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Experimental study of population inversion between excited states of ArI
in a recombining Ar plasma by He contact cooling

Katsuhiro Kano and Hiroshi Akatsuka*
Research Laboratory for Nuclear Reactors, Tokyo Institute of Technology, 2-12-1, O-Okayama, Meguro-ku, Tokyo 152-8550, J

~Received 14 June 2001; revised manuscript received 12 November 2001; published 29 April 2002!

An experiment of He gas contact for generating population inversion in a recombining Ar plasma jet is
carried out. Population inversion between ArI excited states 5s8→4p8@1/2#1 and 5s8→4p@3/2#1,2, @5/2#2,3 is
created by helium gas-contact cooling of electrons, whereas it is not created without gas contact. ArI lines
1.14, 1.34, and 1.09mm are strongly enhanced due to the He gas cooling. It is experimentally found that
helium gas contact effectively lowers the electron temperature of the Ar plasma jet. The mechanisms giving
rise to population inversion are discussed in terms of atomic collisional processes of the recombining plasma.
The experimental results of electron temperature and population densities are discussed by a simple numerical
analysis that we previously developed. It is shown that the experimental results are well explained by our
modeling quantitatively for the case without gas contact, except that the agreement of number densities of
lower lying nonlocal-thermodynamic-equilibrium levels is qualitative for the case with the gas contact.

DOI: 10.1103/PhysRevE.65.056404 PACS number~s!: 52.20.2j, 34.90.1q, 52.25.Os, 52.59.Ye
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I. INTRODUCTION

The authors have been studying fundamental spec
scopic characteristics of hydrogen and noble gas plas
generated by a plasma jet apparatus@1#. These plasmas are i
a typical recombining phase, and stationary population inv
sions of HI and HeI have been observed by spectrosco
examinations@2–4#. On the other hand, no population inve
sion of Ar I was observed for the argon plasma in the sa
discharge apparatus. A collisional radiative model theor
cally showed that the electron temperature should be s
ciently low in order to create population inversion in reco
bining plasmas@5#. We found that the electron temperatu
of the hydrogen and helium plasmas was about 0.1 eV
much lower and cold enough to make population inversi
whereas that of the argon plasma was about 0.5 eV, by s
troscopic measurement. It was supposed that the electron
in the downstream region of the plasma jet becomes rela
mainly by collisions with the residual gaseous molecules
the plasma jet chamber@4#. The authors consider that th
result of the Ar plasma is attributed to the fact that the cr
section of elastic collision between an electron and an ar
atom is reduced owing to the Ramsauer effect in the ene
range about 0.2–0.5 eV@6#. Consequently, electron temper
ture of the argon plasma does not become lower than 0.5
and no population inversion occurs, whereas electron t
perature of hydrogen and helium plasmas was found to b
low as 0.1 eV due to frequent collisions of electrons w
residual gaseous molecules in the plasma expansion re
since they have no Ramsauer minimum in their elastic e
tron scattering cross sections.

In a TPD-I device at the National Institute for Fusio
Science, population inversion of HeII of the He plasma in
contact with neutral helium gas@7–10# and that with neutral
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hydrogen molecules@11# has been observed. The mech
nisms leading to population inversion have been experim
tally and numerically clarified@12–15#. We, therefore, expec
that the population inversion of ArI in our plasma jet appa
ratus should also be accomplished, if the electron temp
ture is appropriately decreased by gas-contact cooling
the TPD-I experiment, namely, making elastic collision fr
quent between electrons and gaseous target molecule wit
Ramsauer minimum in its electron elastic collision cross s
tion.

The authors have numerically investigated an effect of
gas-contact cooling of electrons on the generation of po
lation inversion in the Ar plasma@16#. It was shown that the
electron temperature of the Ar plasma was significantly
creased by gas-contact cooling, so that the population in
sion of Ar I excited states 5s8→4p8@1/2#1 and 5s8
→4p@3/2#1,2, @5/2#2,3 was created. The objective of th
present study is to demonstrate the effectiveness of the
contact cooling of electrons and to generate population
version of ArI experimentally. Another objective is to inves
tigate the mechanism of the electron energy transfer in
recombining plasma jet.

II. EXPERIMENTAL SETUP

A. Expanding plasma jet apparatus

Figure 1 shows the schematic view of the plasma jet
paratus@1#. The apparatus is composed of a plasma gen
tor, six magnetic coils, and a traversing mechanism for m
ing the optical fiber terminal assembly for spectrosco
examinations. These components are placed in a wind tu
of 1.2 m in diameter and 2 m in length. The pressure in
wind tunnel is monitored by a Pirani gauge. The wind tunn
is evacuated with a 12 in. mechanical booster pump, wh
the ultimate pressure becomes as low as 0.40 Pa with
pumping rate 10 m3/s.

