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Thomson scattering diagnostics of thermal plasmas: Laser heating of electrons and the existen
of local thermodynamic equilibrium

A. B. Murphy*
CSIRO Telecommunications and Industrial Physics, P.O. Box 218, Lindfield NSW 2070, Australia

~Received 17 June 2003; published 30 January 2004!

A number of assessments of electron temperatures in atmospheric-pressure arc plasmas using Thomson
scattering of laser light have recently been published. However, in this method, the electron temperature is
perturbed due to strong heating of the electrons by the incident laser beam. This heating was taken into account
by measuring the electron temperature as a function of the laser pulse energy, and linearly extrapolating the
results to zero pulse energy to obtain an unperturbed electron temperature. In the present paper, calculations
show that the laser heating process has a highly nonlinear dependence on laser power, and that the usual linear
extrapolation leads to an overestimate of the electron temperature, typically by 5000 K. The nonlinearity occurs
due to the strong dependence on electron temperature of the absorption of laser energy and of the collisional
and radiative cooling of the heated electrons. There are further problems in deriving accurate electron tem-
peratures from laser scattering due to necessary averages that have to be made over the duration of the laser
pulse and over the finite volume from which laser light is scattered. These problems are particularly acute in
measurements in which the laser beam is defocused in order to minimize laser heating; this can lead to the
derivation of electron temperatures that are significantly greater than those existing anywhere in the scattering
volume. It was concluded from the earlier Thomson scattering measurements that there were significant
deviations from equilibrium between the electron and heavy-particle temperatures at the center of arc plasmas
of industrial interest. The present calculations indicate that such deviations are only of the order of 1000 K in
20 000 K, so that the usual approximation that arc plasmas are approximately in local thermodynamic equi-
librium still applies.

DOI: 10.1103/PhysRevE.69.016408 PACS number~s!: 52.70.Kz, 52.25.Os, 52.80.Mg, 52.50.Jm
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I. INTRODUCTION

Thomson scattering of laser light is a widely used dia
nostic method for the measurement of electron and ion t
peratures in plasmas. The temperatures are usually de
from the spectral distribution of the scattered light@1,2#. The
results of a number of Thomson scattering measuremen
electron and ion temperatures in atmospheric-pressure
mal plasmas, such as welding arcs and plasma jets,
been reported since 1993. It has been concluded from t
measurements that the electron temperature is many t
sands of kelvin higher than the ion temperature. Snyder, L
sahn, and Reynolds@3# measured an electron temperature
20 90061700 K and an ion temperature of 14 2006700 K at
a position 2 mm below the cathode of a 100 A free-burn
arc in argon. Bentley@4# repeated the electron temperatu
measurements, using a different method to derive the t
perature from the spectrum of the scattered light, and
tained a temperature of 20 4006500 K. Spectroscopic mea
surements of a similar arc yielded an excitation tempera
of 16 600 K, in agreement with the temperature given b
laser-scattering technique in which the ion temperature
obtained from the scattered signal integrated over a rang
wavelengths@5#. Tanaka and Ushio@6# compared Thomson
scattering measurements of electron and ion temperat
and spectroscopic measurements of excitation temperatu
50 and 150 A arcs in argon. They found that the ion a
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excitation temperatures were comparable, but that the e
tron temperature was about 5000 K higher. Measureme
performed in an atmospheric-pressure plasma jet also g
electron temperatures far in excess of the ion temperat
and excitation temperatures. For example, the electron t
perature was measured to be 22 00061000 K at a position 2
mm downstream of the plasma torch in a 900 A argon jet@7#,
compared to an ion temperature of 12 6006900 K and an
excitation temperature of 14 500 K at the same position@8#.

The large differences between electron and ion temp
tures suggested by these measurements are difficult to re
cile with the conclusions of most theoretical and experim
tal studies of thermal plasmas, which indicated that
central regions of welding arcs and plasma jets at atm
spheric pressure are in local thermodynamic equilibri
~LTE!. LTE requires that the composition corresponds to t
calculated assuming local chemical equilibrium, that t
translational energy distributions of all species are Maxw
ian, that the excitation energies of bound electrons follow
Boltzmann distribution, and that the temperatures defined
these distributions are the same for all species.

