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Gas-temperature and velocity profiles at the exit plane of a thermal argon plasma torch have been
determined directly from a high-resolution Doppler-shifted line-shape analysis of laser light scattered by
the plasma. Peak temperature and velocity values observed were 13350 K+7% and 1100 ms™'+3%.
Velocities as low as 45 ms~!+45% were measured in the fringe of the jet. An injection-seeded pulsed
neodymium-doped yttrium aluminum garnet laser was used as the laser source and the scattered laser
light was analyzed with a scanning tandem Fabry-Pérot interferometer. Temperature data obtained
from laser scattering are compared with values obtained from emission spectroscopy and show a severe
departure from local thermodynamic equilibrium (LTE) in the outer regions of the jet. Gas tempera-
tures were observed to increase as the torch operating current increased from 300 to 500 A, but
remained constant as the operating current increased to 900 A. However, electron temperatures and
densities continued to increase with operating current. This suggests that increasing the electrical power
drives the plasma away from LTE. Measured temperature and velocity profiles were found to be nearly
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parabolic.

PACS number(s): 52.70.Kz, 52.75.Hn, 52.25.Rv, 42.62.Fi

INTRODUCTION

The most important parameter describing an atmo-
spheric pressure thermal plasma is the gas or kinetic tem-
perature. The problem of determining the true gas tem-
perature of a thermal plasma has occupied researchers
for many years [1-3]. The traditional approach is to re-
late the measured intensity of emission lines to the gas or
kinetic temperature of the atoms through the assumption
of local thermodynamic equilibrium (LTE). If the as-
sumption of LTE is valid, electrons and heavy particles
have the same unique temperature, the population of ex-
cited states is described by Maxwell-Boltzmann statistics,
and, except for radiative processes, the principle of de-
tailed balance applies.

Since excitation processes in thermal plasmas are dom-
inated by electron collisions, LTE does not occur unless
there is a critical electron density. It is estimated that a
critical electron density of 102> m 3 is required for LTE
to occur [4,5], although recent theoretical work [6] sug-
gests this number is an order of magnitude low. Further
departure from LTE has been shown to result from reso-
nance radiation trapping [7,8], which produces excited-
state populations greater than those predicted by LTE.
In addition, electron diffusion resulting from large tem-
perature gradients within the plasma can cause a depar-
ture from the LTE if the time for diffusion to occur over
a path length is less than the time for equilibrium to be
established [9].

A more realistic description of thermal plasmas is most
likely given by the partial local thermodynamic-
equilibrium (PLTE) model [9,10]. This model assumes
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that free electrons are in equilibrium with the populations
of the upper atomic excited states, but not necessarily in
equilibrium with the ground state. The details of this
theory are dependent mainly on the strength of the
electron-atom interactions and excited-state radiative de-
cay rates. Emission spectroscopy may be useful for deter-
mining electron temperature if the plasma is in PLTE,
but cannot determine gas temperatures because collision-
al and radiative processes have not been adequately
quantified.

High-resolution line-shape analysis of laser light elasti-
cally scattered by the plasma allows direct and unin-
trusive measurement of the plasma gas temperature and
velocity. Interpretation of line-shape data does not de-
pend on LTE assumptions or reliance on non-LTE mod-
els. Also, a high degree of spatial resolution is possible
and there is no need for Abel inversion of the data, as
with emission spectroscopy. At atmospheric pressure for
electron densities greater than 10*2 m™3, Thomson
scattering dominates, while at lower electron densities,
Rayleigh scattering dominates. If the difference between
the scattered light wave vector and the incident laser
wave vector has a component along the flow velocity, the
line shape will be Doppler shifted relative to the incident
laser frequency and the gas velocity can be readily deter-
mined.

Ion-component line shapes obtained by heterodyne
detection of Thomson-scattered CO, laser light [11,12]
have been successfully used to determine temperatures of
low-pressure, high-current transferred arcs. Gas veloci-
ties have been determined from Doppler-shifted line-
shape measurements made on a high-current, atmospher-
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ic pressure transferred arc using a Q-switched ruby laser
and scanning Fabry-Pérot interferometer (FPI) [13] and
more recently on a plasma jet using a double pulsed dye
laser and scanning FPI in conjunction with a monochro-
mator [14]. Gas temperatures from some very high-
quality line shapes made in a transferred arc have also
been recently been reported using a tunable narrow band-
width dye laser as the laser source and a monochromator
for spectral analysis [15].

