming that in the volume under consideration, large-scale
variations of the plasma properties, specifically electron tem- QT = i (20)
perature and density, remain negligible. The charge structure Txi'
factor is thus determined hy3, w3, and the relaxation time
7. The intensity of the scattered light, as measured by th
detection apparatus, is given by

g T(1—x)<T'<T, andO,(T')=0 otherwise. Herey, is

an angle-dependent parameter which indicates the extent of

temperature variations. In the limy,— 0, the homogeneous
case is indeed reproduced. The average temperature in the

|(k,w)=AJ hi(w")Szz(k,0' —w)de'+B,  (18)  scattering volume is given by

where h; is the instrument function. Following van de Tav=f T'OTHAT =T(1— xi/2). (21)
Sanderet al.[25], we estimate the instrument function using

the measured light signal from an argon jet at room temperafhis shows that the average temperature is a function of the
ture. We find thab; is well represented by a Lorentzian with scattering angle, since at large anglback scatteringand

30 GHz half width.A andB are parameters that also include small anglegforward scatteringwe expect to probe a larger
the response of the experimental apparatus, the total numbgslume than at 90° scattering angle. From the given tem-
of scattering particlegi.e., the electron densityand their  perature distribution, it is easy to calculate the corrected fre-
temperature. At a given scattering angée wave number  quency moments of the charge-charge correlation function
the full set of unknownso%, (u% , Tk, A andBis determined under the same approximations that led to E44)—(13).

by calculating the convolution d&,7(k,w) with the instru-  We then obtain for th@ormalizedmoments

ment function using fast Fourier transform and then perform-

ing a Levenberg-Marquardt nonlinear fittifg6] of 1(k,w) ) ngk(l—ka)

with the experimental line shape. The fitting result for the wp=— 2 7 (22)
parametersw(z),cufI , Tk IS actually independent frorA and B In( - Xk

which only represent a scale term of the instrument response k?+ kzD

and the baseline correction. As mentioned, if the system is

uniform, electron temperature and electron density can be 2 21—Xk+XE/3 )

obtained fromw? and w2, using Eqs(11)—(13). @u=8(ku) o T (23

The situation is, obviously, more complex if the system
exhibits nonuniformities, as the expressions for the fre-This completes the full set of equations necessary to derive
guency moments need to be corrected in order to includelectron temperature and density from the experimental data.
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FIG. 4. Normalized momenb?, as a function of the scattering
angle(in degreesfor the pure argon jet and the argon-helium mix-
ture.

FIG. 2. Schematic of the experimental setup. . L . .
jet axis with a half-wave plate. Additional details of the ex-

perimental setup can be found in Gregerial. [9].

The characteristic time scale for electron heating in a laser

We have measured spectral density functions in atmopump field is given byry~ (v, /ve)? ve; [28,29, Wherev,
spheric plasma jets in order to compare theoretical models: (k,T/m)¥2 is the electron thermal speed ang is the
with Thomson laser scattering results. The experimentajelocity with which the electrons oscillate in the laser pump
setup is shown in Fig. 2. A dc torch operating at atmospherigie|d. For typical laser energies (0.05-0.4 J/pulse) and waist
pressure with a pure argon flow rate of 35.0 I/min, or a mix-diameter &2 mm) used in our experimenty, is consider-
ture Of argon at 30.0 I/m|n and he“um at 28.4 I/m|n haS beerably |onger than the |aser_pu|se duration, |eading to a neg”_

downstream from the nozzle exit with &-switched ¢ g Snydeet al.[10]).

frequency-doubled532 nm Nd:Yag laser. The pulse dura-
tion is 10 ns with a repetition rate of 20 Hz. The torch has
been operated with an arc current of 600 A at 3@Wth pure
argon or 40 V (with an argon-helium mixtupe The jet di- In this section we present electron temperatures and den-
ameter at the nozzle exit is approximately 8 mm. Data colsities from the experimental data following the suggested
lection is performed at various scattering angles with aheoretical approach based on the memory function formal-
visible-light fiber bundle and then imaged onto the 10®  ism. Equation(18) is used to fit the experimental data in
entrance slit of a monochromator equipped with aorder to extract thenormalizedmoments(ug and w% . The
140x 120 mnf, 1800 groove/mm holographic grating. The results are plotted in Figs. 3 and 4. Sine§ , in the weak
line profile is then measured with a two-dimensional inten-coupling limit, is independent on the specific form for the
sified charge-coupled device gated array detector. Theair correlation function, it can be easily fitted férandn
plasma jet is aligned perpendicularly to the scattering planeusing Eq.(23) where x,(T,n) is given by Eq.(22). Values
and to maximize the signal, the direction of polarization ofpetween consecutive scattering angles are interpolated with
the incident light has been rotated along the direction of thgyolynomials of order 3. Best-fit curves obtained from this
model are plotted in Figs. 5 and 6. As we can see, the MFF