Figure 2 shows the cross-sectional view of the electro
for generating the plasma, and the expanding plasma thro
the nozzle. To specify the spatial position of the Ar plasm
©2002 The American Physical Society04-1



m
a

h
n

m
in
th

nd

th
at
th
th

er
the

e-

to-
the
gen

e

e

s to
of

He
of
em

in-

o

n
b-
ady

n a

tion
in-
by

s to

-
ron
s

pid
on-

be-
ent
on-
de-
tro-an

KATSUHIRO KANO AND HIROSHI AKATSUKA PHYSICAL REVIEW E 65 056404
generated, the axial distance from the anode,z, is employed.
The anode is made of copper, and has a nozzle of 1.2
diameter of a convergent throat shape. The cathode is m
of a 2% thoriated tungsten rod of 3 mm in diameter. T
argon plasma is generated by a dc arc discharge betwee
electrodes, and it expands after emerging from the nozzle
the anode. In the wind tunnel, six magnetic coils of 80 m
inner diameter are placed for confining the expand
plasma, with each gap distance of 1 cm. The strength of
magnetic field longitudinal to the center axis of the wi
tunnel is about 0.15 T.

B. Spectroscopic measurements

Spectroscopic measurement was carried out for
plasma through the gaps between the magnetic coilsz
51, 8, 15, and 22 cm. In the present study, intensities of
line spectra listed in Table I were measured. To compare
results obtained by the numerical simulation@16#, population
densities of the levels defined in a collisional-radiative~CR!

FIG. 1. Cross-sectional view of a plasma jet apparatus.

FIG. 2. Cross-sectional view of electrodes, magnetic coils,
argon plasma.
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model @17# were chosen to be measured. An optical fib
assembly was employed to guide the radiation from
plasma to a monochromator system~JASCO, SS-50!. The
visible and infrared lines from the monochromator were d
tected by a photomultiplier tube~Hamamatsu, R374! and by
a Ge photodiode~Hamamatsu, B3033-02!, respectively. The
signals from the photomultiplier tube or from the Ge pho
diode were recorded by a computer. The sensitivity of
detection system was calibrated with a standard halo
lamp ~Ushio Electric Corporation, JPD100V500WCS! and a
white standard reflectance plate for a diffuse reflector.

C. Experimental conditions

A typical discharge condition is as follows: arc voltag
Varc 18 V, discharge currentI arc 120 A, pressure in the wind
tunnelPt without He injection 1.3 Pa.

As shown in Fig. 2, a stationary injection of neutral H
gas into the Ar plasma is carried out atz51 cm in such a
way that the Ar plasma is not perturbed. The pressurePt
when He gas is introduced is 5.5 Pa, which correspond
the maximum He gas flow rate where the axial symmetry
the Ar plasma is not perturbed. The number density of
atomNg at z51 cm was estimated from the conductance
the wind tunnel and from the capacity of the pumping syst
employed, on the assumption that the temperature of the
jected He gas was 300 K, which showedNg being 3.4
31015 cm23. Experiments have been carried out for tw
cases: ~A! the Ar plasma without He gas contact~Ng
50 cm23, hereafter called case A!, and ~B! the Ar plasma
with He gas contact~Ng53.431015 cm23, hereafter called
case B!.

III. RESULTS AND DISCUSSION

A. Electron temperature

Electron temperatureTe was determined from populatio
distributions of high-lying levels of the Boltzmann plots o
tained by spectroscopic measurements, since it was alre
shown that these levels of recombining plasmas were i
state of PLTE~partially local thermodynamic equilibrium!
@1–4#. Because the emission is observed along the direc
perpendicular to the axis of the plasma jet and the Abel
version is not applied, the electron temperature obtained
spectroscopic measurement approximately correspond
mean value along the line of sight.

Figures 3~a! and 3~b! show the axial variation of the elec
tron temperature of cases A and B, respectively. Elect
temperature with gas contact~case B! becomes as cold a
0.44 eV atz51 cm, while that without gas contact~case A!
remains 0.82 eV. This experimental result shows that ra
cooling of electrons is accomplished by the helium gas c
tact.

Because the line spectra arising from the transition
tween HeI levels have never been observed in the pres
experiment, no He atoms prove to be excited by electr
impact collisions. Consequently, we can confirm that the
crease in electron energy when the neutral He gas is in
duced is caused by elastic collisions~not by inelastic ones!
d
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TABLE I. Basic spectroscopic data for the measured spectra. The number of energy levels~designations
defined in the CR model! i, excitation energyEi , transitions j→k( j .k) used for measurement of th
population density of thei th level, corresponding wavelengthsl j→k , degeneracy of thekth levelgk and j th
level gj , transition probabilitiesAj→k .

Level
i Designation in CR modelEi ~eV!