It has been demonstrated that deviations from LTE do
fact occur in some regions of thermal plasmas. For exam
an underpopulation of excited atomic states occurs withi
mm of the cathode of free-burning arcs@9#; it has been
shown that this is due to the rapid convective influx of co
gas caused by the pinch effect. Deviations from LTE a
occur near the anode@10#. In the fringes of the plasma, a
overpopulation of excited states due to resonance absorp
of radiation has been measured@11#; further, the steep gradi
ents lead to diffusion that is more rapid than some recom
©2004 The American Physical Society08-1
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nation reactions, resulting in deviations from local chemi
equilibrium composition@12#. However, the bulk of the the
oretical @13,14# and experimental@5,15# evidence is that the
regions away from the electrodes and fringes are in or c
to LTE for electron densities above about 1023 m23, owing
to the rapid equilibration of states due to the high collisi
rates. Such electron densities occur at temperatures a
12 800 K in atmospheric-pressure argon plasmas in LTE

The assumption of LTE is used in almost all compu
tional models of thermal plasmas. It greatly simplifies ca
lations of properties of arc plasmas which occur in indus
such as in plasma torches, arc welding, and circuit break
LTE is also assumed in the derivation of fundamental ato
data derived from electric arc measurements. Such data
used in fields as diverse as astrophysics and chemical a
sis. For these reasons, there has been an intensive effo
investigate the validity of the Thomson scattering elect
temperature measurements. As indicated above, the tem
ture measurements have been reproduced at a numb
laboratories. Other workers have investigated the validity
the Thomson scattering technique as applied to thermal p
mas.

In plasmas relevant to nuclear fusion, Thomson scatte
is regarded as the most reliable technique for the meas
ment of electron temperature. However, the much hig
electron densities and much lower electron temperature
thermal plasmas mean that there is significant heating of
electrons by the laser radiation in such plasmas. This hea
has been taken into account in all the studies referred
above by measuring electron temperature as a functio
laser pulse energy, and linearly extrapolating the resul
curve to zero pulse energy. Murphy@16# has demonstrated
that there are number of problems with this extrapolation
the current paper, I expand on the results and argum
presented in Ref.@16#, and consider the problems inherent
measuring temperature in a plasma whose temperatu
changing. Further, I elucidate the difficulties associated w
measurements performed with an expanded laser beam
these measurements, the electron heating was greatly
duced because of the lower energy density of the laser be
nevertheless, electron temperatures much greater than th
and spectroscopic temperatures were obtained@7,17,18#.

Other workers have pursued different explanations of
anomalously high Thomson scattering electron temperatu
Gregori et al. @17# presented measurements that sugges
that electron temperatures calculated from the measurem
depended strongly on the scattering angle~the angle between
the incident laser beam and the measurement axis!. They
proposed that this dependence arose as a result of the
density gradients within the scattering volume, and s
gested that these gradients were responsible for the an
lously high electron temperatures. They estimated that
electron temperature was in fact around 10 500 K on the
of the plasma jet. Snyder, Crawford, and Fincke@19#, how-
ever, attributed the angular dependence to collisional bro
ening of the electron feature, which had only a minor infl
ence on the electron temperatures that were derived from
measurements. Taking this broadening into account yiel
an electron temperature of about 18 000 K, still much hig
01640
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than the excitation and ion temperatures. Terasakiet al. @20#
provided support to the results of Snyder, Crawford a
Fincke by showing that there is no dependence of elec
temperature on scattering angle in a helium arc, for wh
the collisional broadening is expected to be insignificant.

Gregori et al. @18# recently suggested that the standa
method@1,2# of deriving the electron temperature from th
spectrum of the scattered signal was not applicable to t
mal plasmas because of the low number of electrons i
Debye sphere. They suggested instead the use of a me
function method. Gregoriet al. found that this method,
which requires an additional free parameter to be fitted to
measured spectrum, gave an electron temperature of 15
6500 K in a plasma jet, much lower than the electron te
perature obtained using the standard method, and wi
1500 K of the excitation temperature. However, the quest
of the most appropriate method for deriving electron te
perature from the scattered signal cannot be regarded
settled. The work presented in the current paper is aime
demonstrating that the anomalously high electron temp
tures obtained in Thomson scattering measurements ca
explained even when the standard method for deriving e
tron temperatures from the scattered light spectrum is us

II. LASER HEATING OF ELECTRONS

The measurement of electron temperature from the sp
tral profile of the Thomson scattered signal requires t
there is sufficient scattered radiation relative to the ba
ground radiation from the plasma, necessitating the use
high-powered pulsed laser. Typically, a frequency-doub
Nd yttrium aluminum garnet~YAG! laser, with wavelength
532 nm, is used. The interaction of the laser beam with
plasma rapidly heats the electrons by linear inverse bre
strahlung@21#. To take this effect into account, workers ha
measured electron temperature as a function of laser p
energy, fitted a straight line to the results, and extrapola
the line to zero pulse energy to obtain the electron temp
ture free of influence from laser heating. An example of t
procedure is shown in Fig. 1.

