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Thomson scattering diagnostics of thermal plasmas: Laser heating of electrons and the existence
of local thermodynamic equilibrium
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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
20000 K, so that the usual approximation that arc plasmas are approximately in local thermodynamic equi-
librium still applies.
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[. INTRODUCTION excitation temperatures were comparable, but that the elec-
tron temperature was about 5000 K higher. Measurements
Thomson scattering of laser light is a widely used diag-performed in an atmospheric-pressure plasma jet also gave
nostic method for the measurement of electron and ion terelectron temperatures far in excess of the ion temperatures
peratures in plasmas. The temperatures are usually derivédd excitation temperatures. For example, the electron tem-
from the spectral distribution of the scattered lifhf2]. The  Perature was measured to be 22 d®00 K at a position 2
results of a number of Thomson scattering measurements M downstream of the plasma torch in a 900 A argor7ét
electron and ion temperatures in atmospheric-pressure theéfompared to an ion temperature of 12 60#D0 K and an
mal plasmas, such as welding arcs and plasma jets, hagcitation temperature of 14500 K at the same _pos@Bjn
been reported since 1993. It has been concluded from these 1 N€ large differences between electron and ion tempera-
measurements that the electron temperature is many tho{lires §uggested by t_hese measurements are difficult to recon-
sands of kelvin higher than the ion temperature. Snyder, La Q'Ile W'IQ. the CfOﬂ:]ﬂUSIOTS cl)f most therc])'rerflc_aldand edxp(ra]rlmer?-
sahn, and ReynoldS8] measured an electron temperature Ofcaentsrtaul Irisgi(;)nst o?r:/nvgl diF?\gSeTri:, avr\1/ dlcplalsnmge}teef[s ;ta;tr;c?-
20900+ 1700 K and an ion temperature of 14 20000 K at

. . spheric pressure are in local thermodynamic equilibrium
a position 2 mm below the cathode of a 100 A free-burnmg(LTE). LTE requires that the composition corresponds to that

arc in argon. Bentley4] repeated the electron temperature c5 . jated assuming local chemical equilibrium, that the

