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Dependence on the scattering angle of the electron temperature and electron density
in Thomson-scattering measurements on an atmospheric-pressure plasma jet
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Electron temperature and electron density measurements were made in an atmospheric-pressure argon
plasma jet by line-shape analysis of Thomson-scattered laser light. The dependence of electron temperature and
electron density on the scattering angle was investigated. Measurements were made using incident laser
wavelengths of 532 and 355 nm. At 532 nm, the electron-ion collision frequency exceeds the Landau damping
rate for shallow scattering angles, and the electron plasma wave resonance structure in the Thomson line shape
is broadened. This resulted in dramatic increase in the apparent electron temperature as a function of decreas-
ing scattering angle. At 355 nm, collisions do not affect the Thomson line shape. In this case, an angular
dependence of the measured electron temperature is not expected and was not observed. Data taken at 532 nm
at larger scattering angles are consistent with the 355-nm results, and show that the electrons are not in
thermodynamic equilibrium with the heavy particles.

PACS numbes): 52.25.Rv, 52.70.Kz, 52.75.Hn, 42.62.Fi

[. INTRODUCTION scattering angle at a laser wavelength of 532[6MA clear
dependence of the electron temperature and electron density
The determination of electron temperature and electroon the scattering angle was found. Such a result was not
density of atmospheric-pressure plasmas by line-shapexpected since the expression for the line shape is a function
analysis of Thomson-scattered light has great appeal main§f the scattering angle. Electron temperature and electron
because assumptions about local thermodynamic equilibriulensity should therefore be independent of scattering angle.
(LTE) are not required to interpret the data. The standardt Was concluded that previously unreported asymmetric con-
method of emission spectroscopy requires an assumption Gftions exist in the plasma jet, and that this asymmetry has a
LTE, or at least partial local thermodynamic equilibrium great influence on the line shape of the scattered light. A

(PLTE), where electrons are in thermodynamic equilibriums_oume Of this asymmetry was pr_OpOSEd to be the steep den-
sity gradients within the scattering volume of the plasma.

with the atomic excited states, in order to determine tempera_l_hese radients affect the description in Fourier space of the
ture. One can argue that the electron density in atmospheric; g P P

pressure plasmas is high enough to achieve at least PLT%enS'ty fluctuations of the free electrons. Taking these steep

. : . (gradients into account, an expression relating the measured
\[/gll’uggc:‘ocrotﬂzeglgi?rt(l)ﬁ ?énr;zsé?:tusrgewoscow gives realist lectron temperature to the scattering angle and the actual

i _electron temperature was derived. Fitting this expression to
Electron temperature measurements in an atmospherigaeir experimental results, these authors found an actual elec-

pressure argon plasma jet and transferred arc made by lingyn temperature of around 10500 K. This is in much better
shape analysis of Thomson-scattered laser light have begfyreement with emission spectroscopic measurements, and is
reported2—4]. Peak electron temperatures were found to besyidence of the existence of at least PLTE in the plasma.
around 20000 K. Heavy particle temperatures were around We present in this paper measurements of electron tem-
12000 K in the plasma jet to around 14 000 K in the transperature and electron density in an atmospheric-pressure ar-
ferred arc. Temperatures determined from emission spectrogon plasma jet by line-shape analysis of Thomson-scattered
copy are around 14000 K in the plasma [8] to around light as a function of scattering angle at laser wavelengths of
16000 K in the transferred ar@l]. These results show a 532 and 355 nm. We also observed a dependence of the
great departure from LTE and PLTE in atmospheric-pressurelectron temperature on the scattering angle in our raw data
plasmas and indicate that emission spectroscopy does nat 532 nm. No clear dependence of electron temperature or
give reliable values of the electron temperature. Similar reelectron density on the scattering angle was observed at 355
sults have been reported in an atmospheric-pressure micram. Our results are compared with those of Gregural.
wave torch[5]. It has been suggested that electron temperaf6]. After considering the effects of collisions on the line
tures must be greater than heavy particle temperatures shapes, there is little evidence suggesting that the straightfor-
order to sustain plasmas that have steep temperature and devard interpretation of the electron feature previously re-
sity gradients[5]. Nevertheless, the discrepancy betweenported[2,3] is in error.
electron temperature values determined from Thomson scat-
tering and from emission spectroscopy remains.

