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Experimental study of population inversion between excited states of Ar
in a recombining Ar plasma by He contact cooling
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An experiment of He gas contact for generating population inversion in a recombining Ar plasma jet is
carried out. Population inversion betweenifaxcited states § —4p'[1/2]; and 5’ —4p[3/2], 5, [5/2],3is
created by helium gas-contact cooling of electrons, whereas it is not created without gas contdicteg\r
1.14, 1.34, and 1.09m 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.
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[. INTRODUCTION hydrogen molecule$11] has been observed. The mecha-
nisms leading to population inversion have been experimen-
The authors have been studying fundamental spectrdally and numerically clarifiefll2—15. We, therefore, expect
scopic characteristics of hydrogen and noble gas plasmdbat the population inversion of Arin our plasma jet appa-
generated by a plasma jet appardtlis These plasmas are in ratus should also be accomplished, if the electron tempera-
a typical recombining phase, and stationary population inverfure is appropriately decreased by gas-contact cooling like
sions of HI and Hel have been observed by spectroscopicthe TPD-I experiment, namely, making elastic collision fre-
examinationg2—4]. On the other hand, no population inver- duént between electrons and gaseous target molecule with no

sion of Ar1 was observed for the argon plasma in the samdamsauer minimum in its electron elastic collision cross sec-
tion.

discharge apparatus. A collisional radiative model theoreti- Th thors h icallv i tioated ffect of H
cally showed that the electron temperature should be suffi- € authors have numerically investigated an efiect of e
as-contact cooling of electrons on the generation of popu-

ciently low in order to create population inversion in recom-9

. lation inversion in the Ar plasmgl6]. It was shown that the
bining plasmag5]. We found that the electron temperature electron temperature of the Ar plasma was significantly de-

of the hydrogen and helium plasmas was abput .O'l e\/ Otreased by gas-contact cooling, so that the population inver-
much lower and cold enough to make population inversiong; . ot Ar | excited states §—4p'[1/2], and 5’

whereas that of the argon plasma was about 0.5 eV, by speg4p[3/2]12, [5/2],5 was created. The objective of the

troscopic measurement. It was supposed that the electron ggsssent study is to demonstrate the effectiveness of the gas-
in the downstream region of the plasma jet becomes relaxeghntact cooling of electrons and to generate population in-
mainly by collisions with the residual gaseous molecules injersion of Ari experimentally. Another objective is to inves-
the plasma jet chambd#]. The authors consider that the tigate the mechanism of the electron energy transfer in the
result of the Ar plasma is attributed to the fact that the crossecombining plasma jet.

section of elastic collision between an electron and an argon
atom is reduced owing to the Ramsauer effect in the energy Il. EXPERIMENTAL SETUP
range about 0.2—0.5 el6]. Consequently, electron tempera-
ture of the argon plasma does not become lower than 0.5 eV,
and no population inversion occurs, whereas electron tem- Figure 1 shows the schematic view of the plasma jet ap-
perature of hydrogen and helium plasmas was found to be gsaratug1]. The apparatus is composed of a plasma genera-
low as 0.1 eV due to frequent collisions of electrons withtor, six magnetic coils, and a traversing mechanism for mov-
residual gaseous molecules in the plasma expansion regioimg the optical fiber terminal assembly for spectroscopic
since they have no Ramsauer minimum in their elastic elecexaminations. These components are placed in a wind tunnel
tron scattering cross sections. of 1.2 m in diameter and 2 m in length. The pressure in the
In a TPD-I device at the National Institute for Fusion wind tunnel is monitored by a Pirani gauge. The wind tunnel
Science, population inversion of Heof the He plasma in is evacuated with a 12 in. mechanical booster pump, where
contact with neutral helium g43—10Q] and that with neutral the ultimate pressure becomes as low as 0.40 Pa with its
pumping rate 10 Ais.
Figure 2 shows the cross-sectional view of the electrodes
*Email address: hakatsuk@nr.titech.ac.jp; for generating the plasma, and the expanding plasma through
http://www.nr.titech.ac.jp/hakatsuk/homeE.html the nozzle. To specify the spatial position of the Ar plasma

A. Expanding plasma jet apparatus
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He gas Optical Fiber

model [17] were chosen to be measured. An optical fiber
Power Cooling Water

assembly was employed to guide the radiation from the
plasma to a monochromator systddASCO, SS-50 The
visible and infrared lines from the monochromator were de-
tected by a photomultiplier tub@damamatsu, R374and by

pumping F power a Ge photodiodéHamamatsu, B3033-02respectively. The
System [ Cooling signals from the photomultiplier tube or from the Ge photo-
' Water diode were recorded by a computer. The sensitivity of the
13:2‘1::;;’_;;9 detection system was calibrated with a standard halogen
GPlasmi lamp (Ushio Electric Corporation, JPD100V500WLC&hd a
enerator  \hite standard reflectance plate for a diffuse reflector.
Optical
Mirror

C. Experimental conditions

A typical discharge condition is as follows: arc voltage
Ve 18V, discharge currerit,. 120 A, pressure in the wind
tunnel P, without He injection 1.3 Pa.