Radial temperature and gas-velocity profiles near the
torch exit are of practical importance as boundary condi-
tions for computational modeling of the momentum-
energy balance and energy transport of the plasma flow
downstream. Velocity profiles are usually calculated
from spectroscopic temperature profiles using conserva-
tion of mass and thermal energy [16]. If the temperature
profiles are not accurate, the velocity profiles will be un-
realistic. Laser Doppler anemometry has been used to
extrapolate gas velocity from the velocity of small parti-
cles injected into the plasma [17]. However, this ap-
proach is intrusive, small particles do not survive expo-
sure to high-temperature plasma, and it is questionable
whether the particle velocity accurately represents the
gas velocity.

We report in this paper results of recent measurements
of gas-temperature and gas-velocity profiles of an atmo-
spheric pressure argon thermal plasma jet obtained from
the line-shape analysis of scattered laser light. A
frequency-doubled injection-seeded Nd:YAG laser
(where YAG denotes yttrium aluminum garnet) was used
as the source. The scattered light was spectrally analyzed
using a scanning tandem Fabry-Pérot interferometer.

THEORY

It is well known that scattering of electromagnetic ra-
diation by a medium is due to density fluctuations within
the medium [18,19]. In the case of ionized gases, density
fluctuations of the atoms and ions give rise to Rayleigh
scattering, while density fluctuations of the free electrons
give rise to Thomson scattering. Density fluctuations of
the free electrons have two components, one resulting
from the thermal motion of the electrons themselves, and
the other due to electrostatic interactions with moving
ions. The total scattered light signal from a thermal plas-
ma is therefore a combination of Rayleigh scattering
from atoms and ions, and Thomson scattering from free
electrons. The spatial radiation pattern of both Rayleigh
and Thomson scattered light is that of the oscillating
electric dipole.

Thomson scattering is characterized by the parameter

_ 1
kip

a (1)
where Ap =(€pkp T, /n,e?)!’? is the Debye length in the
plasma and k is the magnitude of the difference between
the scattered wave vector and the incident wave vector
(k=k, —kg). In the above equation, €, is the permittivity
of free space, kz Boltzmann’s constant, T, the electron
temperature, n, the electron density, and e the electron
charge. Since Thomson scattering is elastic, |k,|= |k,
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where 0 is the scattering angle and A, the wavelength of
the incident laser light.

Since electron density fluctuations have spatial and
time dependence, they can be Fourier transformed to
functions of k and w, where o is, in this case, the
difference between the angular frequency of the scattered
light and the angular frequency of the incident laser.
Momentum is conserved during scattering, so only the
specific component of the density fluctuation with a wave
vector k participates. When the wavelength of the densi-
ty fluctuation is much less than the Debye length, a <<1
and the electron motion appears to be uncorrelated and is
referred to as incoherent Thomson scattering. If the
wavelength is longer than the Debye length, collective
effects become important and influence the spectrum of
scattered light. Scattering from correlated electrons is re-
ferred to as coherent Thomson scattering.

The total spectral distribution of Thomson scattered
light, determined by the electron and ion components of
the free-electron density fluctuations, is

S(k,w)dwo=S,(k,w)do+S;(k,o)do . (3)

Assuming the electrons and ions obey Maxwellian veloci-
ty distributions characterized by an electron temperature
T, and ion temperature T;, and that T,/7; =1, but not
much greater, Salpeter [20—22] approximated the elec-
tron and ion components of the coherent Thomson
scattering spectral distribution functions appearing in Eq.
(3) to be

2
S,(k,0)do=7"1" T:_zlu.;(._). exp(—x2)dx, 4)
a*W(x,

and
2 2 2
S;(k,0)do=Z7r"1"? < 3 21
1+a 1+B°Wi(x;)
Xexp(—x?)dx; , (5)

where
Xe,i:Cl)/[k(szTeyi/me,i)l/Z] ,
Bz:z[aZ/(l+a2)]Te/Ti ’