Transition
j→k l j→k ~nm! gk gj Aj→k (108 s21)

6 4p@1/2#1 12.907 4p@1/2#1→4s@3/2#2
o 912.30 5 3 0.212

4p@1/2#1→4s@3/2#1
o 965.78 3 3 0.060

7 4p@3/2#1,2,@5/2#2,3 13.116 4p@3/2#2→4s@3/2#2
o 763.51 5 5 0.274

8 4p8@3/2#1,2 13.295 4p8@3/2#2→4s@3/2#1
o 738.40 3 5 0.087

4p8@3/2#1→4s8@1/2#0
o 794.82 1 3 0.196

9 4p8@1/2#1 13.328 4p8@1/2#1→4s@3/2#2
o 696.54 5 3 0.067

10 4p@1/2#0 13.273 4p@1/2#0→4s@3/2#1
o 751.47 3 1 0.430

11 4p8@1/2#0 13.480 4p8@1/2#0→4s8@1/2#1
o 750.39 3 1 0.472

15 5s8 14.252 5s8@1/2#1
o→4p@3/2#2 1144.2 5 3 0.0156

5s8@1/2#1
o→4p8@3/2#2 1300.8 5 3 0.100

16 3d@3/2#1 ,@5/2#2,315s 14.090 3d@5/2#3
o→4p@5/2#3 1211.2 7 7 0.035

3d@5/2#2
o→4p@5/2#2 1280.2 5 5 0.064

17 3d8@3/2#1 14.304 3d8@3/2#1
o→4p8@3/2#1 1214.0 3 3 0.051

20 4d16s 14.792 4d@7/2#4
o→4p@5/2#3 737.21 7 9 0.020

4d@1/2#0
o→4p@1/2#1 693.77 3 1 0.0321

26 5d817s8 15.324 5d8@5/2#2
o→4p@3/2#1 573.95 3 5 0.0091

5d8@5/2#3
o→4p8@3/2#2 614.54 5 7 0.0079

27 5d17s 15.153 5d@7/2#4
o→4p@5/2#3 603.21 7 9 0.0246

5d@7/2#3
o→4p@5/2#2 604.32 5 7 0.0153

32 6d818s8 15.520 6d8@3/2#2
o→4p@1/2#1 476.87 3 5 0.0090

6d8@5/2#3
o→4p@5/2#2 511.82 5 7 0.0028

33 6d18s 15.347 6d@1/2#1
o→4p@1/2#1 516.23 3 3 0.0198

6d@5/2#5
o→4p@5/2#3 544.22 7 7 0.000 97

39 7d19s 15.460 7d@7/2#4
o→4p@5/2#3 522.13 7 9 0.0092

7d@3/2#2
o→4p@1/2#1 487.63 3 5 0.0081
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between electrons and He atoms. In addition, this result s
ports the effectiveness of the helium gas-contact cooling
electrons in the Ar plasma.

The decrease inTe of case B fromz50 to z58 cm be-
comes 0.48 eV, on the assumption that the electron temp
ture of case B atz50 cm is close to that of case A atz
51 cm, that is, 0.82 eV. On the other hand, the decreas
Te of case B fromz58 to z522 cm is reduced to 0.04 eV
This reduction of electron cooling can be explained on
basis of energy balance equation for electrons@18#. As we
specify in the following section, electron temperature is te
porally traced by the energy balance equation describing
energy increase of electrons per unit time@19#. The equation
is expressed as

dWe

dt
5R1Q, ~1!

where We is electron energy in a unit volume, i.e
3NekBTe/2 ~kB being the Boltzmann’s constant, andNe be-
ing the electron density!. The termsR and Q denote the
energy transfer to free electrons due to elastic and inela
collisions per unit time, respectively. And strictly speakin
concerning the term for elastic collisional processes,R, we
05640
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should take the effect of electron-He atom collisions (e-He)
«He, electron-Ar collisions (e-Ar) «Ar , and electron-Ar1

(e-Ar1) elastic collisions«Ar1 into account. In case B, the
decrease in the electron energy is mainly attributed to
elastic collision processes between electrons and helium
oms «He. The effect of inelastic scattering process is a
negligible as we showed in our previous work@16#. There-
fore, the electron energy loss of case B can be estimate
the following equation@20#:

dWe

dt
.«He52

2meMHe

~me1MHe!
2

3

2
kB~Te2Tg!^nHe&Ne , ~2!

where me and MHe are the mass of an electron and a H
atom, respectively;̂nHe& is an effective collision frequency
of electrons which collide with He atoms@21#; Tg is the He
gas temperature. Since the collision frequency^nHe& in Eq.
~2! is proportional to the He atom densityNg , rewriting Eq.
~2! yields the simple expression

dWe

dt
.«He}2~Te2Tg!Ng . ~3!
4-3



th
e

t

o
m
n
a

lt

d
h
.