As shown in Fig. 2, a stationary injection of neutral He
generated, the axial distance from the anaglés employed.  gas into the Ar plasma is carried out z& 1 cm in such a
The anode iS made Of COpper, and haS a nOZZIe Of 1.2 mmay that the Ar p|asma iS not perturbed_ The presga[re
diameter of a convergent throat shape. The cathode is magghen He gas is introduced is 5.5 Pa, which corresponds to
of a 2% thoriated tungsten rod of 3 mm in diameter. Thethe maximum He gas flow rate where the axial symmetry of
argon plasma is generated by a dc arc discharge between thigs Ar plasma is not perturbed. The number density of He
the anode. In the wind tunnel, six magnetic coils of 80 MMthe wind tunnel and from the capacity of the pumping system
inner diameter are placed for confining the expandingemployed, on the assumption that the temperature of the in-
plasma, with each gap distance of 1 cm. The strength of th&cted He gas was 300 K, which showdy, being 3.4
magnetic field longitudinal to the center axis of the wind x 105 cm~3. Experiments have been carried out for two
tunnel is about 0.15 T. cases:(A) the Ar plasma without He gas conta¢N,
=0cm 3, hereafter called case)Aand (B) the Ar plasma
with He gas contactN,=3.4x 10" cm3, hereafter called

Spectroscopic measurement was carried out for th&ase B.
plasma through the gaps between the magnetic coilz at
=1, 8, 15, and 22 cm. In the present study, intensities of the
line spectra listed in Table | were measured. To compare the
results obtained by the numerical simulat{d®], population
densities of the levels defined in a collisional-radiati@)

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

B. Spectroscopic measurements

IIl. RESULTS AND DISCUSSION
A. Electron temperature

Electron temperaturé, was determined from population
distributions of high-lying levels of the Boltzmann plots ob-

Axial Position z tained by spectroscopic measurements, since it was already

22 cm ] shown that these levels of recombining plasmas were in a
15 cm: : state of PLTE(partially local thermodynamic equilibrium
—138 cm— [1-4]. Because the emission is observed along the direction

1 Clbe

<]

<]

B

perpendicular to the axis of the plasma jet and the Abel in-
version is not applied, the electron temperature obtained by

--Cv‘;gi;’;g spectroscopic measurement epproximately corresponds to
--Ar Gas mean value along the line of S|ght._ o
Ar DPlasma = cathode Figures 3a) and 3b) show the axial varlatlon_ of the elec-
tron temperature of cases A and B, respectively. Electron
--Ar Gas temperature with gas contagtase B becomes as cold as
“"ngtigg 0.44 eV atz=1 cm, while that without gas conta@tase A

<] <

<

remains 0.82 eV. This experimental result shows that rapid
cooling of electrons is accomplished by the helium gas con-

Radiation: An
| - & ode tact.
}iber \ Because the line spectra arising from the transition be-
------- He Gas .
Head Concave tween Hel levels have never been observed in the present

Optical Mirror

Fiber

1/4 inch Cu tube

experiment, no He atoms prove to be excited by electron-
impact collisions. Consequently, we can confirm that the de-

FIG. 2. Cross-sectional view of electrodes, magnetic coils, andrease in electron energy when the neutral He gas is intro-

argon plasma.

duced is caused by elastic collisiofr®t by inelastic ones
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TABLE I. Basic spectroscopic data for the measured spectra. The number of energydesgsations
defined in the CR modgli, excitation energyE;, transitionsj—Kk(j>k) used for measurement of the
population density of théth level, corresponding wavelengths ., degeneracy of thkth levelg, andjth
level g, transition probabilitiesh;_ .

