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Thomson scattering measurements in atmospheric plasma jets
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Electron temperature and electron density in a dc plasma jet at atmospheric pressure have been obtained
using Thomson laser scattering. Measurements performed at various scattering angles have revealed effects
that are not accounted for by the standard scattering theory. Differences between the predicted and experimen-
tal results suggest that higher order corrections to the theory may be required, and that corrections to the form
of the spectral density function may play an important rp81063-651X99)08202-1

PACS numbsefs): 52.25.Rv, 52.25.Gj, 52.70.Kz, 52.75.Hn

[. INTRODUCTION In this paper we address, in addition to the aforemen-
tioned problems of discrepancies in electron temperature
Temperature and density measurements using Thomsdneasurements, another inconsistency in the values for the
laser scattering have been extensively used since the theoi§mperature obtained by Thomson scattering. Our scattering
of electron density fluctuations in plasmas was first estabmeasurements have shown an electron temperature depen-
lished by Salpetef1,2] in the 1960s. When this diagnostic dence on the scattering angle. The standard thEbg;9—
technique was applied to the measurement of electron tend-1] takes into account a change in the scattering angle by a
peratures in atmospheric p|asma jets, the results have inddoper modification of the spectral density function, which in
cated a strong discrepancy with other well established diagturn describes the scattered power from the plasma electrons.
nostic methods such as emission spectroscopy or enthalgyssuming the correctness of such an approach, we have to
probe measuremenf8]. In particular, temperatures derived conclude that strong asymmetric conditions exist in the
from Thomson scattering have been found to be considerablglasma jet. However, conditions of strong asymmetry were
higher than those obtained with the more traditional technhever reported in such plasmas, a fact that, in addition to the
niques[3—6]. At the same time, electron density values de-Previous discussion, leads to the conclusion that some other
rived from Thomson scattering measurements have beegffects, not considered in the standard theory, may indeed
similar to those derived from other techniques, approximaPlay an important role in determining the scattering profile in
tively 1017 cm~2 for atmospheric pressure plasma jets closethermal plasmas.
to nozzle exit. The validity of Thomson scattering experi-
ments as well as other plasma diagnostics has been ques- Il. EXPERIMENT
tioned by several authofgl—6], mainly because, if correct,

Thomson results would suggest a strong departure of the 1N€ (hexpe][imental setup isl show? in Fig. 1. A continuum
plasma jet from the condition of local thermodynamic equi-Q-SWitched frequency doubled pulsed neodymium-yttrium

librium (LTE). Plasma jets are not the only case where2luminum gamet(Nd:YAG) laser is used to excite the

strong discrepancies between results from Thomson scattdplasma electrons. The pulse duration is 10 ns with a repeti-
ing measurements and from emission spectroscopy haiP" frequency of 20 Hz, and the laser is operating at a wave-
been found. Microwave driven torch€g] and thermal arcs '€ngth of 532 nm. The plasma is generated with a Miller
[6] have been reported to exhibit Thomson temperatures com G100 torch operating at atmospheric pressure with argon.
siderably higher than expected. On the other hand, LTE
should be approached in plasmas with electron densities a
high as the values reported by the experimégBis Snyder
et al. [4] proposed a mechanism which in principle could = LI T
3]
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account for non-LTE conditions. Three-body collisions,

where one electron and one ion recombine during the en
counter with another electron, leave the free electron with an  power meter \
excess energy which could be a significant part of the recom:
bination energy. Therefore, electrons would be heated to ¢
higher temperature than the ions, if the three-body electron:
ion recombination rate would be sufficiently high. Detailed

calculations, however, have shown that this heating proces
is negligible[4]. In addition, many effects in the experiment

which could perturb the results were also considered by Sny-
der et al. [4]. These include linear inverse bremsstrahlung,