ic
a

tio
e

k

t
of

on
s in
en

-

B,
of

ince

ion,
s

n-
of

KATSUHIRO KANO AND HIROSHI AKATSUKA PHYSICAL REVIEW E 65 056404
This relationship shows that the energy transfer by
elastic collision ofe-He is proportional both to the differenc
of the temperature (Te2Tg) and to the density of He atom
Ng . In the range ofz>8 cm, electron temperature of caseB
decreases as such that the effect ofe-He elastic collision on
the cooling of electrons becomes small. This is because
term (Te2Tg) in Eq. ~3! becomes smaller asTe becomes
close toTg . Furthermore, because He atoms cannot be c
fined by the magnetic field and diffuse in the plasma cha
ber, the density of He atoms diminishes as the axial dista
from the nozzlez increases. As a result, the effect of the g
contact on electron cooling is reduced, thus variation ofTe
dwindles for the range ofz>8 cm. In other words, this resu
also shows the electron energy transfer arises from thee-He
elastic collision, especially in the upstream region arounz
.1 cm, where the density of He gas is sufficiently hig
since it is just introduced into the plasma at this position

B. Population density

Figures 4~a! and 4~b! show axial variation of the Boltz-
mann plots of ArI for cases A and B, respectively. The bas
spectroscopic data for the levels in the Boltzmann plots
summarized in Table I. In Fig. 4~b!, since the population
density at z515 cm is almost the same as that atz
522 cm, the former is not presented. Besides, popula
densities of the levelsi 56, 15, 16, 17 are not shown for cas
A at anyz or for case B atz51 cm, since the intensity of the
corresponding line spectra in infrared region was too wea
observe.

FIG. 3. Axial variation of electron temperature of~a! case A
~without gas contact! and ~b! case B~with gas contact!.
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It should be noted that the population densities az
58 cm of case B are about ten times higher than those
case A, which results from the difference in the electr
temperature of each case, namely, whether the He ga
introduced or not. In case B, population inversions betwe
Ar I excited states of 5s8→4p8@1/2#1 ( i 515→11) and
5s8→4p@3/2#1,2, @5/2#2,3 ( i 515→7) are observed. The
corresponding overpopulation densitiesD(N/g) are 1.3
3105 and 4.33105 cm23, respectively.

Figures 5~a! and 5~b! show the spectra of 5s8@1/2#1
o

→4p@3/2#2 transition for cases A and B atz515 cm, respec-
tively. This transition is utilized for determining the popula
tion density of the level 5s8( i 515), which corresponds to
the upper level where population inversion occurs in case
as previously mentioned. The intensity of the spectrum
case B is about ten times stronger than that of case A, s
electrons accumulate at the leveli 515 through the rapid
three-body recombination and electron-impact deexcitat
owing to decrease inTe by gas contact in case B, which wa
confirmed by our previous calculation@16#. This directly
succeeds in giving rise to the population inversion. It is co
cluded that the rapid cooling of electrons by the injection

FIG. 4. Axial variation of reduced population density of~a! case
A ~without gas contact! and ~b! case B~with gas contact!.
4-4
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EXPERIMENTAL STUDY OF POPULATION INVERSION . . . PHYSICAL REVIEW E65 056404
He is effective for generating population inversion in the
plasma.

C. Discussion on the experimental results in terms of simple
numerical modeling

1. Basic equations

In order to discuss the present experimental results qu
titatively, it is worthwhile to review our numerical modelin
of gas contact cooling of the argon plasma jet@16#. A nu-
merical simulation is carried out under the following a
sumptions. A quasineutral Ar plasma penetrates into a ho
geneous and spatially isotropic neutral He gas filled in

FIG. 5. Spectrum of 5s8@1/2#1
0→4p@3/2#2 transition for~a! case

A ~without gas contact! and ~b! case B~with gas contact! at z
515 cm.
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wind tunnel. The list of symbols denoting the basic para
eters used in the present study is given in Table II. The te
perature of He gasTg , is set to a fixed value, 300 K. Mean
while, considering the present experimental conditions,
setNg to 0 cm23 for case A~without gas contact!. For case B
~with gas contact!, it is quite difficult for us to measure the
He number densities in the plasma expanding region exp
mentally. Therefore, to discuss the agreement of the num
cal results with the present experimental ones, we ass
three hypothetical He density profilesNg(t) cm23 as fol-
lows:

B1, the constant density profile,

Ng~ t !53.431015, ~4!

B2, the decreasing density profile as the plasma com
downstream,

Ng~ t !5H 1.031016~12vzt !
211.031015 ~0,t<1/vz s!,

1.031015 ~ t.1/vz s!,
~5!

and B3 the further decreasing profile,

Ng~ t !5H 2.031016~12vzt !
211.031014 ~0,t<1/vz s!,

1.031014 ~ t.1/vz s!.
~6!