measurements, using a different method to derive the temyangjational energy distributions of all species are Maxwell-
perature from the spectrum of the scattered light, and obpp that the excitation energies of bound electrons follow a
tained a temperature of 20 4800 K. Spectroscopic mea- Boltzmann distribution, and that the temperatures defined by
surements of a similar arc yielded an excitation temperaturghese distributions are the same for all species.
of 16 600 K, in agreement with the temperature given by a |t has been demonstrated that deviations from LTE do in
laser-scattering technique in which the ion temperature wafact occur in some regions of thermal plasmas. For example,
obtained from the scattered signal integrated over a range @in underpopulation of excited atomic states occurs within 1
wavelengthd5]. Tanaka and Ushif6] compared Thomson mm of the cathode of free-burning arg8]; it has been
scattering measurements of electron and ion temperaturghown that this is due to the rapid convective influx of cold
and spectroscopic measurements of excitation temperature gas caused by the pinch effect. Deviations from LTE also
50 and 150 A arcs in argon. They found that the ion andoccur near the anodd0]. In the fringes of the plasma, an
overpopulation of excited states due to resonance absorption
of radiation has been measurdd]; further, the steep gradi-
*Email address: tony.murphy@csiro.au ents lead to diffusion that is more rapid than some recombi-
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nation reactions, resulting in deviations from local chemicalthan the excitation and ion temperatures. Terasaki. [20]
equilibrium compositiorf12]. However, the bulk of the the- provided support to the results of Snyder, Crawford and
oretical[13,14) and experimentdl5,15] evidence is that the Fincke by showing that there is no dependence of electron
regions away from the electrodes and fringes are in or clostemperature on scattering angle in a helium arc, for which
to LTE for electron densities above aboufith—2, owing  the collisional broadening is expected to be insignificant.
to the rapid equilibration of states due to the high collision ~Gregori et al. [18] recently suggested that the standard
rates. Such electron densities occur at temperatures abolethod[1,2] of deriving the electron temperature from the
12800 K in atmospheric-pressure argon plasmas in LTE. spectrum of the scattered signal was not applicable to t.her-
The assumption of LTE is used in almost all computa-mal plasmas because of the onv number of electrons in a
tional models of thermal plasmas. It greatly simplifies calu-D€bye sphere. They suggested instead the use of a memory
lations of properties of arc plasmas which occur in industry,fL‘r‘_Ct'On method. Gregoriket al. found that this method,
such as in plasma torches, arc welding, and circuit breaker¥vhich requires an additional free parameter to be fitted to the
LTE is also assumed in the derivation of fundamental atomi¢n€asured spectrum, gave an electron temperature of 15700
data derived from electric arc measurements. Such data are®00 K in a plasma jet, much lower than the electron tem-
used in fields as diverse as astrophysics and chemical analpérature obtained using the standard method, and within
sis. For these reasons, there has been an intensive effort 1¢00 K of the excitation temperature. However, the question
investigate the validity of the Thomson scattering electrorPf the most appropriate method for deriving electron tem-
temperature measurements. As indicated above, the tempeRgrature from the scattered signal cannot be regarded as
ture measurements have been reproduced at a number gttled. Thg work presented in the cur(ent paper is aimed at
laboratories. Other workers have investigated the validity offémonstrating that the anomalously high electron tempera-
the Thomson scattering technique as applied to thermal plagures obtained in Thomson scattering measurements can be
mas. explained even when the standard method for deriving elec-
In plasmas relevant to nuclear fusion, Thomson scatterin§On temperatures from the scattered light spectrum is used.
is regarded as the most reliable technique for the measure-
ment of electron temperature. However, the much higher Il. LASER HEATING OF ELECTRONS
electron densities and much lower electron temperatures in
thermal plasmas mean that there is significant heating of the The measurement of electron temperature from the spec-
electrons by the laser radiation in such plasmas. This heatingal profile of the Thomson scattered signal requires that
has been taken into account in all the studies referred tiere is sufficient scattered radiation relative to the back-
above by measuring electron temperature as a function ¢round radiation from the plasma, necessitating the use of a
laser pulse energy, and linearly extrapolating the resultingligh-powered pulsed laser. Typically, a frequency-doubled
curve to zero pulse energy. Murplig6] has demonstrated Nd yttrium aluminum garnetYAG) laser, with wavelength
that there are number of problems with this extrapolation. 132 nm, is used. The interaction of the laser beam with the
the current paper, | expand on the results and argumenfd@sma rapidly heats the electrons by linear inverse brems-
presented in Ref.16], and consider the problems inherent in strahlung[21]. To take this effect into account, workers have
measuring temperature in a plasma whose temperature qgeasureq electron _temp_erature as a function of laser pulse
changing. Further, | elucidate the difficulties associated witrfEnergy, fitted a straight line to the results, and extrapolated
measurements performed with an expanded laser beam. {fi€ line to zero pulse energy to obtain the electron tempera-
these measurements, the electron heating was greatly réire free of_lnfluence_ from laser heating. An example of this
duced because of the lower energy density of the laser bearRfocedure is shown in Fig. 1. o
nevertheless, electron temperatures much greater than the ion The use of a straight line fit has been justif{&4,6,17
and spectroscopic temperatures were obtafifeti7,19. by reference to Hughef21]. Hughes, however, gives the
Other workers have pursued different explanations of thdollowing expression for absorption of laser light by a ther-
anomalously high Thomson scattering electron temperature§ial plasma:
Gregori et al. [17] presented measurements that suggested
that electron temperatures calculated from the measurements NN Z2e®[1—exp—hw/kgTe)] me \Y2m—
depended strongly on the scattering ar(¢fe angle between a= (27rk T ) §g,
the incident laser beam and the measurement).aXisey Ble
proposed that this dependence arose as a result of the steep (1)
density gradients within the scattering volume, and sug- ) . .
gested that these gradients were responsible for the anom#ahere« is the absorption coefficient, andn; are the elec-
lously high electron temperatures. They estimated that th#0n and ion number densities, respectivélyjs the electron
electron temperature was in fact around 10500 K on the axi$mperatureZ is the average ionization level of the plasma,
of the plasma jet. Snyder, Crawford, and Fin¢k6], how- & iS the refractive index of the plasma, is the laser fre-
ever, attributed the angular dependence to collisional broadiuency, and the constargsme, #, kg, andc are the elec-
ening of the electron feature, which had only a minor influ-tron charge and mass, Planck’s constant, Boltzmann's con-
ence on the electron temperatures that were derived from tigant, and the speed of light respectively. Equatibrshows
measurements. Taking this broadening into account yieldethat absorption of the laser light dependsTen n., andn;,
an electron temperature of about 18 000 K, still much higheboth directly, and through the average Gaunt fagtor
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FIG. 1. Dependence of measured electron temperature on laser

. . FIG. 2. Gaunt factors for different values of the average ioniza-
ulse energy on the arc axis 2 mm below the cathode in a 100 A -
P 9y tion level Z at a wavelength of 532 nm. The total Gaunt factor is the

fsrjfe_r?]uer::;groizcégnzg?%'and linear least-squares fit to the meas-um of the free-free and free-bound factors. The free-bound factor
has a step-function decrease at just abfwel.3.