influence of electron collisions, and fluctuations of the Q ICCD photodetector
plasma jet. Taking all these corrections into account, signifi-
cant differences from LTE would still remain. FIG. 1. Experimental layout.
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In the experiment, a gas flow rate of 35.4 I/min and an arc x 10*
current of 700 A at 30—35 V have been used. Data are takel ' E——
in the plasma jet emanating from the 8-mm-diameter anode ‘ ‘ To-  wihcl
nozzle 4 mm from the nozzle exit. To be able to compare i :
with previous results, the experimental setup has been cho
sen to be similar to the arrangement of Snyeeal. [4]. Z35
Therefore, details of the torch schematic and laser charactei2
istics can be found there. Data collection is performed atg 3f
various scattering angles by adjusting the position of a 2m-§
long visible-light liquid-guide, which ensures higher trans- 25
mission than standard optical fiber bundles. The transmittecg
light is then imaged onto the 2Q@m entrance slit of a 1m @
Acton Research AM510 monochromator. To disperse the
light spectrally, we used a 140120 mnt, 1800 groove/mm 1.5-
holographic grating. The line profile is measured with a Prin-
ceton Instrument two-dimensional intensified charge-couplec ; ; . ;
device gated array detector. The plasma jet is aligned per 40 60 80 100 120 140

. . S scattering angle [deg]
pendicularly to the scattering plane, and, to maximize the
signal, the direction of polarization of the incident laser FIG. 2. Electron temperaturg, vs scattering angle. Collision-
beam has been rotated along the direction of the jet axis witkess modelsolid line) and collisional mode{dashed ling
a half-wave plate. Since Thomson scattered light preserves

oL

the same polarization direction as the incident beam, a Glan- n e_xg
Thompson polarizer has been used to reduce unpolarized Sk, @) =— i 2)
background light from the plasma. V2u, |1+ aPW(xe)|?

It is known[12,13 that linear inverse bremsstrahlung can )
significantly heat up the plasma electrons if the laser energliere vi=(kgTe/m)¥? is the electron thermal speed, where
flux is high enough. To eliminate this effect, Snyaeral. [4] g is the Boltzmann constant amd the electron mass. The
performed measurements at various laser energies to be ati@sma permittivity is given by15]
to extrapolate the correct temperature for a weak nonperturb-

— 2
ing electromagnetic field in the plasma. In our experiment, a e=1+a"W(Xe), )
CoherentLabmaster Ultimapowermeter has been used to .

. with
measure the laser energy for every pulse. In addition to this
technique, we have carried out our measurements with a de- 1
focused beam at the jet axis, where data were gathered. A = 4
D

spot size of 2-mm diameter was used.

where\p is the Debye length, and
Ill. THEORY AND RESULTS

To derive values for the temperature and the density from .= w
the scattered light intensities, the experimental line profile € \/§kvt'
has to be fitted with a theoretical line shape. According to the
theory, the scattered power is proportional to the spectral 2 (Yo o )
density functionS(k,w), which, approximating the plasma W(Xe)=l—2xee’xef e dy+iaxe e, (6)
as an electron gas with a neutralizing background of positive 0
charges, takes the forfii4]

®)

wherek is the wave number angla dummy variable.
As mentioned before, to obtain electron temperature and

f dv fo(V) S(w—K-V), (1)  electron density measurement, we need to match the experi-

mental line profile with the one given in E(®), by properly

adjusting the values fof, andn,. This nonlinear fitting is
wheren, is the electron density is the plasma permittivity, performed using the Levenberg-Marquardt algorithm, as de-
fe is the electron energy distribution functiok=ks—Kk; is  scribed by Presst al.[16]. In comparison to previous stud-
the difference between the scattered and incident wave veies, here we have performed measurements at different scat-
tor, and w=ws— w; is the difference between the incident tering angles. The results are given in Figs. 2 and 3.
and scattered frequencies. In the nonrelativistic regikne, Typically, one should expect that the electron density and
=(4m/\)sin(6/2), where\ is the laser wavelengttb32 nm  electron temperature are independent of the scattering angle.
in our casgandd is the scattering angle, defined as the angleClearly, the electron temperature shows a strong dependence
between thé; andk vectors. In generalf, is assumed to be on the scattering angle. Since the dependence on the scatter-
a Maxwellian distribution at a temperaturé,, since ing angle is accounted for in E¢2), our measurements re-
electron-electron encounters are highly efficient in thermalveal an effect that, to our knowledge, has not been reported
izing the electron ensembl&]. Within the Vlasov regime in previous publications of measurements in atmospheric
(collisionless plasma Eg. (1) can be written a§9—-11,14 plasma jets. We also notice that a scattering angle of 90°