Level Transition
i Designation in CR modelE; (V) j—k Nk (m) g g A (10Psh
6 4p[1/2], 12.907 4p[1/2],—4s[3/2)3 91230 5 3 0.212
4p[1/2],—4s[3/2]° 96578 3 3 0.060
7 4p[31201,.[5/21,5  13.116 4p[3/2],—-4s[3/2)3 76351 5 5 0.274
8 4p'[3/2]1, 13.295 4p'[3/2],-45[3/2° 73840 3 5 0.087
4p'[3/2],—4s[1/2]3 79482 1 3 0.196
9 4p'[1/2], 13.328 4p/[1/2],—4s[3/2]3 69654 5 3 0.067
10 4p[1/2], 13.273 4p[1/2]p—4s[3/2]C 75147 3 1 0.430
11 4p'[1/2], 13.480 4p'[1/2]p—4s'[1/2]° 75039 3 1 0.472
15 5s’ 14252 5s'[1/2]9—4p[3/2], 11442 5 3 0.0156
5s'[1/2]°—4p'[3/2], 13008 5 3 0.100
16 3d[3/2],.[5/2l,5+5s 14.090 3d[5/23—4p[5/2]; 12112 7 7 0.035
3d[5/2]2—4p[5/2], 12802 5 5 0.064
17 3d'[3/2], 14304 3d'[3/2]9—4p'[3/2], 12140 3 3 0.051
20 4d+6s 14.792  4d[7/2]3—4p[5/2], 737.21 7 9 0.020
4d[1/2°—4p[1/2], 69377 3 1 0.0321
26 5d' +7s’ 15.324 5d'[5/2]5—-4p[3/2], 57395 3 5 0.0091
5d'[5/2]9—4p'[3/2], 61454 5 7 0.0079
27 5d+7s 15.153 5d[7/29—-4p[5/2], 60321 7 9 0.0246
5d[7/2)3—4p[5/2, 60432 5 7 0.0153
32 6d’ +8s’ 15.520 6d'[3/2]3—4p[1/2], 476.87 3 5 0.0090
6d'[5/2]2—4p[5/2], 511.82 5 7 0.0028
33 6d+8s 15.347 6d[1/2]S—~4p[1/2], 51623 3 3 0.0198
6d[5/210—4p[5/2; 544.22 7 7 0.000 97
39 7d+9s 15.460 7d[7/2)9—4p[5/2]; 52213 7 9 0.0092
7d[3/2]0—4p[1/2], 48763 3 5 0.0081

between electrons and He atoms. In addition, this result sugshould take the effect of electron-He atom collisiorsHe)
ports the effectiveness of the helium gas-contact cooling of,,,, electron-Ar collisions é-Ar) e,,, and electron-Af
electrons in the Ar plasma. (e-Ar™) elastic collisionss 5+ into account. In case B, the
The decrease iff, of case B fromz=0 to z=8 cm be-  decrease in the electron energy is mainly attributed to the
comes 0.48 eV, on the assumption that the electron temperatastic collision processes between electrons and helium at-
ture of case B az=0cm is close to that of case A @ omse,. The effect of inelastic scattering process is also
=1cm, that is, 0.82 eV. On the other hand, the decrease ifegligible as we showed in our previous wdd6é]. There-
T, of case B fromz=8 to z=22 cm is reduced to 0.04 eV. fore, the electron energy loss of case B can be estimated by
This reduction of electron cooling can be explained on thehe following equatiorj20]:
basis of energy balance equation for electrpt]. As we
specify in the following section, electron temperature is tem- dw MM 3
porally traced by the energy balance equation describing the € ~ o= — e—Hez e
energy increase of electrons per unit tifdé]. The equation d (Me+Mpe)® 2
is expressed as

Kg(Te— Tg)< vheNe, (2)

where m, and My, are the mass of an electron and a He
dWe:R+ Q, (1) atom, respectiv_ely{ vHe} is an effective coIIision.frequency
dt of electrons which collide with He atonj&1]; T is the He
gas temperature. Since the collision frequeigye) in Eq.
(2) is proportional to the He atom density, rewriting Eq.
(2) yields the simple expression

where W, is electron energy in a unit volume, i.e.,
3NkgTo/2 (kg being the Boltzmann’s constant, ah be-
ing the electron densily The termsR and Q denote the
energy transfer to free electrons due to elastic and inelastic

collisions per unit time, respectively. And strictly speaking, %~ (T TN 3
concerning the term for elastic collisional procesdesye dr _ °he (Te=Tg)Ng. )
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. . . Pk =8cm 4
This relationship shows that the energy transfer by the § 10°¢ |:|lzl — | °°
elastic collision ofe-He is proportional both to the difference T 13 14 15
of the temperatureT,—T,) and to the density of He atom Excitation Energy (eV)
Ng. In the range ok=8 cm, electron temperature of caBe
decreases as such that the effecedfe elastic collision on (b) case B (with gas contact)

the cooling of electrons becomes small. This is because the _ . . .
g FIG. 4. Axial variation of reduced population density(af case

term (T,—T,) in Eq. (3) becomes smaller a§, becomes . :
close toT,. Furthermore, because He atoms cannot be cone‘ (without gas contagtand (b) case B(with gas contagt

fined by the magnetic field and diffuse in the plagma pham— It should be noted that the population densitieszat
ber, the density of He atoms diminishes as the axial distance g cm of case B are about ten times higher than those of