Brussaard and van de Hulst2] showed that the average o
Gaunt factor(the Gaunt factor averaged over a Maxwellian €Juation in polar geometry. The center of the laser beam
distribution should take into account both free-free and free-Cross section correspondsite=0, wherer is the radial co-
bound transitions, and should be written as the sum of th@€rdinate. It is assumed that the electron temperature does not
free-free and the free-bound Gaunt factors. The free-fredary in the azimuthal and axial directions; this requires that
Gaunt factor is taken from the tabulation of Ber§@8]. The  the plasma, before perturbation by the laser beam, is uniform
free-bound Gaunt factor is calculated using the expressioficross the diameter of the laser beam, and that the laser beam
given by Brussaard and van de Hul&2]. Figure 2 shows IS cylindrical. These assumptions are reasonable, given the
the electron temperature dependence of the average Gauihall diameter to which the laser is focusetypically
factor and its components for a wavelength of 532 nm. Note200 «m) and the long focal lengtktypically 1.5 m. The
that the free-bound factor is almost independentzofor ~ €quation takes a form similar to that given by Lelevkiral.
values ofZ between 1.0 and 1.3, and has a Step_functior{lo,Zlﬂ for electron temperature in an arc, with ohmic heat-

decrease ag increases above 1.3. ing replaced by laser heating:
It is clear from EqQ.(1) and Fig. 2 that the absorption 515 19 JT oE
coefficienta depends on the electron temperature, the elec- _(_aneTe) == —(r e_e> +—Pw,,
tron density, and the ion density, both directly and through at\2 ror ar | ATy
the Gaunt factor. Since the electrons are heated during a laser 2
pulse, the absorption coefficient will therefore vary vyith time _ 2 RE—U, )
during the pulse, and the total absorbed energy will have a i=1

nonlinear dependence on the laser pulse energy.
where E, and 7, are the laser pulse energy and duration,
. FLUID DYNAMIC MODELING OF LASER HEATING respectivelyA is the cross-sectional area of the laser beam,
is the radial coordinater &0 corresponds to the center of the
A. The model laser beam cross sectiprt is the time,k, and U are the
The heating of the electrons through absorption of laseglectron thermal conductivity and the radiative emission co-
radiation is balanced by cooling of the electrons due to colfficient, respectivelyR; is the rate ofith ionization of ar-
lisional and radiative processes. The collisional processe@on, andE; is theith ionization energy of argon.
can be separated into three particular types of interaction: The rate of transfer of energy from electrons to heavy
collisions with other electronéor electron thermal conduc- particles through inelastic collision#/,, is calculated using
tion), elastic collisions with heavy particles, and inelasticthe expression of Lelevkiet al. [10,24], extended to take
collisions with heavy particlegor electron-impact ioniza- into account doubly ionized atoms
tion).
The heatin.g and cooling of_ electrons during a laser pulge W, p= 2% EkB(Te_Ti)nevehi &)
can be described by a one-dimensional energy conservation my, 2
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wherem, andm, are the electron and heavy-particle masses, 32000+
T; is the heavy-particle temperatufi¢ is assumed that ions T t=7ns
and atoms are at the same temperatamed the electron— 30000+
heavy-particle collision frequency is given by 13n
28000}
2 4
8kBTe) 12 3 2ns
Ven= N;Qei+n ) 4 26000+
eh ( M, ;l iQei 0Qe0 ( ) g
. _ £ 24000 1 ns
Herengy, ny, andn, are the number density of neutral, singly g
ionized, and doubly ionized argon atoms, respectively, 2 22000-
c
o ( ie? >2| 1 drreoksTe |° g 20000
=7 n ] 4
¢ "\ 12meokeTe) | 4mmeoNe| €2(14 T4/ T)) —
©) t=0ns SN
is the electron-ion collision cross section, and 16000+
0 50 100 150 200 250

Qeo(M?)=[3.6X107*T¢(K)—0.1]x107%°  (§)
Radius (um)
is the electron-atom collision cross section. Equafi®nis a

fit to the electron-atom collision cross-section data given by FIG. 3. Calculated radial dependence of the electron tempera-
Devoto[25]. ture in the region heated by the laser beam, at time intervals of 1 ns

during a 7 nslaser pulse. The initial temperature is 17 000 K, the

Values of the electron thermal conductivky were taken {aser bulse energy is 100 mJ. and the laser beam radius ig00

from Devoto, and values of the radiative emission coefficien
from Cram[26]. Note that the inclusion of radiative emission assumed that the heavy-particle temperature was constant
in Eq. (2) takes into account the inelastic transfer of energyduring the pulse. This is consistent with Thomson scattering

from electrons to atoms and ions that results in excitationmeasurements, which show that the ion temperature is inde-

but not ionization, of the atoms and ions. Hence, althougthendent of laser pulse enerf]. A laser wavelength of 532
the energy is radiated by the heavy particles, it originategym was used.