In the equations above,vz (cm/s) is the longitudinal velocity
of the plasma jet, which is assumed to be a constant va
1.63105 cm/s and will be specified later in the followin
subsection. In the profile models B2 and B3, we assume
the He densityNg decreases till the plasma jet travels t
distance of 1 cm, and that it becomes constant after that.
is because the contact helium gas is fed just near the no
and its density will decrease due to expansion. These
sumed He density profiles are shown in Fig. 6. Later, we w
discuss the appropriateness of each assumption.

The temperature of Ar atomsTa is set to be 1000 K. The
ion temperatureTi is assumed to equalTa . The pressure in
the wind tunnel is 13.3 Pa, and the density of the grou
state Ar atomN1 is deduced from the discharge pressure a
Ta using the law of ideal gases. The Ar plasma is assume
drift toward the downstream direction in the wind tunn
with a constant velocity longitudinal to the center axis of t
TABLE II. List of symbols.

Symbol Quantity Numerical value~fixed!

Tg He gas temperature 300 K
Ng He gas density 0 cm23 for case A

3.431015 cm23 for case B
Ta Ar gas temperature 1000 K
N1 Density of ground state Ar atom
Ti Ion temperature 1000 K
Te Electron temperature
Ne Electron density
Te0 Initial electron temperature 0.82 eV
Ne0 Initial electron density 1.031013 cm23
4-5
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KATSUHIRO KANO AND HIROSHI AKATSUKA PHYSICAL REVIEW E 65 056404
tunnel. Numerical calculation is carried out for the coor
nate system drifting with the Ar plasma.

The basic equations for our calculation comprise~i! rate
equations of excited states of ArI, namely, a CR model for
argon plasmas,~ii ! an energy balance equation of electron
and~iii ! a conservation equation for electron number dens

The CR model utilized in the present study has been
veloped by Vlček @17#. The population densities of ArI, Ni
( i 51,2,...,65), are calculated from the following rate equ
tions:

dNi

dt
5(

j 51

65

aji Nj1d i , ~7!

whereaji and d i are the rate coefficients given by the fo
lowing rate constants:

aji 55
NeCj ,i1N1K j ,i ~ j , i !,

NeF j ,i1N1L j ,i1L j ,iAj ,i ~ j . i !,

2S NeSi1N1Vi1(
l 51
lÞ i

65

ail 1Di /r21N1
2Bi D ~ j 5 i !,

and

d i5Ne
2~NeOi1N1Wi1L iRi !,

whereCj ,i andK j ,i are the rate coefficients for aj→ i colli-
sional excitation by electrons and by ground state ato
respectively.F j ,i andL j ,i denote the rate coefficients for th
j→ i collisional deexcitations by their corresponding inver
processes, respectively.Si andVi are the rate coefficients fo
the collisional ionization of the leveli by electrons and by
ground state atoms, respectively, whileOi and Wi are the
rate coefficients for the corresponding inverse three-body
combinations, andRi is the radiative recombination rate co
efficient.Aj ,i is the probability for aj→ i spontaneous tran
sition, L j ,i and L i are the optical escape factors boun
bound and bound-free transitions, respectively.Bi is the rate
constant for the three-body collisions of metastables with
ground state atom.Di andr are the diffusion coefficient for

FIG. 6. Helium number density profile assumed in case B of
present simulation.
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metastable levelsi 52 and 4, and the plasma radius, respe
tively. The levels taken into account in Eq.~7! are the same
as those in the original CR model@17#. The appropriatenes
of the CR model has been confirmed by comparison w
many experimental results@22–26#. With regard to the elec-
tron energy distribution function of this expanding plasm
we adopted Maxwellian distribution, which we experime
tally confirmed by single probe examination.

Concerning the energy balance equation of electrons,
employ Eq.~1!, since in the present simulation we have
treat the argon plasma jet without the gas contact~caseA!,
where the elastic collisions between electrons and argon
oms as well as the inelastic collisions should be taken i
account.

In the present study, all the He atoms are considered to
in the ground state, since the line spectra arising from
transition between HeI levels have never been observed
the present experiment as previously mentioned. The in
electron temperatureTe0 is set to 0.82 eV as was shown i
Fig. 3~a!. We also justifiably assume thatTa andTg are kept
constant, since the increase in these temperatures is ne
bly small even if the total initial electron energy
3Ne0kBTe0/2, is transferred to Ar or He atoms. The initia
electron number densityNe0 is set to 1.031013 cm23, ac-
cording to our spectroscopic examinations atz51 cm of case
A.

We take the effect of electron-He atom~e-He!,
electron-Ar ~e-Ar!, and electron-Ar1 (e-Ar1) elastic colli-
sions into account for elastic collisional processes,R, as was
pointed out in the preceding subsection. The correspond
formulas for each process are described below.