from the nozzlez increases. As a result, the effect of the gas.5se A which results from the difference in the electron

contact on electron cooling is reduced, thus variatiom of temperature of each case, namely, whether the He gas in

dwindles for the range af=8 cm. In other words, this result jniroduced or not. In case B, population inversions between
also shows the electron energy transfer arises fronetHe 5y | oxcited states of § —4p'[1/2]; (i=15—11) and

elastic collision, espeuall'y in the upstream region aroqnd 55’ —4p[3/2],,, [5/2],5 (i=15—7) are observed. The
=1cm, where the density of He gas is sufficiently high, corresponding overpopulation densities(N/g) are 1.3
since it is just introduced into the plasma at this position. v 1 and 4.3¢< 10° cm™3, respectively.

Figures %a) and %b) show the spectra of S[1/2]]
—4p[ 3/2], transition for cases A and B at=15 cm, respec-
tively. This transition is utilized for determining the popula-

Figures 4a) and 4b) show axial variation of the Boltz- tion density of the level § (i=15), which corresponds to
mann plots of An for cases A and B, respectively. The basic the upper level where population inversion occurs in case B,
spectroscopic data for the levels in the Boltzmann plots ar@s previously mentioned. The intensity of the spectrum of
summarized in Table I. In Fig.(8), since the population case B is about ten times stronger than that of case A, since
density atz=15cm is almost the same as that at electrons accumulate at the leviek 15 through the rapid
=22 cm, the former is not presented. Besides, populatiomhree-body recombination and electron-impact deexcitation,
densities of the levels=6, 15, 16, 17 are not shown for case owing to decrease ifi, by gas contact in case B, which was
Aat anyzor for case B az=1 cm, since the intensity of the confirmed by our previous calculatiofl6]. This directly
corresponding line spectra in infrared region was too weak tgucceeds in giving rise to the population inversion. It is con-
observe. cluded that the rapid cooling of electrons by the injection of

B. Population density
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wind tunnel. The list of symbols denoting the basic param-
eters used in the present study is given in Table Il. The tem-
perature of He gag,, is set to a fixed value, 300 K. Mean-
while, considering the present experimental conditions, we
setNg to 0 cm 2 for case A(without gas contagt For case B
(with gas contadtf it is quite difficult for us to measure the
He number densities in the plasma expanding region experi-
mentally. Therefore, to discuss the agreement of the numeri-
cal results with the present experimental ones, we assume
three hypothetical He density profildgy(t) cm 2 as fol-
lows:

B1, the constant density profile,
Ng(t)=3.4x 10", (4

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

1.0 10*8(1—v,t)?+1.0x 10"

(0<t<1h, 9),
N =
o(V) 1.0x10% (t>1l, ),

5
and B3 the further decreasing profile,
2.0x10'%%(1—v,t)2+1.0x 10"

(o<t=1ll, 9,
Ng(t) = 4
1.0x10% (t>1l, ).

(6)

In the equations above, (cm/s) is the longitudinal velocity
of the plasma jet, which is assumed to be a constant value
1.6x10° cm/s and will be specified later in the following
subsection. In the profile models B2 and B3, we assume that

He is effective for generating population inversion in the Arthe He densityN, decreases till the plasma jet travels the

plasma.

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

1. Basic equations

distance of 1 cm, and that it becomes constant after that. This
is because the contact helium gas is fed just near the nozzle,
and its density will decrease due to expansion. These as-
sumed He density profiles are shown in Fig. 6. Later, we will
discuss the appropriateness of each assumption.

The temperature of Ar atonig, is set to be 1000 K. The

In order to discuss the present experimental results quarien temperaturdl; is assumed to equdl,. The pressure in
titatively, it is worthwhile to review our numerical modeling the wind tunnel is 13.3 Pa, and the density of the ground

of gas contact cooling of the argon plasma [j&6]. A nu-

state Ar atonN, is deduced from the discharge pressure and

merical simulation is carried out under the following as- T, using the law of ideal gases. The Ar plasma is assumed to
sumptions. A quasineutral Ar plasma penetrates into a homadrift toward the downstream direction in the wind tunnel
geneous and spatially isotropic neutral He gas filled in theyith a constant velocity longitudinal to the center axis of the

TABLE Il. List of symbols.