The use of a straight line fit has been justified@3,4,6,17#
by reference to Hughes@21#. Hughes, however, gives th
following expression for absorption of laser light by a the
mal plasma:

a5
neniZ

2e6@12exp~2\v/kBTe!#

m6pe0
3c\v3me

2 S me

2pkBTe
D 1/2p

3
ḡ,

~1!

wherea is the absorption coefficient,ne andni are the elec-
tron and ion number densities, respectively,Te is the electron
temperature,Z is the average ionization level of the plasm
m is the refractive index of the plasma,v is the laser fre-
quency, and the constantse, me , \, kB , andc are the elec-
tron charge and mass, Planck’s constant, Boltzmann’s c
stant, and the speed of light respectively. Equation~1! shows
that absorption of the laser light depends onTe , ne , andni ,
both directly, and through the average Gaunt factorḡ.
8-2
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THOMSON SCATTERING DIAGNOSTICS OF THERMAL . . . PHYSICAL REVIEW E 69, 016408 ~2004!
Brussaard and van de Hulst@22# showed that the averag
Gaunt factor~the Gaunt factor averaged over a Maxwelli
distribution! should take into account both free-free and fre
bound transitions, and should be written as the sum of
free-free and the free-bound Gaunt factors. The free-
Gaunt factor is taken from the tabulation of Berger@23#. The
free-bound Gaunt factor is calculated using the expres
given by Brussaard and van de Hulst@22#. Figure 2 shows
the electron temperature dependence of the average G
factor and its components for a wavelength of 532 nm. N
that the free-bound factor is almost independent ofZ for
values ofZ between 1.0 and 1.3, and has a step-funct
decrease asZ increases above 1.3.

It is clear from Eq.~1! and Fig. 2 that the absorptio
coefficienta depends on the electron temperature, the e
tron density, and the ion density, both directly and throu
the Gaunt factor. Since the electrons are heated during a
pulse, the absorption coefficient will therefore vary with tim
during the pulse, and the total absorbed energy will hav
nonlinear dependence on the laser pulse energy.

III. FLUID DYNAMIC MODELING OF LASER HEATING

A. The model

The heating of the electrons through absorption of la
radiation is balanced by cooling of the electrons due to c
lisional and radiative processes. The collisional proces
can be separated into three particular types of interact
collisions with other electrons~or electron thermal conduc
tion!, elastic collisions with heavy particles, and inelas
collisions with heavy particles~or electron-impact ioniza-
tion!.

The heating and cooling of electrons during a laser pu
can be described by a one-dimensional energy conserva

FIG. 1. Dependence of measured electron temperature on
pulse energy on the arc axis 2 mm below the cathode in a 10
free-burning arc in argon, and linear least-squares fit to the m
surements~from Bentley@4#!.
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equation in polar geometry. The center of the laser be
cross section corresponds tor 50, wherer is the radial co-
ordinate. It is assumed that the electron temperature does
vary in the azimuthal and axial directions; this requires t
the plasma, before perturbation by the laser beam, is unif
across the diameter of the laser beam, and that the laser b
is cylindrical. These assumptions are reasonable, given
small diameter to which the laser is focused~typically
200 mm) and the long focal length~typically 1.5 m!. The
equation takes a form similar to that given by Lelevkinet al.
@10,24# for electron temperature in an arc, with ohmic he
ing replaced by laser heating:

]

]t S 5

2
kBneTeD5

1

r

]

]r S rke

]Te

]r D1
aEp

Atp
2Weh

2(
i 51

2

RiEi2U, ~2!

where Ep and tp are the laser pulse energy and duratio
respectively,A is the cross-sectional area of the laser beamr
is the radial coordinate (r 50 corresponds to the center of th
laser beam cross section!, t is the time,ke and U are the
electron thermal conductivity and the radiative emission
efficient, respectively,Ri is the rate ofi th ionization of ar-
gon, andEi is the i th ionization energy of argon.