With regard to the electron energy gain per unit time d
to ane-He elastic collision,«He, we employ Eq.~2!. For the
effective collision frequency in Eq.~2!, we adopted the ef-
fective collision frequency for Maxwellian electrons pro
posed by Bailleet al. @27#, which is given by

^nHe&

5H 3.53310210Te
0.562Ng ~102 K,Te,53103 K!,

1.0831029Te
0.425Ng ~33103 K,Te,33104 K!,

~8!

whereNg is the number density of He atoms mixed in the
plasma. In Eq.~8!, the units ofTe andNg are K, and cm23,
respectively.

Similar to Eq.~2!, the increase in the electron energy d
to e-Ar elastic collisions,«Ar, is expressed as

«Ar52
2meMAr

~me1MAr!
2

3

2
kB~Te2Ta!^nAr&Ne , ~9!

whereMAr and ^nAr& are the mass of an Ar atom, and th
effective collision frequency ofe-Ar elastic collisions@27#.
They formulated the collision frequencŷnAr& as follows
@similar to Eq.~8!#:

e

4-6
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^nAr&5H 0.7031028Te
20.315NAr ~2.53102 K,Te,63102 K!

2.5831026Te
20.966NAr12.25310217Te

2.29NAr ~63102 K,Te,1.43104 K!.
~10!
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Additionally, the electron energy gain by thee-Ar1 elastic
collision «Ar1, is calculated by the equation

«Ar152
2meMAr1

~me1MAr1!2

3

2
kB~Te2Ti !^nAr1&Ne , ~11!

whereMAr1 and ^nAr1& are the mass of an Ar ion, and th
effective collision frequency ofe-Ar1 elastic collisions@28#,
respectively.

As a result, the termR in Eq. ~1! becomes

R5«He1«Ar1«Ar1.

The term concerning inelastic collisions in Eq.~1!, Q, is
formulated under the following assumptions@19#.

~1! The energy transfer due to electron-impact transitio
is exchanged with free electrons.

~2! The energy required for ionization of Ar atoms
taken from free electrons. The energy of free electrons g
erated by an ionization process can be neglected. The e
tron energy released in the three-body electron recomb
tion process is transferred to free electrons by the ioniza
energy of the level where the electron is captured~recombi-
nation heating!.

~3! The energy released in radiative transitions is not c
cerned with the increase inTe .
Hence, the formulation ofQ is expressed by

Q52F(
i 52

65

(
j 51

i 21

~Ej2Ei !~Cj ,iNj2Fi , jNi !1(
j 51

65

EjSjNj

2Ne
2(

j 51

65

EjOj1
3

2
kBTeNe(

j 51

65

Rj1NeN1(
j 51

65

WjEj GNe ,

~12!

whereEi is the ionization potential of the leveli of the Ar
atom.

The equation for conservation of electron number den
is expressed by a balance equation for ionization and rec
bination on the basis of the CR model,

dNe

dt
5(

j 51

65

@~NjSj1NjVj !Ne2~NeOj1N1Wj1Rj !Ne
2#.

~13!

The outline of the computational procedure is as follow
The initial condition for population densities of Ar atomNi
( i 52,3,...,65), is given by a steady-state solution of the
model as functions of initial electron temperatureTe0 and
densityNe0 , and a set of input parameters. Then, time e
lutions ofTe , Ne , andNi are calculated as a function of tim
t through temporal integration of Eqs.~1!, ~7!, and~13!. Due
to the limitation of the capability of our work station, w
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stopped the simulation at the time 9.431025 s, which was
correspondent to the movement of the plasma jet fromz
50 cm toz515 cm.

2. Numerical results and comparison

In order to compare the numerical results with the pres
experimental ones, we need to know the longitudinal co
ponent of velocity of the plasma jetvz , which was difficult
for us to measure in the experiments. Here, we refer tha
the hydrogen plasma jet in the present apparatus, which
measured from the Doppler shift of Ha line @2#, where it was
shown thatvz of the hydrogen plasma jet was about
3106 cm/s. It was considered that the dissociation degree
hydrogen was almost unity due to the high initial gas te
perature of the arc plasma jet. If we assume that the M
number of the argon plasma jet should be approxima
equal to that of the hydrogen plasma jet, we can roug
estimate the longitudinal velocity of the argon plasma jet
be

vz~Ar!

vz~H!
5Ag~Ar!MH

g~H!MAr
, ~14!

whereg denotes the specific-heat ratio andMH the mass of
the hydrogen atom. In consequence, the value ofvz of the
argon plasma jet is estimated at 1.63105 cm/s. For a simple
comparison, we also assume that the argon plasma d
downstream at the uniform velocity 1.63105 cm/s. This en-
ables us to compare the experimental results with the ca
lation, by regarding that the longitudinal distancez corre-
sponds tovzt.

As a result, Figs. 7~a! and 7~b! show the calculated value
of Te for case A~without the gas contact! and for cases B1,
B2, and B3~with the gas contact!, respectively, together with
their corresponding experimental results. It is found that
calculated electron temperature agrees well with our exp
mental results for case A. Although we made many assu
tions in the course of our formulation, they are considered
be basically sufficient for quantitative numerical analysis
case A, namely, without gas contact.