Symbol Quantity Numerical valuéixed)
T, He gas temperature 300 K
Ng He gas density 0 ci for case A
3.4x 10" cm™2 for case B
Ta Ar gas temperature 1000 K
N, Density of ground state Ar atom
T lon temperature 1000 K
Te Electron temperature
Ne Electron density
Teo Initial electron temperature 0.82 eV
Neo Initial electron density 1.810% cm 3
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a metastable levels=2 and 4, and the plasma radius, respec-
- tively. The levels taken into account in E() are the same
‘21015 E as those in the original CR mod[‘:ﬂ_l?]. The appropria_teness_
5 N Case B1 of the CR r_nodel has been conf|rn_1ed by comparison with
= - }\ many experimental resulf22—26. With regard to the elec-
2> F tron energy distribution function of this expanding plasma,
DgBE e — — — — — — we adopted Maxwellian distribution, which we experimen-
] e Case B2 tally confirmed by single probe examination.
4 C » Concerning the energy balance equation of electrons, we
o - . employ Eq.(1), since in the present simulation we have to
o Case B3 ; ;
T qoME LR treat the argon plasma jet without the gas contaaseA),
: | P R R B where the elastic collisions between electrons and argon at-
0 1 2 3 4 5 oms as well as the inelastic collisions should be taken into
Axial Distance from Nozzle z (cm) account.

) ) _ _ In the present study, all the He atoms are considered to be
FIG. 6._ Hellu_m number density profile assumed in case B of thgp, the ground state, since the line spectra arising from the
present simulation. transition between He levels have never been observed in
the present experiment as previously mentioned. The initial
electron temperatur@y, is set to 0.82 eV as was shown in
Fig. 3(@). We also justifiably assume thag and T, are kept

Th‘? basic equations for our calculation comprigerate constant, since the increase in these temperatures is negligi-
equations of excited states of Arnamely, a CR model for bly small even if the total initial electron energy,

argon plasmasii) an energy _balance equation of electron_s,3N oKeTeo/2, is transferred to Ar or He atoms. The initial
and(iii ) a conservation equation for electron number dens'tyele(e:tron enur;wber densith,, is set to 1.0< 101 cm 3, ac-
el . [

The CR model utilized in the present study has been de- " .
veloped by Viek [17]. The population densities of Ar N; cording to our spectroscopic examinationgatl cm of case

(i=1,2,...,65), are calculated from the following rate equa- ~

tunnel. Numerical calculation is carried out for the coordi-
nate system drifting with the Ar plasma.

We take the effect of electron-He atonfe-He),

tions: electron-Ar (e-Ar), and electron-Af (e-Ar*) elastic colli-
N 58 sions into account for elastic collisional proces$®sas was
i N+ S pointed out in the preceding subsection. The corresponding
ai;N;+ & (7)
- JIY) 1 .
at = formulas for each process are described below.

With regard to the electron energy gain per unit time due
wherea;; and 6; are the rate coefficients given by the fol- to ane-He elastic collisiong e, we employ Eq(2). For the
lowing rate constants: effective collision frequency in Eq2), we adopted the ef-

o fective collision frequency for Maxwellian electrons pro-
NeCj it NiKj ;i (j<i), posed by Bailleet al.[27], which is given by
NeFj,i+N1Lj,i+Aj,iAj,i (J>|),

&ji = ® (Vhe)
—[ NeS+NyVi+ > ay+Di/p?+NiB | (j=i),
-1 3.53x 107 1OTI%N, (107 K<T <5x10° K),
[ 1.08x 107 T2 N, (3X10° K<T.<3X10* K),
(8)

and
8=N3(NO;+N;W,+AR)),

whereC; ; andK;; are the rate coefficients forja~i colli- whereNg is the number density of He atoms mixed in the Ar

sional excitation by electrons and by ground state atomd’/asma. In Eq(8), the units ofT, andN, are K, and cm®,
respectivelyF; ; andL;; denote the rate coefficients for the respectively. _ _
j—i collisional deexcitations by their corresponding inverse  Similar to Eq.(2), the increase in the electron energy due
processes, respectivel. andV, are the rate coefficients for © E-Ar elastic collisionse ;, is expressed as
the collisional ionization of the level by electrons and by
ground state atoms, respectively, whil and W, are the 2mM, 3
rate coefficients for the corresponding inverse three-body re- ea=— 72 5Ka(Te— Ta){var)Ne, 9
combinations, andR; is the radiative recombination rate co- (MetMap)” 2

’ i
efficient. A; ; is the probability for a —i spontaneous tran-
sition, A;; and A; are the optical escape factors bound-whereM,, and(v,,) are the mass of an Ar atom, and the
bound and bound-free transitions, respectivBlyis the rate  effective collision frequency o&-Ar elastic collisions[27].
constant for the three-body collisions of metastables with th&hey formulated the collision frequendyv,,) as follows
ground state atonD; andp are the diffusion coefficient for [similar to Eq.(8)]:
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0.70x10 8T %3N,  (2.5X107 K<T.<6X1(? K)