W(x,;)=1—2x, ;exp( —xez’i )fo e’iexppzdp

—Lim!2x, exp(—x2 )],

Z is the degree of ionization, and m, ; the electron or ion
mass, respectively. An example of a theoretical line
shape of the ion feature of coherent Thomson scattering
from a hypothetical plasma with 7,=15000 K,
T,=13000 K, n,=6.4X 10> m~3, 532.0-nm laser wave-
length, and 80° scattering angle (@=2.0) is presented in
Fig. 1. The two humps in the line shape are due to
scattering from ion acoustic waves in the plasma. As «a
decreases and collective effects become less important,
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FIG. 1. Theoretical ion feature line shape for a hypothetical
plasma with 7,=15000 K, T;=13000 K, and n,=6.4X 10?2
m” 3 (a=2).

this structure disappears.

The spectral distribution of Rayleigh scattered light
from gases depends on a parameter y that is analogous
with a and given by

1
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where A, is the collisional mean free path. If y <0.1, the
line shape of Rayleigh scattered light is described [23] by
a simple Gaussian function with a full width at half max-
imum of

Aw=4(2ky T In2/mc?)wsing /2 , (7

where w, is the angular frequency of the incident laser
light, m the mass of the scattering atom, c¢ the speed of
light, and T the gas temperature, assumed equal to T;.

The frequency spread of the electron component of
Thomson scattered light is 200—-300 times greater than
the frequency spread of the ion component. As a result,
the electron component is ignored in this experiment, and
we concentrate on measuring the superposition of the ion
component with Rayleigh scattering from neutral and
singly ionized argon.

It has been shown theoretically and experimentally
[24-26] that ion-ion and ion-neutral collisions in the
plasma can greatly effect the electron density fluctuations
and accordingly influence the spectral distribution of
coherent Thomson scattered light. The effect of col-
lisions is characterized by a parameter also analogous to
a, defined as

P=1/kAyrp ;s (8)

where Aypp is the mean free path of ion-ion and ion-
neutral collisions. If p =1, collisional effects dominate
the spectrum of scattered light. For our experimental
conditions, p <0.1 and we ignore any effects due to col-
lisions.

Examining the total scattered light signal, integrated
over all frequencies, gives insight into the relative contri-
butions of the ion component of Thomson scattering and
Rayleigh scattering to the total signal strength. Integrat-

ing Eq. (3) over all frequencies gives [20]

- Za*
(1+a)[1+a?+ZaXT,/T;)]

S;(k) 9)

The total integrated signal strength from an argon plas-
ma, normalized to the Rayleigh signal strength from ar-
gon under ambient conditions, is then [27]
Iy
T[naaR +n,o,+n,0,+n,0,5;(k)], (10
a“ R

I, =

where I3 is the intensity of Rayleigh scattered light from
ambient argon, n2 the number density of argon atoms un-
der ambient conditions, n, the number density of
ground-state neutral argon, n, the ion number density
(we assume n . =n,), n; the number density of the argon
4p’'[3/2] excited state at 107290 cm ™!, o ; the Rayleigh
scattering cross section for ground-state neutral argon
(0g =5.24X107% m?sr~! for A;=532.0 nm), o, the
Rayleigh scattering cross section for singly ionized argon
(0+=0.50) [28], o, the Rayleigh scattering cross sec-
tion for the 4p’[3/2] excited state of neutral argon at
107290 cm ™, and o the Thomson scattering cross sec-
tion (07=7.94X1073° m2?sr™!). The 4p’[3/2] excited
state of argon is included because the wavelength of the
laser used in this experiment is nearly resonant with the
4p’'[3/2] to 7d’'[5/2]° transition at 531.8 nm. Near-
resonant Rayleigh scattering cross sections can be several
orders of magnitude larger than the nonresonant cross
sections, and in this case, o, has been estimated [29] to be
about 8400 . However, the number density of atoms in
the 4p’[3 /2] state in the temperature range of this exper-
iment is so low that the contribution of near resonant
Rayleigh scattering to the total signal is not important.
A plot of the total integrated signal intensity versus tem-
perature as calculated from Eq. (9) using the assumption
of LTE is given in Fig. 2.