from the electrons, and therefore should be included in the The |aser beam diametéfull width at half maximum

electron energy conservation equation. and the laser pulse duration were chosen to be2@0and 7
~ The rates of first and second ionizatid®; andR,, are  ng, respectively, in accordance with the experimental param-
given by eters[3,4]. The calculation region extended over a radius of

350 mm, with an evenly spaced 1-mm grid. The time step
) used was 0.1 ns. The adequacy of these choices was tested
by doubling the time and grid resolution and the extent of the
calculation region. This resulted in a smaller than 0.1%
wherek; andk, are the coefficients of electron-impact ion- change in the calculated electron temperatures.
ization of neutral and singly ionized argon atoms, respec-
tively. Values of these ionization coefficients were taken B. Results
from Almeidaet al.[27]. The subscript “eq” denotes values
calculated for a plasma in LTE.
The values of the number densitieg, n., n;, andn, are
calculated as a function of time using the equations

Ri:ki

- ni—1 2
NeNi—17| | MeMi
el eq

Figure 3 shows typical results of the calculations for the
evolution of the electron temperature during the laser pulse.
The rate of temperature increase is greatest in the early part
of the pulse, decreasing rapidly with time. The central elec-

dng/dt=—R;, (8)  tron temperature increases by 7900 K in the first nanosecond
of the pulse, and by less than 400 K in the final nanosecond.
dn,/dt=R;—R,, (8p)  The electron temperature profile is peaked on the laser beam
axis due to two factors, the Gaussian laser beam profile and

dn,/dt=R,, (8c)  the transport of energy to larger radii by thermal conduction.
Figure 4 shows the evolution of the species number den-

dne/dt=R;+R,, (8d) sities during the laser pulse, together with the electron tem-

perature. Results are shown for 0, i.e., on the axis of the

where the initial number densities are calculated assumingaser beam. The plasma is initially singly ionized, with some
LTE. ions becoming doubly ionized during the laser pulse. The

Equation (2) was solved numerically, using a finite- electron density increases by around 5%; this is consistent
difference method28]. It was assumed that the laser beamwith the increase measured by Bent[dy for a similar elec-
profile was Gaussian, and that the pulse shape was squaretion temperature increase. In contrast, Snyateal. [3] mea-
time. It was assumed, unless otherwise noted, that initiallsured no change in the electron density during the laser
the ion and electron temperatures were equal. It was furthgsulse.
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FIG. 4. Evolution of the electron temperature and species num- EF|G. 5. Evolution of the power density of the laser heating and

ber densities at the center point of the laser beam dutifi ndaser  the different cooling processes at the centerpoint of the laser beam.
pulse. Parameters are as in Fig. 3. Parameters are as in Fig. 3.

Figure 5 sh(_)ws _that the_ rate of absorption of laser energ erature depends on the pulse energy, this implies that the
decreases rapidly in the first nanoseconds of the pulse. Thﬁ .
. . ._€lectron temperature has a nonlinear dependence on the pulse
is predominantly a result of the electron temperature in. ergy. In this section, | examine the extent of the deviation
crease. The absorption increases slightly towards the end r]?)mgt)ae linear relatio,nshi that was used to derive unper-
the pulse, because of the influence of the electron densi rbed electron term eraturrc)as in the works of Snyde. [3] P
increase, which at this stage more than compensates for t perat - s

?nd Bentley[4]. In so doing, | use the fluid dynamic model

relatively slow increase in electron temperature. The rate o

energy loss through each of the four cooling processes irdescribed in Sec. Il A to fit the measured results presented

. . In these works.
creases during the pulse. Energy transfer to heavy particles .
9 P ay y P For the purposes of comparison of the electron tempera-

through electron impact ionization and electron thermal CON: o< caloulated from the fluid dvnamic model with the mea-
duction are the dominant electron cooling processes. Elastit Y .
ured electron temperatures, the following procedure was

energy transfer to heavy particles and radiative emission arg
much less important. adopted. For each set of measured electron temperature and