Work has recently been published that measured the elec-
tron temperature and electron density in an atmospheric- The line shape of laser light scattered by density fluctua-
pressure argon plasma jet by line-shape analysis of the eletions of the free electrons in a plasma is described analyti-
tron feature of Thomson-scattered laser light as a function ofally by the Salpeter equatidi@]. The Salpeter equation has

Il. THEORY
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two components. One component, referred to as the ion fedQuanta-Ray GCR-4 neodymium-doped yttrium aluminum
ture, arises from the influence of ions on the electron densitgarnet(Nd:YAG) laser was the laser source. The laser pulse
fluctuations. The other component is called the electron fearate was 10 Hz and the pulse width was 10 ns. Experiments
ture and is due to the density fluctuations of the free elecwere conducted using 532 and 355 nm wavelengths from the
trons themselves. The electron feature is a function of th&ld:YAG laser. In both cases, the laser pulse energy was 100
electron temperature, electron density, and the wave numbenJ pulsé®. In order to minimize laser heating of the elec-

k=|ks—Ko| = (47/\g)sin(A2), whereks is the wave vector trons by inverse bremsstrahlufg], the laser beam was de-

of the scattered lightk, is the wave vector of the incident frokﬁ:used to atfpotd5||;eh?f about }I mtmdln t.?he plasscr)ng. The
laser light,\ is the wavelength of the incident laser light, . omson-scattered fight was: collected with a 59.6-mm-
and ¢ is the scattering angle diameter 200-mm focal length lens, collimated and focused
llisions can areatly influence the electron feature. InterWith @nother 50.8-mm-diameter 200-mm focal length lens on
Coliisions can greatly influence the electron feature. Inte to the entrance slit of a 1-m focal length McPherson Model

ruption of the scattering process by electron-ion or electron:

electron collisions can broaden the distribution function de-206:LA monochromator with a 600 groove mMmgrating

scribing the electron density fluctuatioh8]. The Doppler _l:l)_lk?zec: att 500fnrrt\. The entc;a?cet Soll't was optla:)ngd t?‘mﬁlo N
width of the distribution function iswp=Kkv,, where v, € electron leature was getected using a rrinceton Instru-

:(ZkBTe/me)1/2 is the electron thermal velocitks is Bolt- ments Model ICCD-576G/RB gated two-dimensional inten-

zmann’s constantT, is the electron temperature, and, is sified charged-coupled devi¢BCCD) array. The gate of the

: . . detector was triggered by the firing of tlig-switch of the
the electron mass. The electron-ion collision frequency is . .
given by[7] Nd:YAG laser. The gate width of the detector was 25 ns. A

Glan-Thompson polarizer was used to reduce the unpolar-
ized background light from the plasma. A half-wave plate

16i=2.92<10 °ng(Te) "IN A, (1) rotated the polarization of the incident laser beam to be par-
allel with the entrance slit to maximize the Thomson signal.
One approach to collecting the electron feature is to ac-

cumulate the line shape over a number of successive laser

with n, the electron density measured in cfrand

(Te)?? shots. This is done to increase the signal-to-noise ratio
A=1.53x10""—, 2 - i i is |
=L 172 - 2 (SNR) of the line shape. Strictly speaking, this is not the best
(Ne)

method for data collection. The electron feature is a compli-

In Egs. (1) and (2), T, is measured in eV. The electron- cated function. Two or more electron features do not super-
electron collision frequency i8,e= vei/2Y2 If v.plwp<1l,  pose to form a third electron feature. At best, an accumula-
wherea denote electron-ion or electron-electron collisions,tion of successive single-shot line shapes gives an
then collisional broadening of the distribution function is not approximation, actually a rather good approximatigf of
significant. It is seen that,s is independent of the laser an electron feature. Nevertheless, our approach to this work
wavelength and scattering angle. was to acquire single-shot line shapes when possible, and

If the wavelength of the density fluctuation for a spedific calculate essentially instantaneous electron temperatures and
value is greater than the Debye length, collective effects arelectron densities from these line shapes. Using conventional
important[2]. In this case, the electron feature has a resooptics instead of fiber optics, which have a lower collection
nance structure due to scattering from electron plasmafficiency, it was possible to record single-shot line shapes
waves. Collisions can affect this structure. The height, fullwith an adequate SNR at the laser wavelength of 532 nm.
width at half maximum(FWHM), and position of this reso- However, at 355 nm, several argon-ion emission lines inter-
nance are dependent on the scattering angle. It has be#gre with the Thomson line shape. This spectral interference
shown that the shape of the resonance structure is approxias subtracted from the line shape, but doing so decreased
mately Lorentzian with a FWHM given by the sum of the the SNR of the single-shot line shapes. Consequently, it was
Landau damping rate and a term dependent on the collision

damping rat¢9]. The Landau damping rate is given 0] Brewster Angle
Lens / Plasma Torch
n=wpmq 2| exil— (ko /K7, ® ANA /
Plates Scattering Angle

wherew, = (n.e%/meep) *? is the electron plasma frequency,
€o is the permittivity of free spaceg is the charge of an
electron, andp=(Mewj/kgTe) Y2 is the Debye wave num-
ber. If v,5/y <1, collisional broadening of the resonance

structure is not importar,9]. Mirror Monochromator
oS
IIl. EXPERIMENT Glan~Thompson | AITay