The plasma jet velocity v is determined directly from
the Doppler shift of the scattered light by

Ao=k-v . (1
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FIG. 2. Total integrated intensity of scattered light normal-
ized to Rayleigh scattering from ambient argon.
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EXPERIMENT

The plasma jet studied was generated in a commercial
plasma torch operated with argon and discharged into
ambient air. The torch schematic is depicted in Fig. 3.
The background radiation from the resulting thermal
plasma is very intense and the scattered light signal rela-
tively weak. Consequently, high-resolution line-shape
measurements with a good signal-to-noise ratio require
the use of high peak power, narrow linewidth laser
sources. In the work reported here a pulsed, injection-
seeded Nd:YAG laser was used. The Nd:YAG laser gen-
erates 10-ns pulses that have nearly transformed limited
bandwidths of approximately 100 MHz. The output was
frequency doubled to a wavelength of 532.0 nm. A
single-pass tandem FPI, supplied by Sandercock [30], was
used for the high-resolution spectral analysis of the scat-
tered light. The tandem FPI, comprised of two FPI’s
mounted in series on a deformable parallelogram stage, as
shown in Fig. 4, is piezoelectrically scanned. Because of
the layout geometry, the plate separation of the second
cavity differs from that of the first cavity by a constant
cosf, factor. Hence only transmission orders of the first
cavity that overlap with transmission orders of the
second cavity pass through the instrument, and the
effective free spectral range of the FPI is greatly expand-
ed. More importantly, the resolving power R of the mul-
tiple cavity FPI increases according to [31]

R <(F/2), (12)

where ¥ is the finesse of a single cavity, and p the number
of cavities in the series. Unfortunately, the laser wave-
length was somewhat outside of the range of maximum
reflectivity of the available FPI mirrors (93% from
480-520 nm). As a result, the total effective finesse of the
instrument was only approximately 25.

The schematic of the experiment is depicted in Fig. 5.
A small amount of laser light was split off of the main
beam and focused into the FPI to act as a frequency
reference from which Doppler shifts due to the gas veloc-
ity are measured. The output of the FPI was detected
with a photomultiplier tube and boxcar averager syn-
chronized to the firing of the laser. The single shot out-
put of the boxcar was digitized by an analog-to-digital
converter and stored on a computer. The FPI was

/ POWDER INJECTION

8mm DIA

\\ 2mm DIA

—— f=—18mm

ANODE

CATHODE — |

FIG. 3. Plasma-torch schematic.
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FIG. 4. Schematic of tandem Fabry-Pérot interferometer
(Ref. [30]). PMT denotes a photomultiplier tube.

scanned over a frequency interval of approximately 60
GHz centered about the laser frequency. A single scan,
consisting of 90 laser shots was completed in approxi-
mately 5 s. Line shapes typically represents the average
of 50 successive scans. The incident laser beam was fo-
cused in the plasma to a waist diameter of approximately
100 um. The entrance aperature of the FPI was a 400-
um pinhole giving a spatial resolution of approximately
3X1073 mm?. The plasma jet was operated vertically
with the scattered light collected at an angle of 10°%t1°
from the flow axis giving a scattering angle of 80°+1°. A
0.3-nm bandwidth interference filter centered at 532.0 nm
was used to reduce the plasma background. A half-wave
plate was used to rotate the polarization of the laser beam
to maximize the scattering signal and verifying that the
dependence of the signal intensity on the polarization an-
gle was characteristic of oscillating electric dipoles and
not stray light. The laser pulse rate was 20 Hz with a
pulse energy of 200 mJ. The resulting energy density was
high, but did not influence the measured temperature
values.
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FIG. 5. Experimental setup. A-D converter denotes an
analog-to-digital converter.
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FIG. 6. (a)-(e) Line shape of scattered light as a function of radius for 900-A operating current. Data were taken at an axial posi-
tion of 2 mm downstream from the torch face. The argon gas flow rate was 35.4 Imin~'. The solid curve represents the least-squares
fit of the data to the theory.
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RESULTS AND DISCUSSION

