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Influence of Ar,* in an argon collisional-radiative model
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A nonlinear time-dependent collisional-radiative model for recombining argon is presented. Reactions in-
volving Ar, " are taken into account and their influence is discussed. It is shown thatray increase the
time to reach the quasi-steady-state by a factor of 100. The calculation of the recombination rate coefficient at
the quasi-steady-state is presented. An analytical expression is derived and compared with existing literature
values. The importance of the increase of the quasi-steady-state time is illustrated by comparisons of excited
levels population densities distribution measured in a fast moving plasma where the mechanical time scale is
sufficiently short to provide a time-dependent chemistry in a reference frame moving with the flow. The high
sensitivity of the results towards the electron number density is pointed out. Finally, the influence of the
processes involving AF on the excitation temperature is discussed.
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I. INTRODUCTION measured and calculatédr(i)] when the electron density
ne is sufficiently high to ensure short time scales and suffi-
Collisional-radiative (CR) models are suitable tools to ciently low to minimize diffusion(Drawin [6]). This is com-
study chemical reactions in plasmas. Their main interest ignonly observed in glow discharges and positive columns for
indeed to access to the source term of the balance equation ¢fo most excited states. The CR model appears hence to be a
a species. .Applled to the case Qf an argon plasma for a pagggic powerful element of plasma studies.
ticular excited level denoted Af, one can calculate the  papicylar situations lead to consider more terms in the

source term{J[ Ar(i)]/dt} of the balance equatiofiitvak  pajance equation. Indeed, for the metastable atoms for in-

and Edwardg1)), stance, the chemical time scale is longer than in the previous
; case and becomes of the same order of magnitude as the

[ Ar(i)] P . . :

— | (1)  diffusion one: the comparison with experimental data has to

C

be done considering the influence efﬁj in the balance

D[Ar(i)] L
T'F[Ar(l)]V'U:_V'J—F

R equation(Bogaerts and Gijbelg7]). In the case of fast mov-
whereD/Dt is the hydrodynamic derivative, the flow ve-  ing plasmas as highly expanded jets, the situation is more
locity, andJ; the flux density vector for Ai(). complicated: the characteristic time associated to the convec-

Each term of the latter equation has a different charactertive derivativeD/Dt may decrease sufficiently to give a sig-
istic time according to the physical situation. Generally fornificant role to the hydrodynamics even for highly excited
excited states, the time scale pf[Ar(i)]/dt}c is largely  atoms. Although the plasma is steady, thatdlsAr(i)]/at
shorter than the others: in this case, Ef). indicates that =0, the chemical reactions source tefafiAr(i)]/dt}c may
[Ar(i)] is governed only by chemical reactions. In addition, be time dependent. Therefore, the calculation of the temporal
if the plasma is in stationary conditions for a velocity not too evolution of the population densities only due to chemistry is
high (D/Dt=4g/dt=0), this density is in a quasi-steady- needed.
state. The CR model allows, therefore, the identification of On the other hand, Bogaerts and Gijb@$have recently
the main processes responsible of the excited atom concepeinted out the important role of Af on the kinetics of a
trations measured as well as the calculation of global rateirect current argon glow discharge in low pressure and elec-
coefficient: the rate coefficients of ionization, recombination,tron density conditions. The relative contribution to the loss
or dissociation are thus called collisional radiative. Numer-of electrons by dissociative recombination remains to be the
ous models(Sarretteet al. [2], Debal et al. [3], Kunc and  most important one after the diffusion to the walls in their
Soon[4], Bibermanet al.[5]) have been elaborated for vari- conditions. In the case of plasmas wjil» 500 Pa, the level
ous atoms and mixtures without calculating directly the timeof pressure is sufficiently high to provide additional reactions
evolution of the species only due to the various chemicalnvolving Ar2+ that may lead to a strong variation of the
processes involved, that is, solving the balance equation nejectron density.
glecting theV terms that prevent to verify that the time scale  In the present paper, we propose to focus our attention on
is really sufficiently short. For low-speed plasmas, the soluthese two important point$l) the time dependent chemistry
tion obtained by this way is valid for comparisons betweenof a weakly ionized argon plasma af®) its dependence on

the Ar," reactions. This study is based on the elaboration of
a time dependent collisional-radiative model over the ranges
*Electronic address: Arnaud.Bultel@coria.fr 3000<T.<12000 K for the electron temperature and®.0
URL: http://www.coria.fr/ <n.<10?* m 2 for the electron density. After the presenta-

1063-651X/2002/6@})/04640616)/$20.00 65 046406-1 ©2002 The American Physical Society