- 10
(v 2.58< 107 5T, 9N, +2.25¢ 10 YT22 N, (6X10P K<T,<1.4x10* K). (19

Additionally, the electron energy gain by teAr” elastic  stopped the simulation at the time %40 ° s, which was
collision g 5.+, is calculated by the equation correspondent to the movement of the plasma jet from
=0cmtoz=15cm.
2mM, - 3
A T M2 5 Ke(Te=Ti)(vars)Ne, (1D

whereM .+ and(va,+) are the mass of an Ar ion, and the N order to compare the numerical results with the present
effective collision frequency o-Ar* elastic collisiong2g], ~ €xperimental ones, we need to know the longitudinal com-

2. Numerical results and comparison

respectively. ponent of velocity of the plasma jet,, which was difficult
As a result, the ternR in Eq. (1) becomes for us to measure in the experiments. Here, we refer that of
the hydrogen plasma jet in the present apparatus, which was

R=¢epeteatenr- measured from the Doppler shift of Hine [2], where it was

o ) o ) } shown thatv, of the hydrogen plasma jet was about 1
The term concerning inelastic collisions in EA), Q, is  x10f cm/s. It was considered that the dissociation degree of

formulated under the following assumptiofi]. .. hydrogen was almost unity due to the high initial gas tem-
(1) The energy transfer due to electron-impact transitiongyerature of the arc plasma jet. If we assume that the Mach
is exchanged with free electrons. number of the argon plasma jet should be approximately

(2) The energy required for ionization of Ar atoms is gqual to that of the hydrogen plasma jet, we can roughly

taken from free electrons. The energy of free electrons gensstimate the longitudinal velocity of the argon plasma jet to
erated by an ionization process can be neglected. The elegg

tron energy released in the three-body electron recombina-

tion process is transferred to free electrons by the ionization v,(Ar) Y(ANM
energy of the level where the electron is captufretombi- £ = Y (14
nation heating vZ(H) Y(H)M 4

(3) The energy released in radiative transitions is not con- . .
cerned with the increase i, . where y denotes the specific-heat ratio alll, the mass of

Hence, the formulation oD is expressed by the hydrogen gtom. In. consequence, the valuezobf. the
argon plasma jet is estimated at X.60° cm/s. For a simple

65 -1 65 comparison, we also assume that the argon plasma drifts
Q=—|2 2 (Ej—E)(C;iN;—F;N)+ > E;SN; downstream at the uniform velocity x6.0° cm/s. This en-
1=21=1 =1 ables us to compare the experimental results with the calcu-
65 3 65 65 lation, by regarding that the longitudinal distanzeorre-
- NéEl EjO;+ EkBTeNezl R;+ Nele1 W,E;|N.,  sponds ta,t.
i= i= i=

As a result, Figs. (8 and 1b) show the calculated values
(12) of T, for case A(without the gas contacand for cases B1,
B2, and B3(with the gas contagtrespectively, together with
whereE; is the ionization potential of the levélof the Ar  their corresponding experimental results. It is found that the
atom. calculated electron temperature agrees well with our experi-
The equation for conservation of electron number densitynental results for case A. Although we made many assump-
is expressed by a balance equation for ionization and recontions in the course of our formulation, they are considered to
bination on the basis of the CR model, be basically sufficient for quantitative numerical analysis for
o5 case A, namely, Iwithout gas contact.]c A
2 Concerning electron temperature for cases with gas con-
:;1 [N;S;+N;Vj)Ne= (NeO;j + N1 Wi+ R)Ne . tact, the agreement of the case Bbnstant densilyis the
(13)  Ppoorest of the three. Of course, this is attributed to the un-
justified assumption of the helium density profile. The he-
The outline of the computational procedure is as follows.lium density should become smaller as the plasma flows to
The initial condition for population densities of Ar atoN) the downstream region. The density for the case Bl was
(i=2,3,...,65), is given by a steady-state solution of the CRecalculated as such at the nozzle from experimentally ob-
model as functions of initial electron temperaturg, and  served pressure together with conditions of the vacuum sys-
densityNgq, and a set of input parameters. Then, time evotem. However, the effect of the helium contact cooling of
lutions of T, N, andN; are calculated as a function of time case B1 is still insufficient. As we increase the value of he-
t through temporal integration of Egdl), (7), and(13). Due  lium density assumed at= 0, the agreement becomes better.
to the limitation of the capability of our work station, we At z=1cm, numerical results of case B3 show the best

dN,
dt
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TABLE lll. Energy loss of electrons per unit time per unit vol-