The rate of transfer of energy from electrons to hea
particles through inelastic collisions,Weh is calculated using
the expression of Lelevkinet al. @10,24#, extended to take
into account doubly ionized atoms

Weh52
me

mh

3

2
kB~Te2Ti !neneh , ~3!

ser
A
a-

FIG. 2. Gaunt factors for different values of the average ioni
tion levelZ at a wavelength of 532 nm. The total Gaunt factor is t
sum of the free-free and free-bound factors. The free-bound fa
has a step-function decrease at just aboveZ51.3.
8-3
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A. B. MURPHY PHYSICAL REVIEW E69, 016408 ~2004!
whereme andmh are the electron and heavy-particle mass
Ti is the heavy-particle temperature~it is assumed that ions
and atoms are at the same temperature! and the electron–
heavy-particle collision frequency is given by

neh5S 8kBTe

pme
D 1/2S (

i 51

2

niQei1n0Qe0D . ~4!

Heren0 , n1, andn2 are the number density of neutral, sing
ionized, and doubly ionized argon atoms, respectively,

Qei5pS ie2

12p«0kBTe
D 2

lnH 1

4p«0ne
F 4p«0kBTe

e2~11Te/ Ti !
G 3J

~5!

is the electron-ion collision cross section, and

Qe0~m2!5@3.631024Te~K!20.1#310220 ~6!

is the electron-atom collision cross section. Equation~6! is a
fit to the electron-atom collision cross-section data given
Devoto @25#.

Values of the electron thermal conductivityke were taken
from Devoto, and values of the radiative emission coeffici
from Cram@26#. Note that the inclusion of radiative emissio
in Eq. ~2! takes into account the inelastic transfer of ene
from electrons to atoms and ions that results in excitati
but not ionization, of the atoms and ions. Hence, althou
the energy is radiated by the heavy particles, it origina
from the electrons, and therefore should be included in
electron energy conservation equation.

The rates of first and second ionization,R1 and R2, are
given by

Ri5kiFneni 212S ni 21

neni
D

eq

ne
2ni G , ~7!

wherek1 andk2 are the coefficients of electron-impact io
ization of neutral and singly ionized argon atoms, resp
tively. Values of these ionization coefficients were tak
from Almeidaet al. @27#. The subscript ‘‘eq’’ denotes value
calculated for a plasma in LTE.

The values of the number densitiesn0 , ne , n1, andn2 are
calculated as a function of time using the equations

dn0 /dt52R1 , ~8a!

dn1 /dt5R12R2 , ~8b!

dn2 /dt5R2 , ~8c!

dne /dt5R11R2 , ~8d!

where the initial number densities are calculated assum
LTE.

Equation ~2! was solved numerically, using a finite
difference method@28#. It was assumed that the laser bea
profile was Gaussian, and that the pulse shape was squa
time. It was assumed, unless otherwise noted, that initi
the ion and electron temperatures were equal. It was fur
01640
s,

y

t

y
,
h
s
e

-

g

in
ly
er

assumed that the heavy-particle temperature was con
during the pulse. This is consistent with Thomson scatter
measurements, which show that the ion temperature is in
pendent of laser pulse energy@3#. A laser wavelength of 532
nm was used.

The laser beam diameter~full width at half maximum!
and the laser pulse duration were chosen to be 200mm and 7
ns, respectively, in accordance with the experimental par
eters@3,4#. The calculation region extended over a radius
350 mm, with an evenly spaced 1-mm grid. The time s
used was 0.1 ns. The adequacy of these choices was t
by doubling the time and grid resolution and the extent of
calculation region. This resulted in a smaller than 0.1
change in the calculated electron temperatures.

B. Results

Figure 3 shows typical results of the calculations for t
evolution of the electron temperature during the laser pu
The rate of temperature increase is greatest in the early
of the pulse, decreasing rapidly with time. The central el
tron temperature increases by 7900 K in the first nanosec
of the pulse, and by less than 400 K in the final nanoseco
The electron temperature profile is peaked on the laser b
axis due to two factors, the Gaussian laser beam profile
the transport of energy to larger radii by thermal conducti

Figure 4 shows the evolution of the species number d
sities during the laser pulse, together with the electron te
perature. Results are shown forr 50, i.e., on the axis of the
laser beam. The plasma is initially singly ionized, with som
ions becoming doubly ionized during the laser pulse. T
electron density increases by around 5%; this is consis
with the increase measured by Bentley@4# for a similar elec-
tron temperature increase. In contrast, Snyderet al. @3# mea-
sured no change in the electron density during the la
pulse.