The fact that the laser power absorbed by the electrons i ulse energy data, a I_er_;l_st-squares fitting routine was used to
much greater than the rate of transfer of translational energ mﬂ the Valltje;;)g ther:nlﬂatlhor ugpertlt{rbed tefrppe:;fﬁg@g

from the electrons to the heavy particles indicates that eqw—n a constari. by which the absorption coetlicielt was
librium is not established between the electrons and heav, ultiplied, W_h'Ch give values of e]egtron temperature closest
particles during the laser pulse. Further, the low rate of en:o .th% (tax;:elilmgrt\tal vaIuest. Dewgnon? 1;rc®n= 1tvyet(e re- th
ergy transfer to heavy particles validates the assumption th Ire b 0 a, emn (t)' ?CCOL;.? expc)ieél_men ta u.nctehr al.n 1es dm N
the heavy particle temperature is constant throughout the | aser e?ms Ispa 1a plro e an |arrée.er£h|n € t.'rrlle g;ien-
ser pulse. Note that this energy transfer term would be eveﬂence of the laser puise energy, and in thé spatial and tem-

smaller if the heavy particle temperature were to increase agoral averaging of the_ _electron temperature. In the i_nitial set
shown by Eq.(3) ' “of calculations, the initial electron temperature and ion tem-

The very low radiative emission from the plasma indi- perature were assumed to be equal. | consider the validity of

cates that this is not a source of deviation from LTE; whilethls assumption later. . .
such deviations can occur in plasmas at much higher tem- AF‘ electron temperature was obtained _from th_e fluid _dy-
peratures, they are not important in atmospheric-pressu|%amIC model for a given pulse energy using a simple time
arcs. average over the duration of the laser pulse, and a spatial
average over the laser beam diameter, weighted according to
the Gaussian laser beam intensity profile. The question of
determining an average electron temperature is discussed
further in Sec. IV.

It has been shown in Sec. Il B that the absorption of laser Figures 6 and 7 show comparisons of least-squares linear
energy decreases as the electron temperature increases, éitslto the measurements of Snyasral. [3] and Bentley4],
that the rate of cooling of the heated electrons increases aespectively, with least-square fits to solutions of &j. The

the electron temperature increases. Since the electron tereast-squares best fit to the measurements of Sngdal.

C. Application of fluid dynamic model to Thomson scattering
measurements
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FIG. 7. As for Fig. 6, but using the measurements of Bentley
FIG. 6. Comparison between the best fit obtained using soluf4].

tions to Eq.(2), and the line of best fit, to the measured data of
Snyderet al.[3]. Also shown are fits obtained using solutions to Eq.

(2) for which the standard deviation from the experimental points isGaussfian profile in the computer COde_' )
25% greater than for the best fit. While the results presented so far indicate that the mea-

sured dependence of electron temperature on pulse energy

using solutions of Eq.(2) was obtained with Te admits _unperturbe_d elegtron temperatuiieg well bglow
=14920 K andC=1.29. This is significantly less than the 0Se given by a linear fit to the data, they do not in them-
value of Tey=20400 K obtained from the linear fit. It is Selves rule out the possibility tha, is close to that given
close to the ion temperature measured by Thomson scatteri®y the linear fit, since it could be conjectured that equally
of 14200+ 700 K [3]. As a measure of the sensitivity of the 9ood fits of Eq(2) to the experimental data may be obtained
least-squares fit to E@2), fits for which the standard devia- With higher values ofT¢,. To investigate this possibility, |
tion is 25% greater than the minimum were calculated; theepeated the fitting procedure while constrainihg to be
deviation inT is around 700 K. equal to the value given by the linear fit. In this caSayas

The least-squares best fit to the measurements of Bentlgfie only variable in the least-squares fitting procedure. The
using solutions of EqQ.(2) was obtained with Tg ion temperature was set to the value given by the respective
=18060 K andC=1.71. This is again significantly below laser-scattering measuremefitd 200 K for the Snydeet al.
the value ofT,=20200 K obtained from the linear fit. The measurements and 16 600 K for the Bentley measurements
deviation inT¢, corresponding to a 25% increase in standardand the initial species number densities were set to the LTE
deviation is in this case 1200 K. The excitation temperatureyalues corresponding ®©g.
and the ion temperature measured by laser scattering, were Results of the calculations are given in Figs. 8 and 9. The
around 16 600 K for the same conditioft. It is apparent best fits were obtained witG=0.670 for the data of Snyder
from Fig. 7 that the dependence ©f on pulse energy cal- et al.andC=1.390 for the data of Bentley. It can be seen,
culated from Eq(2) better corresponds to the shape of theparticularly in Fig. 9, in which more measured data points
measured data than does a straight line. The valueg,pof are available, that the fitted curve overestimates the electron
calculated using best fits to the solution of ER) are be- temperature at low pulse energies and underestimates the
tween 2000 K and 6000 K lower than those obtained using @lectron temperature at high pulse energies. This provides
linear fit, and are within 1500 K of the ion temperature andstrong evidence that the unperturbed electron temperatures
excitation temperature. are in fact significantly lower than those given by a linear fit