Our experimental conditions were chosen to be similar to  F|G. 1. Schematic of the experimental setup. The half-wave
those of Gregoret al. [6]. The atmospheric-pressure argon plate and Brewster angle polarizer at the output of the laser are used
plasma jet was generated with a Miller Model SG-100 directio adjust the laser power while maintaining a constant beam diver-
current plasma torch. AQ-switched, injection-seeded gence.
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FIG. 2. An example of a single-shot electron feature. The inci- FIG. 4. Electron t N d electron densit funct
dent laser wavelength was 532 nm and the scattering angle was 50° - 4. Llectron temperaiure and electron densily as a function
The central peak is the unresolved ion feature. The electron te of scaftering angle. The data were taken with a laser wavelength of

perature and electron density determined from this line shape al 32 nm. Typlca! uncertainties of the data points arg%. Instru-
37900+ 1000K and 9.6 1072+ 0.2x 1072m™3, respectively. In- mental broadening has been deconvolved from the data.

strumental broadening has not been deconvolved from this line o ) )

shape. traction is given in Fig. 3. The central peak in the line shapes
is the unresolved ion feature, and it gives a measurement of

necessary to accumulate a line shape over 10 laser shots.tAg instrument response functi¢fiRF) of our experimental

355 nm. The smaller peaks around500 GHz are the elec-

tron plasma wave resonance structure. The electron plasma

wave resonance structure in the line shapes taken at 532 nm

All data were taken at an axial location 5 mm downstreanis broadened by convolution of the IRF with the line shape at
from the exit plane of the plasma jet at the radial position ofScattering angles less than 80°. Convolution affects the line
r=0mm. The argon flow rate was 35.4 Imihand the shapes taken at 355 nm to a much lesser extent, and only at
torch current was 900 A. At a given Scattering ang]e, 3oscattering angIeS less than 60°. Instrument broadening IS mis-
single-shot line shapes were recorded when 532 nm was tHaterpreted as an increase in the electron temperature and
laser wavelength. The electron temperature and electron defecrease in the electron density. For example, at 532 nm and
sity from each line shape were determined by fitting the Sal#=50°, instrument broadening gives an apparent increase of
peter equation to the data. A weighted average of the eledhe electron temperature of about 8000 K and a decrease of
tron temperature and electron density was then calculated® electron density of about@10??m™3, and 4000 K and
When 355 nm was used for the laser wavelength, 10 lin®.6< 10°m~2 for 532 and 355 nm, respectively. Plots of
shapes, each the accumulation of 10 laser shots, were rélectron temperature and electron density as a function of
corded. A weighted average of the electron temperature angrattering angle for laser wavelengths of 532 and 355 nm are
electron density was calculated from this data. An exampld@iven in Figs. 4 and 5, respectively. Instrument broadening
of a single-shot electron feature taken at a scattering angle @ffects have been accounted for in the plots. Still, the
6=50° using a laser wavelength of 532 nm is presented ifP32-nm data show an obvious increase in the electron tem-
Fig. 2. A line shape taken at a scattering anglegef50°  perature at scattering angles less than 80°. The electron den-

using a laser wavelength of 355 nm after background subsity data seem to be independent of scattering angle. There is
no significant angular dependence of electron temperature or

IV. RESULTS AND DISCUSSION
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FIG. 3. An example of an electron feature accumulated over 10 Scattering Angle (degrees)

laser shots. The incident laser wavelength was 355 nm and the

scattering angle was 50°. The electron temperature and electron FIG. 5. Electron temperature and electron density as a function
density determined from this line shape are 234000 K and  of scattering angle. The data were taken with a laser wavelength of
1.02x 107+ 0.03x 10?22 m™3, respectively. Instrumental broadening 355 nm. Typical uncertainties of the data points a8%. Instru-

has not been deconvolved from this line shape. mental broadening has been deconvolved from the data.
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] ) FIG. 8. A plot of the ratio of the collision frequency to the
FIG. 6. A fit of Eq.(4) to the electron temperature as a function Landau-damping rate as a function of scattering angle.
of scattering angle data taken with a laser wavelength of 532 nm.