BULTEL, van OOTEGEM, BOURDON, AND VERVISCH PHYSICAL REVIEW B5 046406

tion of the energetic diagram adopted, we describe all el45.45 eV. The subsystems of core configuration give rise to

ementary processes taken into account: the radiative prawo types of AF of statistical weights equal to 4 for the
cesses, the electron induced processes for which the crogsonprimed” one and 2 for the other one.

sections have been updated, those due to inelastic atom col- Finally, we consider As* ions that have an important

!ISIOHS- for which a new r-nodel+|s proposed, and finally thoseinfluence on the kinetics as will be pointed out in the follow-
involving the _molecular lon A" . . ing. The fundamental level being of th& [ type (Wadt
Two experimental works of reference are considered fohg]) its statistical weight is 2 u
comparison and discussion. First, Mafi@¢] has measured ’ 9 )
over a wide range of energy by various methods the popula-
tion density of numerous excited levels in a highly ionized
argon plasma: the good agreement with the results of the CR  !ll. COLLISIONAL AND RADIATIVE PROCESSES
model in these conditions is a verification of the global con- A. Spontaneous emission
sistency of the model. Second, van Ootedd® has experi-
mentally studied a highly expanded and weakly ionized We have used Natl. Bur. StandJ.S) tables[20] and
plasma at relatively high pressure in order to investigate th&ore recent results of Wies al.[21] as basic data. Verner
electron density fluctuations in the trailing wake of ballistic et al. [22] have done a compilation concerning resonance
missiles. We demonstrate that the order of magnitude of thénes. Among them, we found data about transitions in argon
parameters measured can be understood in the light of tHeetween some excited levels with energy higher than 14 eV
Ar," influence and time scale considerations. and the ground state. In our conditions, the population den-
sity of the ground state is high enough to have a complete
self-absorption, therefore, we have assumed no emission.
Il. ATOMIC MODEL The self-absorption is taken into account for other transi-
) ] o tions under the form of the calculation of the classical radia-
We consider three types of particles in this CR modelitjye Holstein escape factofd6]. Moreover, since the ener-
atoms (in fundamental and excited levelsAr™ and A" getic diagram contains fictitious levels, each effective
ions, and electrons. Molecular argon,Ais not considered. transition probability has been calculated from individual
First, the dissociation limit of its ground-state levé J(E;) ones by weighting with the degeneracy factors.
is approximately 0.01 eV(Freeman and Yoshing11]), The table of all transition probabilities will be available
which is considerably less than the order of magnitude of then the website of our laboratory.
thermal energy considered in this paper. Moreover, the rate
coefficient of formation of excited molecules in these ther- B. Radiative recombination
mal conditions are largely less than those for the formation
of Ar,” (Lamet al.[12], Brunetet al.[13]). In addition, the
examination of the potential energy curves of Agveals for Art(jo)+e —Ar(i)+hv,
the lowest states few nondissociative lev&ates and Erm-
ler [14], Castexet al.[15]), which may play a significant role

in the kinetics. ) ) ) we have just taken into account transitions straightforward to
The Ar atom follows essentially thej () coupling: the 4o 3p54s levels (between 11.5 eV and 12 eV). We as-
core electrons are independent of the state of the outer elegy e that the process to the ground state is negligible due
tron responsible for the excitation of the atom. This electron the complete self-absorption resulting because of the high
is characterized by the principal quantum numbend the o qer of magnitude of its population density. Moreover, for
values of the orbital quantum numbblandsspln quantum - yansitions to levels of energy higher than 12.9 e\p{@p),
numbers. The atomic core has thgMg}-3p structure, itS e process is neglected since the radiative recombination
angular momentum depends on the configuration of the lagt, (<< saction depends arf ~3 where n* is the effective
3p electron, all the others being compensated. Sireé quantum number. ' |

and s=1/2 for this _electron, 'ghe core angular _momentum The cross section adopted for this process is the follow-
may have two possible valueg;=1+s=3/2 andj.=|—s

Concerning the radiative recombination, that is,

=1/2. This particularity yields to two ionization limits with g

slightly different energies. The first core configuration (

=3/2), also called “nonprimed” subsystem, has an ioniza- 9 (hv)2 1

tion limit Ej,,=15.760 eV and the second ong.€1/2), oR (&)= s————"g" (hv), 2
called the “primed” subsystent;,,=15.937 eV. 20ion(lc) mec? €

Due to this quantum effect, the 64 excited levels consid-
ered here are separated into two groups according to the
value ofj.. The energetic diagram follows the \&k’'s one  Whereg; andgi,n(jc) are, respectively, the statistical weight
[16] (cf. Table ) recently used by Bogaertst al. [17]. It ~ of thei level and of Af (j.), m, the electron mass; the
contains real levels as the metastable ones and fictitious legpeed of light, andr’;,, the photoionization cross section.
els corresponding to groups of close eneffatsonis and hv=e+E;,,—E(i) is the energy of the photon produced.