Note that while both Snydeet al. and Bentley quote to the data.
identical values for laser beam parameters, the electron heat- As noted above, the values @t calculated using best
ing shown in Fig. 7 is significantly greater than that shown infits to the solution of Eq(2) are within 1500 K of the mea-
Fig. 6. Hence a larger value @fis required to fit the results sured ion temperature and excitation temperature. There are
shown in Fig. 7. significant uncertainties in the transport and rate data used in

The reader may note that there are small differences behe calculation, and the results of calculations obtained using
tween the best-fit values of, and C reported here and lower values ofT, fit the measured data almost equally
those given previouslj16]. This is because of a minor cor- well. It is reasonable to conclude that the results presented
rection to the method of calculation of the width of the here are consistent with values of electron temperature that
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FIG. 8. The best fit to the measured data of Snyeteal. [3] FIG. 9. As for Fig. 8, but using the measurements of Bentley

obtained using solutions to EqR), with the unperturbed electron (4]

temperature set equal to that given by a linear fit. The linear fit to

the measured data is also shown. (—2mhc/\kgTo)] and through the Gaunt factor. The first term

increases as wavelength increases, while the Gaunt factor

are approximately in agreement with measured ion and exctends to decrease. For exampleTa&= 20000 K andZ=1,

tation temperatures. the first factor increases by a factor of 5.3 at 1064 nm, and
Similar calculations have been performed using a singlelecreases by a factor of 2.9 at 355 nm, relative to its value at

fluid approach, in which the electrons and heavy particles ar832 nm. The Gaunt factor decreases by a factor of 1.7 at

considered togethd29]. The energy conservation equation 1064 nm, and increases by a factor of 4.6 at 355 nm, again

used was relative to its value at 532 nm. The absorption coefficient
therefore increases in both cases relative to its value at 532

a(ph) _1/rkq ﬂ) L% (9 M. by afactor of 3.1 at 1064 nm and a factor of 1.6 at 355
at Cp Or At, ' nm. Similar results are obtained for the range of temperatures

_ N present in arc plasmas. Laser heating of the plasma will
wherep, c,,, h, andk; are the mass density, specific heat, therefore be stronger at 355 nm and 1064 nm than at 532 nm,

enthalpy, and thermal conductivity of the plasma, respecwhich is expected to lead to a more strongly nonlinear de-
tively. These were calculated as a function of the electrorpendence of electron temperature on laser power.

and heavy-particle temperatures using standard methods
[30]. Equation(9) is valid if the plasma composition can be
described by a two-temperature Saha equilibrium. The level
of ionization is in fact lower than at equilibrium, owing to
the short duration of the laser pulse. Nevertheless, similar The heating of electrons by the laser pulse causes a fur-
results were obtained, with the best fit to the results of Bentther complication in Thomson scattering measurements, in
ley being obtained withl'¢,=16 800 K, and the best fit to addition to that described in the previous section. In the mea-
the results of Snyderetal. being obtained withT,,  surements, the electron temperature is derived from the spec-
=15900 K. trum of the scattered light collected over the duration of the

Thomson scattering can be performed at a wide range daser pulse, and across the full cross section of the laser
wavelengths; although the spectrum of the scattered signal lseam. The temperatures present cover a wide range; for the
wavelength dependent, the total Thomson scattering crosonditions of Fig. 3, for example, they range from 17 000 K
section is independent of wavelength. For example, Snydeb 31540 K. The spectrum of the Thomson scattered radia-
et al. [19] presented results obtained at 355 nm. It is theretion is a complicated function of electron temperature and
fore interesting to consider the dependence of laser heatindensity. Sample spectra are shown in Fig. 10. The measured
of the electrons on the laser wavelength. | consider here thscattered signal will be an average of the spectra over the
wavelengths accessible using a Nd-YAG laser, i.e., the funrange of temperatures present in the scattering region during
damental wavelength of 1064 nm and the frequency-tripledhe laser pulse. The derivation of a single electron tempera-
wavelength of 355 nm. ture from the average spectrum is clearly a procedure of

Equation(1) indicates that the absorption coefficient de- dubious validity, and this alone casts significant doubt on the
pends on the wavelength through the term\®[1—exp  reported electron temperature measurements.