The plasma torch operating conditions were 35.4
Imin~! argon-gas flow rate and currents ranging from
300 to 900 A. The electrical power dissipated in the
torch increased linearly from 7.2 kW at 300 A to 22.9 kW
at 900 A. Line-shape data were taken at an axial position
of 2 mm downstream from the torch face. The resulting
line shapes as a function of radius are presented in Figs.
6(a)—6(e) for the 900-A case. The central narrow peak in
the line shapes is the FPI response to the reference laser
beam. The curve represents the least-squares fit of the
data to the theory, which is a superposition of the Thom-
son scattering and Rayleigh-scattering line shapes. The
uncertainties of the temperature and velocity results in
the center of the jet are approximately 5%, reflecting the
high quality of the line-shape data. These uncertainties
represent fitting errors, uncertainty of the scattering an-
gle, and, in the case of the temperature values, uncertain-
ty introduced in deconvoluting the instrument response
function of the FPI from the line shapes [32].

Because of the dependence of the ion feature line shape
on n,, T,, and T}, these are the adjustable parameters for
the curve fitting routine, along with the peak amplitude
and center position of the line shape of the reference
beam from which the flow velocity was determined.
Since n, and T, are related by the ideal gas law, the par-
tial pressure of the electron gas must be known if they are
to be treated as independently adjustable parameters.
This information was unknown and consequently it was
necessary to fix the value of T, at a reasonable value and
then fit the ion component of the data while adjusting the
values of n, and T.

The value of the ion temperature resulting from the fit
of the data to the theory is dependent on the fixed value
of T,, but this dependence is very weak. For example, a
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change of 4000 K in the fixed value of the electron tem-
perature produced typically a change in the fitted value
of T; of approximately 30 K. If the value of the electron
temperature was fixed at 20000 K (7, in thermal plasma
jets is less than 15000 K, so this upper bound is exces-
sively high) the added uncertainty to the value of T; was
only approximately 0.2%. In practice, the value of T,
was set to 15000 K for the analysis of all line shapes with
a significant Thomson component [Figs. 6(a)-6(c)]. Be-
cause of its strong dependence on 7, it is not possible to
determine n, accurately from ion feature line-shape data.

Temperature versus radius for the 300-, 500-, and 900-
A data are shown in Figs. 7-9, respectively. There is ex-
perimental evidence [33] that plasma jets entrain cold gas
from the surrounding atmosphere into the outer regions
of the jet, where in the case of air, it can dissociate. This
is particularly true at lower operating currents such as
300 A where the jet is more turbulent. As a result, the
Rayleigh-scattering line shape is a superposition of Ray-
leigh scattering from argon and from atomic or molecu-
lar nitrogen, depending on the gas temperature. In prin-
ciple, the amplitudes of these contributions could be
treated as separate adjustable parameters so that
knowledge of concentrations and scattering cross sections
are not required. In practice, it was not possible to
separate the effects of neutral argon and nitrogen, so the
Rayleigh line shape for atomic nitrogen was not included
explicitly. For the data in which atomic nitrogen is ex-
pected to contribute to the observed spectra, the
significantly broader nitrogen contribution is unavoidably
treated as an additional argon ion or atom contribution,
resulting in artificially high temperatures. We believe
this effect is evident in the 300-A data at the r 2 1 mm ra-
dial positions. Entrained molecular species were seen to
affect all data at the 4-mm radial location. Entrained air
has no effect on the velocity data. Radial temperature
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FIG. 8. Temperature distribution for 500-A operating
current.
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profiles determined assuming LTE from absolute emis-
sivity measurements [34] of the neutral argon 5p[5/2] to
4s[3/2]° and the 4p'[3/2] to 4s[3/2]° transitions at
430.0 and 714.7 nm, respectively, and the singly ionized
argon 4p *P° to 4s *P transition at 480.6 nm for the 500-
and 900-A operating currents are plotted in Figs. 10 and
11 with the results of the line-shape measurements. The
uncertainties of the emission temperature measurements
are estimated to be 5%. The details of these measure-
ments are described elsewhere [16]. The temperatures
determined by emission spectroscopy are assumed to be
representative of electron temperatures since according
to the PLTE theory the upper Ar levels are probably in
equilibrium with 7,. The data show a significant depar-
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FIG. 10. Temperature distribution for 500-A operating
current determined from LTE emission spectroscopy.
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FIG. 11. Temperature distribution for 900-A operating
current determined from LTE emission spectroscopy.

ture from LTE in the outer regions of the jet. This is
probably due to the effects of radiation trapping by
ground-state argon atoms and electron diffusion.