FIG. 3. Calculated radial dependence of the electron temp
ture in the region heated by the laser beam, at time intervals of
during a 7 nslaser pulse. The initial temperature is 17 000 K, t
laser pulse energy is 100 mJ, and the laser beam radius is 100mm.
8-4
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THOMSON SCATTERING DIAGNOSTICS OF THERMAL . . . PHYSICAL REVIEW E 69, 016408 ~2004!
Figure 5 shows that the rate of absorption of laser ene
decreases rapidly in the first nanoseconds of the pulse.
is predominantly a result of the electron temperature
crease. The absorption increases slightly towards the en
the pulse, because of the influence of the electron den
increase, which at this stage more than compensates fo
relatively slow increase in electron temperature. The rate
energy loss through each of the four cooling processes
creases during the pulse. Energy transfer to heavy part
through electron impact ionization and electron thermal c
duction are the dominant electron cooling processes. Ela
energy transfer to heavy particles and radiative emission
much less important.

The fact that the laser power absorbed by the electron
much greater than the rate of transfer of translational ene
from the electrons to the heavy particles indicates that e
librium is not established between the electrons and he
particles during the laser pulse. Further, the low rate of
ergy transfer to heavy particles validates the assumption
the heavy particle temperature is constant throughout the
ser pulse. Note that this energy transfer term would be e
smaller if the heavy particle temperature were to increase
shown by Eq.~3!.

The very low radiative emission from the plasma ind
cates that this is not a source of deviation from LTE; wh
such deviations can occur in plasmas at much higher t
peratures, they are not important in atmospheric-pres
arcs.

C. Application of fluid dynamic model to Thomson scattering
measurements

It has been shown in Sec. III B that the absorption of la
energy decreases as the electron temperature increase
that the rate of cooling of the heated electrons increase
the electron temperature increases. Since the electron

FIG. 4. Evolution of the electron temperature and species n
ber densities at the center point of the laser beam during a 7 nslaser
pulse. Parameters are as in Fig. 3.
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perature depends on the pulse energy, this implies that
electron temperature has a nonlinear dependence on the
energy. In this section, I examine the extent of the deviat
from the linear relationship that was used to derive unp
turbed electron temperatures in the works of Snyderet al. @3#
and Bentley@4#. In so doing, I use the fluid dynamic mode
described in Sec. III A to fit the measured results presen
in these works.

For the purposes of comparison of the electron tempe
tures calculated from the fluid dynamic model with the me
sured electron temperatures, the following procedure w
adopted. For each set of measured electron temperature
pulse energy data, a least-squares fitting routine was use
find the values of the initial or unperturbed temperatureTe0,
and a constantC by which the absorption coefficienta was
multiplied, which give values of electron temperature clos
to the experimental values. Deviations fromC51 were re-
quired to take into account experimental uncertainties in
laser beam’s spatial profile and diameter, in the time dep
dence of the laser pulse energy, and in the spatial and t
poral averaging of the electron temperature. In the initial
of calculations, the initial electron temperature and ion te
perature were assumed to be equal. I consider the validit
this assumption later.

An electron temperature was obtained from the fluid d
namic model for a given pulse energy using a simple ti
average over the duration of the laser pulse, and a sp
average over the laser beam diameter, weighted accordin
the Gaussian laser beam intensity profile. The question
determining an average electron temperature is discu
further in Sec. IV.

Figures 6 and 7 show comparisons of least-squares lin
fits to the measurements of Snyderet al. @3# and Bentley@4#,
respectively, with least-square fits to solutions of Eq.~2!. The
least-squares best fit to the measurements of Snyderet al.

FIG. 5. Evolution of the power density of the laser heating a
the different cooling processes at the centerpoint of the laser be
Parameters are as in Fig. 3.
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A. B. MURPHY PHYSICAL REVIEW E69, 016408 ~2004!
using solutions of Eq. ~2! was obtained with Te0
514 920 K andC51.29. This is significantly less than th
value of Te0520 400 K obtained from the linear fit. It is
close to the ion temperature measured by Thomson scatte
of 14 2006700 K @3#. As a measure of the sensitivity of th
least-squares fit to Eq.~2!, fits for which the standard devia
tion is 25% greater than the minimum were calculated;
deviation inTe0 is around 700 K.

The least-squares best fit to the measurements of Ben
using solutions of Eq. ~2! was obtained with Te0
518 060 K andC51.71. This is again significantly below
the value ofTe0520 200 K obtained from the linear fit. Th
deviation inTe0 corresponding to a 25% increase in stand
deviation is in this case 1200 K. The excitation temperatu
and the ion temperature measured by laser scattering,
around 16 600 K for the same conditions@5#. It is apparent
from Fig. 7 that the dependence ofTe on pulse energy cal
culated from Eq.~2! better corresponds to the shape of t
measured data than does a straight line. The values ofTe0
calculated using best fits to the solution of Eq.~2! are be-
tween 2000 K and 6000 K lower than those obtained usin
linear fit, and are within 1500 K of the ion temperature a
excitation temperature.