IV. DERIVATION OF TEMPERATURE FROM THE
SPECTRUM OF THOMSON SCATTERED RADIATION
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7 with the best-fit temperature to the average spectrum. While

the calculated temperatures used to fit the measured data in

6 === 7500 K, 7.0 x 1020 m3 Sec. IIl C would ideally be generated from the average Th-

T~ . 1 K. 1.6x 1022 m3 omson spectra, the time required for such computations is
\ 0 000 K, b
V. 2 .3 prohibitive.

54 % 12500K, 8.9 x 13223 m_3 Figure 10 shows that if electron temperatures lower than
w [} T 15 000K, 1.9x 10" m around 17 000 K are present in the laser beam cross section,
< Voo 17 500 K, 2.0 x 10?3 m3 the position of the peak in the Thomson spectrum can shift
5 4 fQ— - 20 000 K, 1.8 x 1023 m™3 significantly as electron temperature changes, with the result
5: \‘ ----22500K, 1.8 x 102 m? that the average spectrum has a broader peak than the spec-
S 5] \ 1.7 % 1023 m3 trum of any of the temperatures that are represented,; this can
:g Y 25000K, 1.7 x m lead to a significant overestimate of the temperature. This is
£ i demonstrated in Sec. V.

LE 2 - ‘-‘- Y
A V. MEASUREMENTS PERFORMED WITH
AN EXPANDED BEAM
In some Thomson scattering measurements of plasma jets

e . [17,18, an expanded laser beam diameter of 2 mm was used,
0 1 2 3 4 5 6 with pulse energies from 50 mJ to 400 mJ and a pulse length
Wavelength (relative to laser wavelength) (nm) of 10 ns. This was done to avoid laser heating of the elec-
trons. The electron temperatures derived from the scattered
FIG. 10. Spectral distribution of Thomson scattering electronsignals using standard Thomson scattering theory were
feature for different temperatures in an LTE plasma for scattering al.8 000 K—20000 K, similar to those obtained by Snyder
90° to the laser beam. The laser wavelength is 532 nm and thet al. [7] in their Thomson scattering measurements of elec-
electron density is given in each case. The wavelength of the peaiton temperatures in plasma jets.
in the spectrum increases as the electron density increases. At tem- A problem with the use of an expanded laser beam is that,
peratures above about 17 500 K, the electron density is rOUghlbecause of the Steep gradients of temperature and density in
co_nstant, and the main effect of increasing temperature is a broa‘ﬂﬂasmas, a range of temperatures and densities will be
ening of the peak. present within the beam cross section. To examine the influ-
ence of this gradient, | have simulated the heating of the
For temperatures above about 17000 K, the plasma islectrons for the conditions used in the expanded laser beam
essentially fully ionized, and as shown in Fig. 10, the mainmeasurements. As an initial electron and ion temperature
effect of a temperature increase is a broadening of the Thprofile, | used an approximation of the ion and spectroscopic
omson scattering peak, so the temperature derived from themperatures measured by Snydetral. [7] for similar
average spectrum is likely to fall within the range of the plasma jet parameters; a central temperature of 14000 K,
temperatures that are present in the scatterting region. Faecreasing linearly to 12500 K at a radius of 1 mm, then to
example, for the conditions of Fig. 3, the initial temperature10000 K at 2 mm and 5000 K at 3 mrtiNote that, owing to
is 17000 K, and the final central electron temperature ighe one-dimensional geometry, it is assumed that this profile
31540 K. An average Thomson scattered spectrum was cals axisymmetric, whereas in a plasma jet the radial tempera-
culated by averaging the spectra for the electron temperdure profile differs from the axial temperature profile. The
tures and densities present over the duration of the laseesults are nonetheless expected to be reasonably representa-
pulse, and across the laser beam diameter, with weightintive of those for a two-dimensional simulatipi.he central
according to the Gaussian laser beam intensity profile. Alectron temperature was calculated to reach 17 760 K for a
least-squares fitting routine was then used to derive an eletaser pulse energy of 400 mJ, and 15520 K for a pulse en-
tron temperature and electron density from the average speergy of 200 mJ. The respective average electron tempera-
trum. The best-fit electron temperature and density weréures, calculated as in Sec. Il Ce., a simple time average
26800 K and 1.9% 10?® m~ 3, respectively. While the elec- over the duration of the laser pulse, and a spatial average
tron temperature is within the range of electron temperaturesver the laser beam diameter, weighted according to the
present within the laser beam cross section during the las&aussian laser beam intensity profilwere 13890 K and
pulse, the derivation of a single electron temperature from 43 490 K.
Thomson scattered spectrum averaged over such a wide As noted in Sec. |V, the electron temperature is derived in
range of electron temperatures and densities must neverthdie experiments by averaging the Thomson scattered spec-
less be considered a significant additional source of error. trum over all temperatures present, and by calculating a tem-
It is worth noting that the average temperature, calculategerature from this integrated spectrum. This procedure was
as in Sec. lll C(a simple time average over the duration of simulated by calculating such an average Thomson scattered
the laser pulse, and a spatial average over the laser beapectrum, and using a least-squares fitting routine to derive
diameter, weighted according to the Gaussian laser beam imn electron temperature and electron density from the aver-
tensity profilg is 25 190 K in this case, which is comparable age spectrum. The average spectrum, and the best-fit Thom-
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1.89 - --.Spectra at specified times and radii of anomalously high electron temperatures from this line
. — Average spectrum shape. These electron temperatures and densities are compa-
164 —Fitted spectrum: T, =18 072K rable to the values of 18000 K and 1270 m 3, and