Concerning electron temperature for cases with gas c
tact, the agreement of the case B1~constant density! is the
poorest of the three. Of course, this is attributed to the
justified assumption of the helium density profile. The h
lium density should become smaller as the plasma flows
the downstream region. The density for the case B1 w
calculated as such at the nozzle from experimentally
served pressure together with conditions of the vacuum
tem. However, the effect of the helium contact cooling
case B1 is still insufficient. As we increase the value of h
lium density assumed atz50, the agreement becomes bett
At z51 cm, numerical results of case B3 show the b
4-7
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agreement of the three assumed cases. Therefore, it is
cluded that the value of helium density just near the noz
should be about (1 – 2)31016 cm23.

On the other hand, for the downstream regionz
>8 cm), the agreement of the case B1 is the worst ag
where the effect of gas-contact cooling becomes too str
to reproduce the experimental result. In the downstream
gion, the helium gas density should become lower, at le
like the case B2. Nevertheless, the electron temperature
culated for the case B2 is still lower than that measu
experimentally. It should be noted that the agreement is
much improved even if we assume lower helium dens
there. As a matter of fact, the helium density of the case
at z>1 cm is considered to be unrealistically low, if we co
sider the conductance of our vacuum system. When we
sume that the helium density should be 131015 cm23 ~case
B2! in this region, the effect of helium contact cooling b
comes less remarkable than that by ion-electron collisio
Therefore, the helium density atz>8 cm is estimated to be
of the order of 131015 cm23.

Of course, the effect of the gas-contact cooling should
evaluated quantitatively. It is quite suggestive for us to d
cuss the effect on energy loss of electrons by the helium
contact in terms of elastic collisional processes. Table
shows the energy loss of electrons per unit volume per
time due to elastic collisions with helium atoms«He, with
argon atoms«Ar , and with argon ions«Ar1, by applying Eqs.

FIG. 7. Comparison of the electron temperature measured in
present experiments with that calculated by our simple numer
analysis.~a! case A~without gas contact! and ~b! case B~with gas
contact!.
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~2!, ~9!, and ~11!, respectively, calculated numerically. A
was expected, irrespective of the helium contact, the effe
of the elastic collisions with argon atoms are much sma
than with argon ions, which results from the Ramsauer m
mum of the electron scattering cross section of an ar
atom. It is also found that the helium contact cooling is ve
effective just after the plasma jet comes out of the noz
(z50 cm). Without helium contact, elastic collisions wit
argon ions are the most predominant processes for en
loss of electrons.

Generally, the gas contact effect becomes more esse
as the difference in the temperature (Te2Tg) becomes
larger. In addition, the collision frequencies of electrons w
neutral species~^nHe& and ^nAr&! also increase asTe in-
creases in the present electron temperature range. M
while, since the ion-electron collision frequency^nAr1& is
approximately proportional toTe

21.5, the electron energy los
by ion-electron collisions is almost constant in the plas
jet, and is hardly affected by the helium contact itself.
means that the ratiou«Heu/u«Ar1u increases asTe increases,
and consequently, the helium gas-contact cooling beco
more dominant in the high-Te region than in the low-Te re-
gion. Therefore,Te experimentally observed atz51 cm of
case B becomes much lower than that of case A, wh
shows the effectiveness of helium gas contact in the
stream region of the plasma jet.

Concerning the effect of inelastic collisionsQ, we can
understand the qualitative behavior of the electron ene
loss by inelastic collisions. Generally, the sign ofR is nega-
tive according to the definition of« @see Eqs.~2!, ~9!, and
~11!#, since electrons lose their energy at elastic collisio
On the other hand, our previous numerical study shows
the sign ofQ becomes positive, because the released en
at dominant three-body recombinations is deposited to
electrons due to recombination heating@16#. It is found that
the energy gain by inelastic collision almost cancels the
ergy loss by elastic collisions whenTe<0.3 eV. For this
reason, electron temperature of cases B1–B3 does no
crease atz>10 cm. Meanwhile, electron temperature of ca
A still decreases even atz515 cm, because the three-bod

he
al

TABLE III. Energy loss of electrons per unit time per unit vo
ume by elastic collisions with helium atoms«He, with argon atoms
«Ar , and with argon ions«Ar1, calculated by Eqs.~2!, ~9!, and~11!,
respectively, for case A~without helium gas contact! and for case
B2 ~with helium gas contact!. The unit of« is J cm23 s21. Read 1.4
@23# as 1.431023, etc.

z50 cm z51 cm z58 cm z515 cm

~a! Case A~without gas contact!

u«Heu 0.0 @10# 0.0 @10# 0.0 @10# 0.0 @10#

u«Aru 1.5 @23# 1.4 @23# 6.6 @24# 2.4 @24#

u«Ar1u 1.5 @22# 1.5 @22# 1.6 @22# 1.6 @22#

~b! Case B2~with gas contact!
u«Heu 2.8 @21# 1.5 @22# 3.6 @23# 2.6 @23#

u«Aru 1.5 @23# 2.2 @24# 2.2 @25# 1.4 @25#

u«Ar1u 1.7 @22# 1.6 @22# 1.5 @22# 2.4 @22#
4-8
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recombinations are still not dominant due to highTe , which
results in the relationshipR1Q,0.