A plot of the center-line (» =0 mm) gas temperature
and velocity as a function of current is given in Fig. 12.
It is interesting to note that both the temperature and ve-
locity initially increase steadily with current, but then roll
off and remain essentially constant above 600 A. As the
current increases from 600 to 900 A, the electrical power
dissipated in the torch increases approximately 60%
without increasing the gas temperature or velocity. The
torch efficiency as a function of current decreases some-
what at the higher currents, but this does not account for
the saturation of the temperature and velocity. Some in-
sight into this observation can be gained from the center-

line spectroscopic values of T, and n, as a function of
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FIG. 12. Center-line (r =0 mm) temperature and velocity as
a function of operating current at an axial location 2 mm down-
stream from the torch face.
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FIG. 13. Radial electron density profile for 500-A operating
current determined from LTE emission spectroscopy.

current. Radial electron density profiles calculated from
the neutral Ar 714.7 and 430.0-nm emission temperature
data using the excited-state Saha equation and the equa-
tion of state are plotted in Figs. 13 and 14 for the 500-
and 900-A operating currents. The uncertainty in the
centerline values of the electron densities is about 25%.
From Figs. 10, 11, 13, and 14 it is seen that the increase
in 7, and n, with current is greater than the experimen-
tal error, while Fig. 12 shows that the gas temperature
remains constant within experimental error. Apparently,
the increased electrical energy goes into increasing the
electron temperature and, because of the increased elec-
tron density, the total potential energy of electron-ion
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FIG. 14. Radial electron density profile for 900-A operating
current determined from LTE emission spectroscopy.
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FIG. 15. Velocity distribution for 300-A operating current.

pairs and has little effect on raising the gas temperature
or velocity. The disagreement between the centerline
values of T; and T, at 500 A is less than the experimental
error for all three spectral lines. However, at 900 A T,
and T; agree only for the 430.0-nm emission data. While
this is not conclusive, it suggests that the plasma is driven
away from LTE as the current is increased. The above
observations are important to understanding the kinetics
of thermal plasmas and must be verified by direct mea-
surements of the electron temperature and density from
line-shape analysis of the electron feature of Thomson-
scattered light.

Velocity versus radius profiles for three currents are
shown in Figs. 15-17. Until now, reliable exit-plane ve-
locity profile data have not been available. By analogy
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FIG. 16. Velocity distribution for 500-A operating current.
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with incompressible laminar flow in a cylindrically sym-
metric channel, computational modelers postulate [11]
that the velocity profiles are nearly parabolic. To exam-
ine this, the 900-A velocity data from » =0 to 3 mm was
fit to a parabola after being reflected about the flow axis,
and is plotted in Fig. 18. As can be seen, the fit is quite
good and justifies the assumption of parabolic velocity
profiles.

CONCLUSIONS

Using a narrow-band injection-seeded Nd:YAG laser
and scanning tandem Fabry-Pérot interferometer, high-
quality line-shape measurements of Thomson- and
Rayleigh-scattered light were made from which gas tem-
perature and velocity profiles of a thermal argon plasma
were directly determined with uncertainties of better than
5% in many cases.

A comparison of line-shape temperature profiles with
temperature profiles made using LTE emission spectros-
copy shows a significant departure from LTE in the outer
regions of the jet. The centerline values of gas tempera-
ture and velocity saturate as the torch operating current
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FIG. 18. Parabolic fit of 900-A velocity profile.

increases above 600 A. Emission spectroscopy shows
centerline values of electron temperature and density
continue to increase with current. Apparently, increas-
ing the electrical power supplied to the torch beyond a
certain point drives the plasma away from LTE. The re-
lationship between the electron temperature and density
and torch current will be studied further by analyzing the
electron component of Thomson-scattered light.

To our knowledge, exit-plane temperature and velocity
profiles of a thermal plasma jet have until now never been
determined from line-shape analysis of scattered laser
light. Temperature and velocity profiles at the torch exit
are important boundary conditions for computational
modeling of the plasma jet. The results of this work show
that gas-velocity profiles are parabolic in the core of the
jet, as sometimes postulated.
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