Ne

k, —_—
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14X 10”7 tation of Thomson scattering results in our plasma is highly
' o ool ' ' questionable due to the surprising angle dependence obtained
§ gl Lo ool i by application of the standard scattering theory.
1.2r IV. DISCUSSION
14 _ A possible explanation of this unexpected behavior of the
= electron temperature is based on the consideration that such
§ 1 . an effect has to be correlated with strong density gradients
S that change the plasma properties within the region from
§0-9' 1 which scattered light is collected. The spectral density func-
° tion (1) is obtained by a proper ensemble average of the
081 ] Fourier transform of the point-particle density distribution,
L | which for the electrons in a box of unit volume with periodic
0 boundary conditions takes the forfrh4]
% 60 80 . 100 120 140 Ne
scattering angle [deg] p(r)y= 21 o(r— r ), (10
=
FIG. 3. Electron densityn, vs scattering angle. Collisionless
model(solid line) and collisional model(dashed ling wherer | is the(time dependentposition of thejth electron,

) o _ andn, is the mean number of electrons in the box. Expand-
results in values that are similar to the ones given by Snydefg p(r) into Fourier series, we have

et al.[4]. Since the theory used to calculate the spectral den-

sity function is based on the assumption of collisionless plas- r

mas, we have been interested in seeing if the inclusion of P(r):; PkE" (1D
electron-ion collisions could account for this dependence on

the scattering angle. However, the inclusion of such a colliyyherek is a vector whose components are integers, with the

sion term in the Boltzmann equation leads, in general, taym extended over the entire range of wave numbers. The
solutions which cannot be expressed in a closed form, exceployrier components gi(r) are given by

for some simplified cases. Modification of the spectral den-

sity function for a Balescu-Lenard collision integral has been ) ,

studied by Jasperse and Bg4i7,18. Their work has been Pk:f drp(rje k=27 ek, (12
shown to agree with the quantum mechanical calculation of :

DuBais, Gilinsky, and Kivelsof19]. The plasma permittiv-
ity in the regime of dominant electron-ion collisions takes
the form[17]

In the limit of the random phase approximatid®PA), Pines
and Bohm[20] derived an equation of motion fgs, in an
electron plasma with a uniform background of positive

=1+ a?[W(xe) +i el o V2Xe) . (7 ~charges

” 2 _ 2
where 7= vei/kv;, With v the electron-ion collision fre- pt wpepk=~ (kv “pc, (13
guency, and; is a complex integral which is given by Jas-
perse and BasLL7], and for an argon plasma can be written
as

where k=|k| and w,e=(4me?n./m)*? is the electron
plasma frequency. The collective regime will dominate if
wpe> (kuy), and, in the opposite limit, electrons will behave
_— 7 2 as free.individual particlgs. The RI_DA holds whgn. nonline_ar
le(2)=— _f W2< du, (8)  interactions among density fluctuations are negligible, which
2)o 1—u? 2 is usually the case if we have a large number of particles
randomly distributed in the volume0]. The theory derived
with by Pines and Bohm is strictly valid only in a region where
the average electron density is constant. We may notice that
T Dot 279N+l the typical length scale for thieth fluctuation mode is of the
Wa(&) =i fo expli st =t/ dt, © order of 1k. If A is the characteristic length of density in-
homogeneities, then we may avoid the treatment of the
with w andt dummy variables. Results far, and T, have  plasma boundary provided thaAt=1/k. AssumingA to be
been obtained with this collision term, and are also plotted irof the order of the radius of the jet nozzle, this condition is
Figs. 2 and 3. As we can see, the introduction of the collisiorsatisfied for the scattering angle we have considered.
term in the spectral density function does not significantly Let us assume that electrons are distributed over a volume
change the angular behavior of the electron temperaturd/, which is subdivided into two regiong,; andV, of uni-
This indeed agrees with the preliminary calculations of Snyform electron density. In both regions we can write an equa-
der et al. [4], who showed that electron collisions seem totion for the density fluctuations of the type of Et). Thus,
have little influence on the line shape in thermal plasmas. Imultiplying each equation with the corresponding volume
conclusion, our results show that a straightforward interpreand adding them together, we obtain
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2

. A4me Pk
Vo + m (V1Ng 1pk,11 VaNe 20k 2) Vpy-s~— A (20)
= —V;(kvy1)?pr1— Va(kve 2)?pi 2, (14)  with these results, the density correction tefh®) can be

written asdé= (2r/A?)dr, where the differential points out
where the subscripts 1 and 2 refer to corresponding volumeshe fact that only an infinitesimal layer has been added. As-
Here, py=(Vipx1t+Vopk 2)/V. Similarly we can define an suming that the region of the plasma under investigation has
average electron density in the volunveas ng=(Vine;  a radiusRs, then by integration we obtain the total density