Figures 8~a! and 8~b! show the experimental and numer
cal results of reduced population densitiesNi /gi , respec-
tively, of some excited states of ArI without gas contact
~case A!. It is seen that the present numerical results appro
mately reproduce the experimental ones. It is confirmed
the present modeling is quantitatively sufficient to simul
the population densities as well as the electron tempera
of the argon plasma jet for case A~without gas contact!.

On the other hand, Figs. 9~a! and 9~b! show the experi-
mental and numerical results, respectively, with gas con
~case B2!. When we compare Figs. 9~a! and 9~b!, it is seen
that the agreement is satisfactory for the highly excited st
whose excitation energy is more than 14.7 eV. With regard
lower lying excited states, however, disagreement is rem
able, especially, atz58 and 15 cm. This is because the n
merical result of the electron temperature, shown in F
7~b!, was much lower than the experimental results for c
B2. Of course, the agreement for the He density assump

FIG. 8. Comparison of the reduced population densities of so
excited states of ArI in the present experiments with those calc
lated by our simple numerical analysis without gas contact~case A!.
~a! experimental results and~b! numerical results.
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of case B2 is much more improved than that of the case
However, the agreement was not improved even when
assumed the density profile to be that of case B3, where
number density was unrealistically low.

Generally, the population densities of the excited state
recombining plasmas increase as the electron tempera
becomes lower, since the rates of the electron three-b
recombination and the electron impact deexcitation beco
enhanced. Without gas contact, the numerical results
population densities approximately agree with the exp
mental ones, because the value of the electron temperatu
still as high as about 0.5 eV, and the three-body recomb
tion and following electron impact deexcitation are n
dominant. It is considered that the lower lying excited sta
of Ar I without gas contact are almost in the state of PLT
due to slow relaxation of electrons. On the other hand, w
the gas contact, since the degree of nonequilibrium beco
enhanced, the calculated number densities of lower exc
states become higher than those observed experimental
is considered that these levels whose energy is less than
eV are not in the state of PLTE. It should be noted that ev

e
FIG. 9. Comparison of the reduced population densities of so

excited states of ArI in the present experiments with those calc
lated by our simple numerical analysis with gas contact~case B2!.
~a! experimental results and~b! numerical results.
4-9
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in such a situation, the number densities of PLTE lev
~highly excited states! are well described by the prese
simple numerical model.

It is considered that this disagreement shows the limi
validity of the present numerical model, where the longi
dinal velocity of the plasma jet is constant, and the plas
flow is treated as a one-dimensional problem. In order
improve the numerical simulation, we should understand
only the fluid dynamic behavior of helium gas introduc
into the plasma chamber but also that of the plasma jet its
which is beyond the scope of the present study.

IV. CONCLUSION

The experiment of He gas contact for cooling of electro
in the recombining Ar plasma jet was demonstrated. With
helium gas contact, electron temperature of the Ar plas
decreased slowly, and in consequence, no population in
sion was found in excited states of ArI. By the helium con-
tact cooling, the electron temperature decreased very rap
as the plasma jet came downstream, and population inver
was created. Population inversion between ArI excited states
of 5s8→4p8@1/2#1 and 5s8→4p@3/2#1,2,@5/2#2,3 occurred
through rapid electron cooling by elastic collision betwe
electrons and He atoms. This is attributed to the differenc
the electron elastic collision cross section between hel
and argon. The electron collision cross section of Ar has
l.

ia

ia

T

s

H
c

ra
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minimum around electron energy 0.2–0.5 eV due to
Ramsauer effect, which is not the case with helium. The
fore, it was confirmed that the electron energy was tra
ferred by the elastic collisions of electrons to the neutral
molecules in the recombining plasma jet. In addition to t
experiments, numerical calculation was carried out to und
stand the temporal variation of electron temperature and
population densities of excited states of argon atoms. Co
quently, it was found that the numerical methods that
previously proposed quantitatively explained the variation
the electron temperature and population densities for the
without helium contact cooling. On the other hand, for t
case with gas contact, three hypothetical He number den
profiles were assumed and we confirmed the agreemen
electron temperature and number densities of PLTE lev
between calculations and experiments. However, the ag
ment of the population densities of lower lying excited leve
in the state of non-PLTE was rather qualitative, due to
simplified modeling of the fluid dynamics of the helium g
introduced into the argon plasma as well as those of
plasma jet itself.
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