% 1 L4 Experiment _ ume by elastic collisions with helium atorag,, with argon atoms
5 09 — Numerical Analysis &, and with argon ions »,+, calculated by Eqg2), (9), and(11),
k| 0.8 respectively, for case Awithout helium gas contaciand for case
g 07 E B2 (with helium gas contagt The unit ofe is Jcn °s™%. Read 1.4
S 0.6 [—3] as 1.4 1073, etc.
505 E
%8:3 :Ng=Ocm—3 z=0cm z=1lcm z=8cm z=15cm
‘g 02 . 1 . L 1 1 (a) Case A(without gas contagt
m 0 5 10 15 |& el 0.0[+0] 0.0[+0] 0.0[+0] 0.0[+0]

Axial Distance from Nozzle z (cm) el 1.5[-3] 1.4[-3] 6.6[—4] 2.4[—4]

(a) case A (without gas-contact) |8Ar+| 1.5 [_2] 15 [_2] 1.6 [_2] 1.6 [_2]
(b) Case B2(with gas contagt

09 el 2.8[-1] 15[-2] 36[-3] 2.6[-3]
% 08 A Experiment lear] 15[-3] 22[-4] 2.2[-5] 1.4[-5]
g 07 e lear] 1.7[-2] 1.6[-2] 15[-2] 2.4[-2]
® 06 — — CaseB2
g 05 N - - - - CaseB3
§ 0.4 (2), (9), and (11), respectively, calculated numerically. As
g 0.3 was expected, irrespective of the helium contact, the effects
g 02 ‘ . - - of the elastic collisions with argon atoms are much smaller
%’ 01 ' ' than with argon ions, which results from the Ramsauer mini-

0 5 10 15

o mum of the electron scattering cross section of an argon
Axial Distance from Nozzle z (cm)

atom. It is also found that the helium contact cooling is very
(b) case B (with gas-contact) effective just after the plasma jet comes out of the nozzle
(z=0cm). Without helium contact, elastic collisions with
FIG. 7. Comparison of the electron temperature measured in thargon ions are the most predominant processes for energy
present experiments with that calculated by our simple numericalgss of electrons.
analysis.(a) case A(without gas contagtand (b) case B(with gas Generally, the gas contact effect becomes more essential
contacy. as the difference in the temperaturd@.¢T,) becomes
larger. In addition, the collision frequencies of electrons with
agreement of the three assumed cases. Therefore, it is comeutral specieg(vye and (v,.)) also increase a3, in-
cluded that the value of helium density just near the nozzle€reases in the present electron temperature range. Mean-
should be about (1-2910 cm™3. while, since the ion-electron collision frequen¢ya,+) is
On the other hand, for the downstream regiom ( approximately proportional tiﬁe_l's, the electron energy loss
=8cm), the agreement of the case B1 is the worst agairjy ion-electron collisions is almost constant in the plasma
where the effect of gas-contact cooling becomes too stronget, and is hardly affected by the helium contact itself. It
to reproduce the experimental result. In the downstream remeans that the ratie,J/|ea+| increases a3, increases,
gion, the helium gas density should become lower, at leasind consequently, the helium gas-contact cooling becomes
like the case B2. Nevertheless, the electron temperature calore dominant in the higfi;, region than in the lowfF, re-
culated for the case B2 is still lower than that measuredyion. Therefore, T, experimentally observed at=1 cm of
experimentally. It should be noted that the agreement is natase B becomes much lower than that of case A, which
much improved even if we assume lower helium densityshows the effectiveness of helium gas contact in the up-
there. As a matter of fact, the helium density of the case B3tream region of the plasma jet.
atz=1 cm is considered to be unrealistically low, if we con-  Concerning the effect of inelastic collisiord, we can
sider the conductance of our vacuum system. When we asmderstand the qualitative behavior of the electron energy
sume that the helium density should b& 10*° cm 2 (case loss by inelastic collisions. Generally, the signRfs nega-
B2) in this region, the effect of helium contact cooling be- tive according to the definition of [see Eqs(2), (9), and
comes less remarkable than that by ion-electron collisiong11)], since electrons lose their energy at elastic collisions.
Therefore, the helium density a&=8 cm is estimated to be On the other hand, our previous numerical study shows that
of the order of X 10*® cm 3. the sign ofQ becomes positive, because the released energy
Of course, the effect of the gas-contact cooling should b&t dominant three-body recombinations is deposited to free
evaluated quantitatively. It is quite suggestive for us to dis-electrons due to recombination heatiig]. It is found that
cuss the effect on energy loss of electrons by the helium gatie energy gain by inelastic collision almost cancels the en-
contact in terms of elastic collisional processes. Table lllergy loss by elastic collisions wheh,<0.3 eV. For this
shows the energy loss of electrons per unit volume per uniteason, electron temperature of cases B1-B3 does not de-
time due to elastic collisions with helium atormag., with  crease az=10 cm. Meanwhile, electron temperature of case
argon atoms »,, and with argon ions 5+, by applying Egs. A still decreases even at=15 cm, because the three-body
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FIG. 8. Comparison of the reduced population densities of some FIG. 9. Comparison of the reduced population densities of some