Note that while both Snyderet al. and Bentley quote
identical values for laser beam parameters, the electron h
ing shown in Fig. 7 is significantly greater than that shown
Fig. 6. Hence a larger value ofC is required to fit the results
shown in Fig. 7.

The reader may note that there are small differences
tween the best-fit values ofTe0 and C reported here and
those given previously@16#. This is because of a minor co
rection to the method of calculation of the width of th

FIG. 6. Comparison between the best fit obtained using s
tions to Eq.~2!, and the line of best fit, to the measured data
Snyderet al. @3#. Also shown are fits obtained using solutions to E
~2! for which the standard deviation from the experimental point
25% greater than for the best fit.
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Gaussian profile in the computer code.
While the results presented so far indicate that the m

sured dependence of electron temperature on pulse en
admits unperturbed electron temperaturesTe0 well below
those given by a linear fit to the data, they do not in the
selves rule out the possibility thatTe0 is close to that given
by the linear fit, since it could be conjectured that equa
good fits of Eq.~2! to the experimental data may be obtain
with higher values ofTe0. To investigate this possibility, I
repeated the fitting procedure while constrainingTe0 to be
equal to the value given by the linear fit. In this case,C was
the only variable in the least-squares fitting procedure. T
ion temperature was set to the value given by the respec
laser-scattering measurements~14 200 K for the Snyderet al.
measurements and 16 600 K for the Bentley measureme!,
and the initial species number densities were set to the L
values corresponding toTe0.

Results of the calculations are given in Figs. 8 and 9. T
best fits were obtained withC50.670 for the data of Snyde
et al. and C51.390 for the data of Bentley. It can be see
particularly in Fig. 9, in which more measured data poin
are available, that the fitted curve overestimates the elec
temperature at low pulse energies and underestimates
electron temperature at high pulse energies. This prov
strong evidence that the unperturbed electron temperat
are in fact significantly lower than those given by a linear
to the data.

As noted above, the values ofTe0 calculated using bes
fits to the solution of Eq.~2! are within 1500 K of the mea-
sured ion temperature and excitation temperature. There
significant uncertainties in the transport and rate data use
the calculation, and the results of calculations obtained us
lower values ofTe0 fit the measured data almost equa
well. It is reasonable to conclude that the results presen
here are consistent with values of electron temperature

FIG. 7. As for Fig. 6, but using the measurements of Bent
@4#.-
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are approximately in agreement with measured ion and e
tation temperatures.

Similar calculations have been performed using a sin
fluid approach, in which the electrons and heavy particles
considered together@29#. The energy conservation equatio
used was

]~rh!

]t
5

1

r S rkt

cp

]h

]r D1
aEp

Atp
2U, ~9!

wherer, cp , h, and kt are the mass density, specific he
enthalpy, and thermal conductivity of the plasma, resp
tively. These were calculated as a function of the elect
and heavy-particle temperatures using standard meth
@30#. Equation~9! is valid if the plasma composition can b
described by a two-temperature Saha equilibrium. The le
of ionization is in fact lower than at equilibrium, owing t
the short duration of the laser pulse. Nevertheless, sim
results were obtained, with the best fit to the results of Be
ley being obtained withTe0516 800 K, and the best fit to
the results of Snyderet al. being obtained with Te0
515 900 K.

Thomson scattering can be performed at a wide rang
wavelengths; although the spectrum of the scattered sign
wavelength dependent, the total Thomson scattering c
section is independent of wavelength. For example, Sny
et al. @19# presented results obtained at 355 nm. It is the
fore interesting to consider the dependence of laser hea
of the electrons on the laser wavelength. I consider here
wavelengths accessible using a Nd-YAG laser, i.e., the f
damental wavelength of 1064 nm and the frequency-trip
wavelength of 355 nm.