20000 K and 0.68 10°® m™3, respectively, reported in the

1.4 : : : .

] t=4.0ns, r=0.4 mm, papers by Gregoret_ al.[17,18. This provides evidence that .
— 12 T =14377K . the anomalously high electron temperatures measured with
< @ " :: " the expanded laser beam are an artifact due to the averaging
. 10- oo :,", of the Thomson line shape over a range of electron tempera-
e ] t=02ns o tures and densities.
gos_ r=1mm : ‘”':‘.:t=100.0ns

J T _=12528K | 1  r=umm
E y ! It has been shown from energy balance calculations that

1]

g
'Y
] 2

great care needs to be exercised in deriving the electron tem-

. perature of thermal plasmas from laser-scattering measure-
0.2 - ments. In particular, the perturbation of the electron tempera-
facalitenn== ture by the laser has a highly nonlinear dependence on laser
0-00 S M S . — energy. This means that the method, used in the previous

measurements, of deriving an unperturbed electron tempera-
Wavelength (relative to laser wavelength) {nm) ture by linearly extrapolating measurements of electron tem-
perature as a function of laser-pulse energy, is physically
FIG. 11. Average Thomson spectrum calculated for expandeghya|id. Furthermore, there are significant problems in cor-
laser beam measurement of a plasma(pefse energy=400 mJ,  rectly accounting for the averages that must be made in a
pulse length=10 ns, beam radius-1 mm, initial central ele_ctron typical laser-scattering measurement over the volume from
geor?esrt?]t:ﬁ;;fé)::m};’n?fﬁ; ;’g’z\;ﬁfnl?;'?e?segg‘it Sscattf”ng itl which scattering of laser light occurs, within which there will
d pectium. AlSopq significant temperature variation, and also over the dura-
shown are spectra for the electron temperatures and dens't'et\%n of the laser pulse, which causes a continuous variation in
present at three times and positions during the laser pulse. !
temperature.
son spectrum, are shown in Fig. 11. Previous reports of laser-scattering measurements have
The electron temperature derived by this method wasoncluded that there are significant differences between the
18070 K for a pulse energy of 400 mJ, and 17 550 K for aelectron and heavy-particle temperatures in the plasmas
pulse energy of 200 mJ. The electron density was 1.04resent in free-burning arcs and plasma jets. In the present
X102 m~3 in both cases. These calculated electron temwork, | have reanalysed some of these measurements, con-
perature values are significantly higher than the electron tensluding that the electron temperature and heavy-particle tem-
peratures present anywhere in the plasma. This is the resyieratures are similar, and that the usual assumption of local
of the artificial broadening of the average spectrum due téhermodynamic equilibrium for the central regions of indus-
the presence of a range of temperatures and electron densiial arc plasmas is indeed still likely to be a reasonable
ties. This effect is important for plasmas at relatively low approximation. The existence of local thermodynamic equi-
temperaturegbelow about 15000 K for a plasma in LTEr  librium is of course an assumption that greatly simplifies
which the electron density is below its maximum value ofcalculations of the properties of industrial arc plasmas,
around 2x 10?3 m~3, since as shown in Fig. 10, the spectral such as are used in plasma torches, arc welding, and circuit
position of the Thomson peak depends strongly on the eledreakers.
tron density for such plasmas.
The calculation demonstrates that, at least for the rela-
tively low temperatures present in a plasma jet, the use of an
expanded laser beam leads to significant distortion of the The author thanks Dr. Jawad Haidar and Dr. John Lowke
measured Thomson line shape, which leads to the derivatioof CSIRO for helpful discussions and comments.
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