+Vang )/ V. If we now write correction term
Ne1=Ne2t VNe's, (19 _ f "2 = (E)Z_ 21)
0 A? A
Pr,1= Pr2t Vi s, (16)

_ _ Let us return to Eq(17), which has a natural physical
wheres is the displacement vector from the volurig to interpretation if we write the dispersion relation for the wave
V3, and if we assume that the electron temperature is corgssociated to thekth fluctuation mode. Assumingp,

stant inV, we obtain ~el“kt we obtain
prct i 1+ )= = (ko) %y, (7 = wpd 1+8)+ (kug)?. (22
with Setting 6=0 yields the standard Langmuir relation. There-

fore, the effect of density inhomogeneities requires introduc-
ing a correction term in the dispersion relation. For a particu-
ViV, b :
(VInng-)(VInpe-s). (18) lar wave frequency, the wave numbkeris higher than it
V2 would have been in the absence of the density perturbation.
We can then introduce an effective wave number
In Eq. (17) the plasma frequency is evaluated with respect to
the average electron density in the total voluxheThe con- ~
stant temperature approximation inside the volwheeeds k=k
some justification. In general, such an approach holds if the

electron density profile is steeper than the temperature profilghich accounts for the presence of large scale gradients in
along the jet radius. From spectroscopic measurements reghe plasma volume under consideration. It is interesting to
ported by Snydeet al.[4], we see that this condition applies notice that, due to the &7 dependence, the correction term is
in atmospheric jets. considerably stronger at smaller wave numbers, i.e., layge
The expression fob takes a simpler form in the case of a while for a<1 the correction becomes unimportant. It is
rotationally symmetric plasma jet, and a rotationally sym-crycial to remark that the quantityin an actual experiment
metric scattering volume. Even if the plasma jet tends tqs considered constant since the scattering angle is fixed by
oscillate[21], due to fluid turbulence and change in the po-the chosen experimental arrangement. Under these condi-
sition of the anode attachment, on a time scale of severajons, a change in the effective wave number will appear as a
secondgwhich is the usual time required to collect enough change in the quantitiyv, , and the experiment wilheasure
light from single-shot laser pulseshe jet is very stable and an electron temperature that formally accounts for the physi-
the approximation of cylindrical symmetry holds. On the cg| effect of the change in the wave number. We can easily

other hand, the scattering volume is often very far from beetermine thiseffectivetemperature measured by Thomson
ing cylindrical, and such an approximation may not be satisscattering as

fied. In addition to that, we must also consider the fact that
averaging over a long period of time may indeed introduce

5=

2

1/2

w

1+ —2 5| =k(1+a?6)'2, (23
kUt)z

2

~ w
an additional source of error, since it could alter the value of Te=Te| 1+ _pez5 =Te(1+a?d) (29)
density variations inside the scattering volume. The conse- (kvy)
guence of this time averaging is a smoothing of the densit¥ h . B G
profile, thus apparently reducing the effect of density gradi-TomM the requiremenky,=ku,.
ents.
Let us consider a cylindrical plasma column of lengith V. CONCLUSIONS

and radius'. Its volume is thu_s)/lzq-rrzl. Suppose we add  The corrected temperatur@4) has an angular depen-
an infinitesimal layer of thicknesslr and volumeV;  gence that is similar to the one shown in our experiment. In
=2mrldr, then con3|d2er the total volum&=V,+V; 3 yery simple approximation we may try to regard the térm
~Vy; we have V,V;)/V*=(2/r)dr. Similarly, if A isthe  given by Eq.(18) as a constant. Such an approach would be
characteristic length of spatial gradients, we may approxizompletely justified only if the scattering volumes are the
mate same at different scattering angles. However, it is clear that

by changing the scattering angle, the sampling volume is
”er (19 modified too, and the assumption of constaris not valid.

Vng-s~—— : . :
e'S A Figure 4 shows how the collection volume changes with the
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FIG. 5. Predicted electron density from E5) with ngg
r =1.173x 10" cm3. The experimental values have been obtained

. . ) __in the collisionless model.
FIG. 4. Change in the collection volume at different scattering

angles.