Ill. EXPERIMENT

IV. RESULTS

4x10%
3.5x 10% @ Tuill®

: ; é"ﬁ
_ y é é 6x 10% -~
& 3x10 = _ P g
S lm 5% 10% -
§ 2.5x10% o -

m Ar iz i'/
S 4x10% -  Ar
2% 10% O Ar-He +’/
3% 10% —— theory
40 60 80 100 120 140 160 ) ) . . . ' .
scattering angle [deg] 40 60 80 100 120 140 160
scattering angle [deg]

FIG. 3. Normalized momenb? as a function of the scattering

angle(in degreesfor the pure argon jet and the argon-helium mix-

ture.

FIG. 5. Best-fit curve ofw? given by Eq.(23) vs scattering

angle(in degrees The plasma gas is argon at 35 I/min.
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FIG. 6. Best-fit curve ofw?, given by Eq.(23) vs scattering i ) .
angle(in degrees The plasma gas is argon at 30 I/min and helium ~ FIG. 8. Maximun electron temperature in the scattering volume.
at 28.4 I/min.

the BGK approximation is that the former does not consider

model corrected for temperature nonuniformities shows exeollisions, thus the density fluctuations are simply obtained
cellent agreement with the data. From the best fit, an electroby the solution of the Vlasov equation. Instead, in the BGK
densityn=9.3x 107> m™~ 3 is obtained for a pure argon jet, model, an approximate form is introduced for the collision
and a densityn=8.2x10?> m? is obtained for the argon- integral in the Boltzmann equation. However, the BGK col-
helium mixture. Average electron temperature values, calculision operator is designed primarily to describe the effects of
lated from Eq.(21) are then plotted in Fig. 7. We see that at weak electron-neutral collisions on the spectral density func-
small and large scattering angles the average temperature tien, and its extension in the strong electron-ion collision
the collection volume slightly decreases as a result of largeiegime may be inaccurate. In addition, both the RPA and the
volumes being probed. The maximum temperature in thdGK models calculate the spectral density function using the
scattering volume is shown in Fig. 8. It can be seen thatprinciple of superposition of dressed partic[& which re-
within the experimental confidence intervals, the maximumauires that the conditiolf <1 (ideal plasmamust be satis-
temperature values are almost independent on the scatterifigd.
angle. The method proposed in this paper hence resolves the We shall observe that &i<kp (small scattering angles, or
problem of angle-dependent results of the Thomson scattelarge laser wavelengtiwe probe the density fluctuations far
ing temperature measurements that were clearly unphysicah the collective regime. As noticed by Snydet al. [10],
This result thus lends further credibility to the method pre-here collisional damping is probably dominant, and the use
sented here. of either RPA or BGK models is questionable. Conversely, in
the regionk~kp (large scattering angles, or small laser
wavelength there occurs the transition from a kinetic to a
fluid behavior of the plasma particlg®0]. This is the regime

We compare the temperature and density values obtaineshere nonideal effects are most import480], and again
with three different models for the spectral density function:both RPA and BGK models may become invalid. Instead, the
the standard RPA, the Bhatnagar-Gross-KrgBIGK) ap-  phenomenological memory function approach that we have
proximation[6], and the memory function formalisivIFF) described in this paper does not rely on a particular micro-
described above. The main difference between the RPA angtopic theory for the derivation of the spectral density func-

tion, and it is valid at all scattering angles.

V. DISCUSSION

18000 The experimental line shape obtainedéat 90° for the
argon(30 I/min) helium (28.4 I/min plasma jet is plotted in
17000 | Fig. 9, along with the best-fit results obtained from the three
models that we have discussed. We see, in all cases, very
16000 ¢ . good fits to the experimental signal, with negligible differ-
) 660 . . SIS ences among them in the fitted lineshape. However, quite
i - ; N different values for the electron temperature are derived from
14000 | 7 these models. This is shown in Figs. 10 and 11. Differences
- . m - Ar in the electron density are instead less pronounced. Typically,
13000 | for the pure argon jet, we get=9.4x10?2m~3 (MFF), n
=il Br-He =6.2x10P2m 3 (RPA), n=6.4x10P2m 3 (BGK), while
for the argon-helium mixture=8.2x 10?> m~2 (MFF), n