. . ! ! excited states of Ar in the present experiments with those calcu-
excited states of Ar in the present experiments with those calcu- . . S
. . S lated by our simple numerical analysis with gas confease B2.
lated by our simple numerical analysis without gas conease A. - -
. . (a) experimental results and) numerical results.
(a) experimental results and) numerical results.

of case B2 is much more improved than that of the case B1.
recombinations are still not dominant due to high which ~ However, the agreement was not improved even when we

results in the relationship+ Q<0. assumed the density profile to be that of case B3, where He
Figures 8a) and &b) show the experimental and numeri- number density was unrealistically low.
cal results of reduced population densitids/g;, respec- Generally, the population densities of the excited states of

tively, of some excited states of Arwithout gas contact recombining plasmas increase as the electron temperature
(case A. It is seen that the present numerical results approxibecomes lower, since the rates of the electron three-body
mately reproduce the experimental ones. It is confirmed thatecombination and the electron impact deexcitation become
the present modeling is quantitatively sufficient to simulateenhanced. Without gas contact, the numerical results of
the population densities as well as the electron temperatuggopulation densities approximately agree with the experi-
of the argon plasma jet for case(#ithout gas contagt mental ones, because the value of the electron temperature is
On the other hand, Figs.(&® and 9b) show the experi- still as high as about 0.5 eV, and the three-body recombina-
mental and numerical results, respectively, with gas contadion and following electron impact deexcitation are not
(case B2. When we compare Figs(&® and 9b), it is seen dominant. It is considered that the lower lying excited states
that the agreement is satisfactory for the highly excited statesf Ar | without gas contact are almost in the state of PLTE,
whose excitation energy is more than 14.7 eV. With regard talue to slow relaxation of electrons. On the other hand, with
lower lying excited states, however, disagreement is remarkhe gas contact, since the degree of nonequilibrium becomes
able, especially, a=8 and 15 cm. This is because the nu- enhanced, the calculated number densities of lower excited
merical result of the electron temperature, shown in Figstates become higher than those observed experimentally. It
7(b), was much lower than the experimental results for casés considered that these levels whose energy is less than 14.7
B2. Of course, the agreement for the He density assumptioaV are not in the state of PLTE. It should be noted that even
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in such a situation, the number densities of PLTE levelaminimum around electron energy 0.2—-0.5 eV due to the
(highly excited statesare well described by the present Ramsauer effect, which is not the case with helium. There-
simple numerical model. fore, it was confirmed that the electron energy was trans-
It is considered that this disagreement shows the limit offerred by the elastic collisions of electrons to the neutral gas
validity of the present numerical model, where the longitu-molecules in the recombining plasma jet. In addition to the
dinal velocity of the plasma jet is constant, and the plasmaxperiments, numerical calculation was carried out to under-
flow is treated as a one-dimensional problem. In order tastand the temporal variation of electron temperature and of
improve the numerical simulation, we should understand nopopulation densities of excited states of argon atoms. Conse-
only the fluid dynamic behavior of helium gas introducedquently, it was found that the numerical methods that we
into the plasma chamber but also that of the plasma jet itselfyreviously proposed quantitatively explained the variation of

which is beyond the scope of the present study. the electron temperature and population densities for the case
without helium contact cooling. On the other hand, for the
IV. CONCLUSION case with gas contact, three hypothetical He number density

_ ) profiles were assumed and we confirmed the agreement of
~ The experiment of He gas contact for cooling of electronsg|ectron temperature and number densities of PLTE levels
in the recombining Ar plasma jet was demonstrated. Withouhetween calculations and experiments. However, the agree-
helium gas contact, electron temperature of the Ar plasmgent of the population densities of lower lying excited levels
decreased slowly, and in consequence, no population invefy the state of non-PLTE was rather qualitative, due to the
sion was found in excited states of ArBy the helium con-  gimpjified modeling of the fluid dynamics of the helium gas

tact cooling, th_e electron temperature decreased_ver_y rapi‘_jli)‘ntroduced into the argon plasma as well as those of the
as the plasma jet came downstream, and population inversigflasma jet itself.

was created. Population inversion between Axcited states

of 55’—)4[)/-[1/2]1 and Es’ﬁ4p[3/2]1,2,_[5/2]2,_3 _occurred ACKNOWLEDGMENT

through rapid electron cooling by elastic collision between

electrons and He atoms. This is attributed to the difference in  The authors thank Professor J. ¥kcof the University of
the electron elastic collision cross section between heliunwest Bohemia for allowing us to use his excellent argon CR
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