Equation~1! indicates that the absorption coefficient d
pends on the wavelengthl through the terml3@12exp

FIG. 8. The best fit to the measured data of Snyderet al. @3#
obtained using solutions to Eq.~2!, with the unperturbed electron
temperature set equal to that given by a linear fit. The linear fi
the measured data is also shown.
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(22p\c/lkBTe)# and through the Gaunt factor. The first ter
increases as wavelength increases, while the Gaunt fa
tends to decrease. For example, atTe520 000 K andZ51,
the first factor increases by a factor of 5.3 at 1064 nm, a
decreases by a factor of 2.9 at 355 nm, relative to its valu
532 nm. The Gaunt factor decreases by a factor of 1.7
1064 nm, and increases by a factor of 4.6 at 355 nm, ag
relative to its value at 532 nm. The absorption coefficie
therefore increases in both cases relative to its value at
nm, by a factor of 3.1 at 1064 nm and a factor of 1.6 at 3
nm. Similar results are obtained for the range of temperatu
present in arc plasmas. Laser heating of the plasma
therefore be stronger at 355 nm and 1064 nm than at 532
which is expected to lead to a more strongly nonlinear
pendence of electron temperature on laser power.

IV. DERIVATION OF TEMPERATURE FROM THE
SPECTRUM OF THOMSON SCATTERED RADIATION

The heating of electrons by the laser pulse causes a
ther complication in Thomson scattering measurements
addition to that described in the previous section. In the m
surements, the electron temperature is derived from the s
trum of the scattered light collected over the duration of
laser pulse, and across the full cross section of the la
beam. The temperatures present cover a wide range; fo
conditions of Fig. 3, for example, they range from 17 000
to 31 540 K. The spectrum of the Thomson scattered ra
tion is a complicated function of electron temperature a
density. Sample spectra are shown in Fig. 10. The meas
scattered signal will be an average of the spectra over
range of temperatures present in the scattering region du
the laser pulse. The derivation of a single electron tempe
ture from the average spectrum is clearly a procedure
dubious validity, and this alone casts significant doubt on
reported electron temperature measurements.

FIG. 9. As for Fig. 8, but using the measurements of Bent
@4#.
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For temperatures above about 17 000 K, the plasm
essentially fully ionized, and as shown in Fig. 10, the m
effect of a temperature increase is a broadening of the
omson scattering peak, so the temperature derived from
average spectrum is likely to fall within the range of t
temperatures that are present in the scatterting region.
example, for the conditions of Fig. 3, the initial temperatu
is 17 000 K, and the final central electron temperature
31 540 K. An average Thomson scattered spectrum was
culated by averaging the spectra for the electron temp
tures and densities present over the duration of the l
pulse, and across the laser beam diameter, with weigh
according to the Gaussian laser beam intensity profile
least-squares fitting routine was then used to derive an e
tron temperature and electron density from the average s
trum. The best-fit electron temperature and density w
26 800 K and 1.9531023 m23, respectively. While the elec
tron temperature is within the range of electron temperatu
present within the laser beam cross section during the l
pulse, the derivation of a single electron temperature fro
Thomson scattered spectrum averaged over such a
range of electron temperatures and densities must neve
less be considered a significant additional source of erro

It is worth noting that the average temperature, calcula
as in Sec. III C~a simple time average over the duration
the laser pulse, and a spatial average over the laser b
diameter, weighted according to the Gaussian laser beam
tensity profile! is 25 190 K in this case, which is comparab

FIG. 10. Spectral distribution of Thomson scattering elect
feature for different temperatures in an LTE plasma for scatterin
90° to the laser beam. The laser wavelength is 532 nm and
electron density is given in each case. The wavelength of the p
in the spectrum increases as the electron density increases. At
peratures above about 17 500 K, the electron density is rou
constant, and the main effect of increasing temperature is a br
ening of the peak.
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with the best-fit temperature to the average spectrum. W
the calculated temperatures used to fit the measured da
Sec. III C would ideally be generated from the average T
omson spectra, the time required for such computation
prohibitive.

Figure 10 shows that if electron temperatures lower th
around 17 000 K are present in the laser beam cross sec
the position of the peak in the Thomson spectrum can s
significantly as electron temperature changes, with the re
that the average spectrum has a broader peak than the
trum of any of the temperatures that are represented; this
lead to a significant overestimate of the temperature. Thi
demonstrated in Sec. V.

V. MEASUREMENTS PERFORMED WITH
AN EXPANDED BEAM

In some Thomson scattering measurements of plasma
@17,18#, an expanded laser beam diameter of 2 mm was u
with pulse energies from 50 mJ to 400 mJ and a pulse len
of 10 ns. This was done to avoid laser heating of the el
trons. The electron temperatures derived from the scatte
signals using standard Thomson scattering theory w
18 000 K–20 000 K, similar to those obtained by Snyd
et al. @7# in their Thomson scattering measurements of el
tron temperatures in plasma jets.