@4 o 1 B 4G e =6.8X10P2m 3 (RPA), n=7.1x10%m 3 (BGK). We
scattering angle [deg]

clearly see that both the RPA and BGK models show a strong

FIG. 7. Average electron temperature, from E2f), in the scat- dependence of the temperature values on the scattering

tering volume. angle. This behavior is much less pronounced in the memory
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'E‘: g 22500 | \\ —a- BGK
% £ 20000 | N
I \ P
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SEEE =
15000 | ﬁﬂ.#~/\' ;;-_i;-;‘ 7=l
2000 4000 6000 8000 10000 12000 12500
frequency [GHz] 40 60 80 100 120 140 160

scattering angle [deg]
FIG. 9. Experimental line shape obtained &t 90° for the
argon-helium jet mixture by accumulating several laser pulses dur- FIG. 11. Electron temperature derived from the models de-
ing 1 min exposure time. Background subtraction, flat field correc-scribed in the text vs scattering angle degrees In the MFF
tion, and removal of the central Rayleigh scattered signal has beemverage temperatures are plotted. The plasma gas is argon at 30
performed. I/min and helium at 28.4 I/min.

function formalism corrected for temperature inhomogene- From previous studies on the effect of coupliig
ities, with a decrease in the average temperature at small and0.05-0.1 on the structure of the spectral density function
large scattering angles. Small scattering angles correspond £82] it was shown that the experimental electron features are
the regionkp /k~4—6, where collisional broadening is im- broader than expected from the RPA. It was concluded that
portant. At larger scattering angle&y(/k~2) the differ- the broadening was due to density inhomogeneities and, to
ences among the models are less pronounced, however, &me extent, collisions. However, no direct justification was
pecially for the pure argon jet, MFF temperatures remairffered and nonideal effects may also have had some influ-
substantially different from the RPA and the BGK ones. Asence. Even if large density inhomogeneities in the scattering
discussed, in this region we start seeing nonideal couplingolume may contribute to the spectral broadening, and be
effects. Excitation temperatures close to 12 000—14 000 Kesponsible for the observed angular dependence of the tem-
have been obtained from emission spectroscopy measurBerature value$9], Snyderet al. [10] have presented data
ments[31] in similar plasmas at the same axial position.that favor other broadening mechanisms for typical density
Differences between emission spectroscopy and Thomsoyariations in the jet. Since in our plasmes,/ve;~10-30,
scattering results based on the MFF approach still exist, sugollisional damping makes an important contribution in
gesting the possibility of deviations from LTE in arc plasmabroadening the high-frequency pasi=kv,, of the density
jets. However, the extent of such deviations is smaller thafluctuation spectrum. Our results, on the other hand, seem to
the value reported by Snydet al.[10] using the RPA in the confirm the fact that several mechanisms may be important
data analysis at large scattering angles, an indication thatia determining the spectral broadening: collisions, nonideal-
correct model for the spectrum of the density fluctuation isity, and temperature gradients. Even if their relative contri-
crucial for interpreting the physical properties of weakly bution is unknown since these effects are lumped together,
coupled arc plasma jets. the memory function approach gives a very simple descrip-
tion of the resulting density fluctuation spectrum. Comparing
Figs. 10 and 11, we see that the addition of helium in the jet

45000 - m- MFE has the effect that, on average, differences among the three
40000 % models for the density fluctuations are less pronounced than
— \;\ -3 - RPA for the pure argon.plasma jet. This can be understood in
. —a- BGK terms of our analysis: adding helium in the plasma jet typi-
i 30000 \\\ cally has the following effects: decrease in the electron den-
£ 25000 \ sity (due to the higher ionization potential than argoin-
. crease in the electron temperature and increase in the thermal
20000 T S o . conductivity (see, e.g., Boulot al. [33]). As a result,I’
1500f = . & — m - —®— & — g decreasegpringing the plasma closer to id¢aihe electron-
10000 ion collision frequency also decreases, and the temperature
g7 5 = T o i T gradients tend to be reduced.

scattering angle [deg]

VI. CONCLUSIONS

FIG. 10. Electron temperature derived from the models de-

scribed in the text vs scattering angi@ degrees In the MFF

In this paper we have discussed a technique to analyze

average temperatures are plotted. The plasma gas is argon at 3homson laser light-scattering data from weakly nonideal

I/min.

and collisional plasmas in the presence of temperature inho-
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mogeneities. It is shown that the phenomenological descripvalues closer to the ones determined from spectroscopic

tion of the electron-density fluctuations based on the memoryneasurements of line intensities. However, differences be-

function formalism is more accurate than the standardween the excitation temperatures obtained from spectro-

random-phase approximation when plasma nonideality, colscopic measurements and the electron temperatures derived
lisionality, or inhomogeneity are significant in determining from Thomson scattering still exist.

the dynamic structure of correlated systems. Indeed the pre-
liminary results shown here seem to confirm that some of the
problems reported in the past with Thomson scattering mea-
surements of electron temperature and density can be
avoided if the proposed approach is followed. In particular, This work was supported by the Engineering Research
electron temperature values obtained with this method arBrogram of the Office of Basic Energy Sciences of the U.S.
much less dependent on the scattering angle, with averageepartment of Energy under Grant No. FG02-85ER-13433.
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