(24) with 6= 6'/sir?6, and, using for the electron density Eq.

scattering angle. There is also another effect to take inté25), we obtain the results given in Table I. In Fig. 6 this
account: as the sampling volume changes, the average ele®odel is compared with the experimental electron tempera-
tron density in the volume is modified as well. On the otherture obtained in the collisionless regime. As we can see, the
hand, the effect of different scattering volumes at differentheoretical model we have presented is able to predict with
angles can also be seen from Fig. 3, where the electron deffasonable accuracy the experimental dependence of the
S|ty tends to decrease for both small and |arge ang|es_ |ﬁ|ectr0n temperature with the Scattering angle. Therefore, in
these situations the scattering volume is indeed larger than #fe limit of this approach, we can conclude that the density
a region close to 90°, resulting in lower values of the aver-gradient could account for a significant increase in the elec-
age electron density, which is integrated over the scatterir:gon temperature measured by Thomson scattering. If correct,

region. We can account for this change in the electron denfhe theory we have presented could indeed resolve the dis-
sity by writing crepancy with the spectroscopic and probe measurements. In

particular, the values reported in Table | are not too far from
Ne=Ngo SING, (25)  the electron temperature measured by emission spectroscopy

[22,23, and are in reasonable agreement with numerical
whereng, is the average electron density at 90°. Reported in
Table | are the values of,, obtained by fitting Eq(25) with
the experimental data for the density. In Fig. 5 the predicted *3
angular dependence of the density measurements is corn
pared with the experimental values obtained in the collision- 4
less regime. Similarly, we can approximate the change in the

effective spot radius aRs= Ry /sin 6, whereRy is the spot 35 :
size at 90°. In the limit of the approximation used to derive g
Eg. (21), we can then account for the change in volume byg 3 .
letting 2
e
. c25 |
5= ¢8'Isirté, 26 ¢
L3
©

N
T

wheres’ = (Rg/A)? is a true constant to be determined. We
can thus estimate the corrected electron temperature by fit
ting our experimental data with the expression given in Eq.

1.5

TABLE I. Corrected electron temperatures and electron densi- 1, 50 0 00 120 140
ties for the collisionless and collisional regimes. scattering angle [deg]
Ne (1047 cm™3) 5 T, (K) FIG. 6. Predicted elec_tron temperature from Em), with E_q.
(25) for the electron density and E(R6) for the density correction.
no coll. 1.173:0.032 0.096:0.007 106561117 We usedng=1.173< 10 cm 3,T,=10656 K, ands’=0.096.
with coll. 1.190+0.036 0.094-0.007 10088 1259 The experimental values have been obtained in the collisionless

model.
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simulations of the plasma j¢22,24. We can observe that  1¢°

the measurements taken at Iarger sc_attering angt0() N —
seem to be more accurate. This is evident from the fact tha 10" f[ - 110 deg 4
in this regimek is large, thus reducing the effects of both gl
electron ion collisions and density gradients, as seen frorrz10 3 Tl
Egs. (7) and (24). However, the determination of, still gm o
requires measurements at different scattering angles and a 1 o
to determines’. 2.0 o
It should be pointed out that we cannot test the accuracys iete
of our theory with the present experimental apparatus. Th|~q,10 L e ]
can be seen if we, for example, write down the apparems /,//’5’
temperature incremenent due to density inhomogeneities fo™ 107"} e 4
a rotationally symmetric plasma using E¢81) and (24), , /,;:/
107E. 2. 3
4e’ng[ R\ ? - . .
ATe= Kg U) @7) Y 10° 107 10"

spot radius [cm]

where the same limitations apply for the assumption of a FIG. 7. Temperature incrementT, vs spot radius; for vari-
constants, as previously discussed. For a simple estimate®us scattering angles.
we may taken,~10'" cm 3, and a typical length scale for

the density variations of the order of the jet nozzle radiustaking all these effects into account, we may conclude that
A~R=0.4 cm. In Fig. 7,AT, is plotted for various scat- o have a negligible effect on the temperature, a spot size of

tering angles versus the spot diamefr. As stressed be- 3 few um would be required. Such a dimension is well be-
fore, Eq.(27) is only a crude approximation, and only some yond our present capabilities.

gualitative conclusions can be inferred. First, the temperature

increment seems to be a strong function of the scattering

volgme. However, in a real experiment it is d|ff|cylt to have ACKNOWLEDGMENT

a direct control on the collection volume. This is also be-
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