A problem with the use of an expanded laser beam is t
because of the steep gradients of temperature and dens
plasmas, a range of temperatures and densities will
present within the beam cross section. To examine the in
ence of this gradient, I have simulated the heating of
electrons for the conditions used in the expanded laser b
measurements. As an initial electron and ion tempera
profile, I used an approximation of the ion and spectrosco
temperatures measured by Snyderet al. @7# for similar
plasma jet parameters; a central temperature of 14 000
decreasing linearly to 12 500 K at a radius of 1 mm, then
10 000 K at 2 mm and 5000 K at 3 mm.~Note that, owing to
the one-dimensional geometry, it is assumed that this pro
is axisymmetric, whereas in a plasma jet the radial tempe
ture profile differs from the axial temperature profile. Th
results are nonetheless expected to be reasonably repres
tive of those for a two-dimensional simulation.! The central
electron temperature was calculated to reach 17 760 K f
laser pulse energy of 400 mJ, and 15 520 K for a pulse
ergy of 200 mJ. The respective average electron temp
tures, calculated as in Sec. III C~i.e., a simple time average
over the duration of the laser pulse, and a spatial aver
over the laser beam diameter, weighted according to
Gaussian laser beam intensity profile! were 13 890 K and
13 490 K.

As noted in Sec. IV, the electron temperature is derived
the experiments by averaging the Thomson scattered s
trum over all temperatures present, and by calculating a t
perature from this integrated spectrum. This procedure
simulated by calculating such an average Thomson scatt
spectrum, and using a least-squares fitting routine to de
an electron temperature and electron density from the a
age spectrum. The average spectrum, and the best-fit Th
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son spectrum, are shown in Fig. 11.
The electron temperature derived by this method w

18 070 K for a pulse energy of 400 mJ, and 17 550 K fo
pulse energy of 200 mJ. The electron density was 1
31023 m23 in both cases. These calculated electron te
perature values are significantly higher than the electron t
peratures present anywhere in the plasma. This is the re
of the artificial broadening of the average spectrum due
the presence of a range of temperatures and electron d
ties. This effect is important for plasmas at relatively lo
temperatures~below about 15 000 K for a plasma in LTE! for
which the electron density is below its maximum value
around 231023 m23, since as shown in Fig. 10, the spectr
position of the Thomson peak depends strongly on the e
tron density for such plasmas.

The calculation demonstrates that, at least for the r
tively low temperatures present in a plasma jet, the use o
expanded laser beam leads to significant distortion of
measured Thomson line shape, which leads to the deriva

FIG. 11. Average Thomson spectrum calculated for expan
laser beam measurement of a plasma jet~pulse energy5400 mJ,
pulse length510 ns, beam radius51 mm, initial central electron
temperature514 000 K, laser wavelength5532 nm, scattering a
90° to the laser beam!, and the least-squares best-fit spectrum. A
shown are spectra for the electron temperatures and den
present at three times and positions during the laser pulse.
v.

tt.
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of anomalously high electron temperatures from this l
shape. These electron temperatures and densities are co
rable to the values of 18 000 K and 1.1731023 m23, and
20 000 K and 0.6831023 m23, respectively, reported in the
papers by Gregoriet al. @17,18#. This provides evidence tha
the anomalously high electron temperatures measured
the expanded laser beam are an artifact due to the avera
of the Thomson line shape over a range of electron temp
tures and densities.

VI. CONCLUSIONS

It has been shown from energy balance calculations
great care needs to be exercised in deriving the electron
perature of thermal plasmas from laser-scattering meas
ments. In particular, the perturbation of the electron tempe
ture by the laser has a highly nonlinear dependence on l
energy. This means that the method, used in the prev
measurements, of deriving an unperturbed electron temp
ture by linearly extrapolating measurements of electron te
perature as a function of laser-pulse energy, is physic
invalid. Furthermore, there are significant problems in c
rectly accounting for the averages that must be made
typical laser-scattering measurement over the volume fr
which scattering of laser light occurs, within which there w
be significant temperature variation, and also over the du
tion of the laser pulse, which causes a continuous variatio
temperature.

Previous reports of laser-scattering measurements h
concluded that there are significant differences between
electron and heavy-particle temperatures in the plas
present in free-burning arcs and plasma jets. In the pre
work, I have reanalysed some of these measurements,
cluding that the electron temperature and heavy-particle t
peratures are similar, and that the usual assumption of l
thermodynamic equilibrium for the central regions of indu
trial arc plasmas is indeed still likely to be a reasona
approximation. The existence of local thermodynamic eq
librium is of course an assumption that greatly simplifi
calculations of the properties of industrial arc plasm
such as are used in plasma torches, arc welding, and ci
breakers.
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