) ) ) the 532-nm and 355-nm data, respectively. The fit of [@y.
electron density evident in the 355-nm data. These results akg the 532-nm data, shown in Fig. 6, is not very good. The fit
consistent with the prediction of the Salpeter equation thag¢ Eq. (4) to the 355-nm data, shown in Fig. 7, is much
there should be no angular dependence of the data. better. However, since there is no clear angular dependence

The apparent angular dependence in the 532-nm data {§ electron temperature, there is no justification for fitting
not as pronounced as that reported by Gregodl. [6]. Fur- g4 (4 to this data; a simple linear fit would be as credible.
thermore, our electron density data do not exhibit thedsin Neyertheless, the effective electron temperature determined
dependence observed by Gregetial. [6]. The angular de- ¢om our data is much higher than the result of Gregoral.
pendence of the electron temperature data observed by Gr@l and consistent with previous resul&.
gori et al.[6] was attributed to an electron density gradientin™ “pa angular dependence of the 532-nm data must still be

the measurement volume in the plasma. They calculated th@tyiained. The version of the Salpeter equation used to ana-
because of this density gradierk, increases to a value |y,q our data does not include collisional effects. From Egs.
greater than it would be if the electron density were unlform(l) and (2), we see that for a plasma with an electron tem-
in the measurement volume. This increasekimanifests perature of 20000 K, and electron density of 10?3m™3,
itself as an apparent increase in the measured electron tefje electron-ion collision frequency is about 600 GHz. For a
perature. An expression relating the measured eIeptron tensser wavelength of 532 nm and a scattering angle of 50°, the
perature to the actual electron temperature was given by - poppler width of the electron density fluctuation distribution
5 112 function iswp=7770 GHz. Since this is the minimum Dop-
1+ @p 5} 4) pler width encountered in this work, the requirement that
(kvy)? ’ voplwp<<l is met for all conditions of this experiment.
t af D
From Eq.(3), a plot of v;/y, as a function of scattering
where 5= const/siR 6. Fitting Eq. (4) to the electron tem- angle for laser wavelengths of 532 and 355 nm was calcu-
perature as a function of scattering angle data Wigland$  lated and is given in Fig. 8. It is seen that, for the 532-nm
adjustable parameters yielddd~10500K. This tempera- wavelength, the condition that the ratiQ;/y, <1 for colli-
ture is in better agreement with values obtained from emissional broadening of the electron plasma wave resonance
sion spectroscoph2], and consistent with PLTE. A fit of Eq. structure to be negligible is not met at scattering angles less
(4) to our electron temperature data gives an effective electhan around 70°. For the 355-nm wavelength, collective ef-
tron temperature of 17 7251550K and 19885 600K for  fects are much less prominent. The ratig/y, <1 for all
scattering angles, and the line shapes can be considered un-

’:re: Te

< 35000 ——¥——Fr————1+——1—— 17— affected by collisions for all scattering angles. We therefore
o - 1 attribute the difference between the 532- and 355-nm data to
-g 30000_‘ ] collisional broadening of the electron plasma wave reso-
g 25000 | - nance structure. This broadening becomes significant in the
£ o o 1 532-nm data at the shallower scattering angles, and is
= 20000 - . : : ;
= I ./k"’—'—’—.-‘-‘\. ] wrongly interpreted as an increase in the electron tempera-
£ 15000 - . ture. Instead, it is our opinion that the comparison of the
[&] . . .
2 - 532-nm data with the 355-nm data gives an experimental
i 10000 - - : L
i measurement of the degree to which collisions affect the
5000 |- . electron feature.
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g Angle (degrees) Electron temperature and electron density measurements

FIG. 7. A fit of Eq.(4) to the electron temperature as a function were made as a function of scattering angle by analysis of
of scattering angle data taken with a laser wavelength of 532 nm.the electron feature of Thomson-scattered laser light. Laser
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wavelengths used were 532 and 355 nm. Electron temperamnaffected by collisions at 532 nm are in good agreement
ture data taken at 532 nm show a definite angular deperwith those measured at 355 nm, and range from 18 000 to
dence; temperatures increase with decreasing scatterird® 000 K. The electron temperature is considerably greater
angles at angles less than 80°. At shallow scattering anglgban the heavy particle temperature and the temperature de-
and an incident laser wavelength of 532 nm, the dampingermined from emission spectroscopy. Evidently, neither
rate of electron plasma waves by collisions exceeds the€TE nor PLTE exists in this plasma. Electron density values
Landau-damping rate. This causes a broadening of the eledetermined from the line shapes are apparently independent
tron plasma wave resonance structure of the electron featuref the scattering angle for both 532- and 355-nm incident
This broadening is misinterpreted as an increase in electrolaser wavelengths. The electron density measured at 532 nm
temperature as a function of scattering angle. However, agrees with that taken at 355 nm and is around 1
355 nm, the Landau-damping rate exceeds the collisionx 1073m™2.
damping rate for all scattering angles. One therefore expects
collisional effects on the electron feature to be negligible at
this wavelength, and electron temperature values should be
independent of the scattering angle. This was observed. We This work was supported by the U.S. Department of En-
conclude that a comparison of the 532-nm data at shallovergy under Contract No. DE-AC07-94ID 13223. The Depart-
scattering angles with the 355-nm data gives a quantitativenent of Energy funding was provided by the Department of
assessment of collisional effects on the electron feature. Energy Office of Science, Office of Basic Energy Sciences,
Electron temperature values determined from line shapeEngineering Research Program.
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