Drawin [18]). There are 32 levels of energy greater thanThe value ofj. is the same for the excited Aj(atom.
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TABLE |. List of energy levels used in this CR model.

ng E(ng) gng jc nl [K]J ng E(ng) gng jc nl [K]J

1 0 1 15 P° 34 15.460 48 15 d, 9s

2 11548 5 15 43/2], 35 15461 12 05 i

3 11.624 3 15 4[3/2], 36 15482 320 15 {79, 7h, 7i
4 11.723 1 0.5 41/2], 37 15.520 24 0.5 @, 8s

5 11.828 3 0.5 41/2], 38 15548 480 1.5 @ 8f,...,
6 12907 3 15 pr1/2), 39 15560 108 0.5 B 69, 6h
7 13116 20 15  p[3/2,, 4p[5/2],; 40 15592 640 15 B, 9d, of,...,
8 13273 1 15 Bl1/2], 41 15600 12 05 8

9 13295 8 05 83/2];, 42 15624 800 15 ...,
10 13328 3 05 8[1/2], 43 15636 24 05 d, 9s

11 13.480 1 0.5 B[ 1/2], 44 15648 968 15 K...,
12 13.884 9 15 8[1/2]o,, 3d[3/2], 45 15659 160 05 79, 7h,...,
13 13994 16 15 [7/2]34 46 15.666 1152 1.5 ®. ..,
14 14090 23 1.5 @3/2];, 3d[5/2],5, 55 47 15.680 1352 15 B...,
15 14229 17 05  @[3/2],, 3d[5/2],5 48 15691 1568 1.5 ...,
16 14.252 4 0.5 s 49 15700 1800 1.5 ...,
17 14304 3 05 8[3/2], 50 15.707 2048 1.5 ...,
18 14509 24 15 p 51 15713 2312 15 B...,
19 14690 12 05 p 52 15718 2592 15 B...,
20 14792 48 1.5 d, 6s 53 15.722 2888 1.5 ...,
21 14906 56 15 # 54 15725 240 0.5 @ 8f, ...,
22 14976 24 05 d, 6s 55 15769 320 05 P 9d, of,...,
23 15.028 24 15 p 56 15.801 400 0.5 ...,
24 15.083 28 0.5 a 57 15825 484 0.5 K...,
25 151153 48 15 &, 7s 58 15843 576 0.5 ...,
26 15205 12 0.5 p 59 15857 676 0.5 ...,
27 15215 128 15 B 5¢g 60 15868 784 0.5 8.,
28 15282 24 15 @ 61 15877 900 0.5 ...,
29 15324 24 05 8, 7s 62 15884 1024 0.5 ...,
30 15347 48 15 @, 8s 63 15.890 1156 0.5 ¥r...,
31 15382 216 15 B 69, 6h 64 15.895 1296 0.5 B...,
32 15393 64 05 6, 8s 65 15.899 1444 0.5 ..

33 15423 24 15 B

Finally, the photoionization cross section expressedin m

is [16]

o ion(hv)=2X10"22\; for Eg,—E(i)<hv<

0T ion(hv) =7.91X 10" 2\,

H
ion

|y

with \;=0.0763 fori=2, 0.0458 fori =3, 0.0305 fori =4,

and 0.0915 foii =5.

)3

H
ion

am—Euqz

for hy>0.59E"

on?

0.59eH

on?

(3a)

5

(3b)

C. Electron induced processes

In a general manner, the static and dynamic screening
effects have been neglected. Indeed, the level of electron
density (18%<n,<10?* m 3) as well as electron tempera-

ture (3006=T,<12000 K) are too weak to introduce im-

portant discrepancies in relation to the ideal case as pointed

out by Bornathet al.[23] for hydrogen. As a result, the pres-

sure ionization has not been conside(€alzmann 24]).

Few experimental data are available concerning the exci-
tation by electron impact. It is well known that the analytical
forms proposed by Drawin are particularly well adapted. In-
deed, calculating their dependent parameters from the experi-
mental results of the cross sections is sufficient. These ex-

pressions are the following.
For the optically allowed transitionsA(=*1, AJ=0,

+1 except]=0—J=0),
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TABLE II. Parameters for the calculation @fﬁ . A, S, andP represent allowed, spin, and parity forbidden transitions, respectively,
followed by the related referencds.is related to intercombination transitions assumed impossible. WhérisAnentioned, one gives the
valuesa; o, and B;.ion for the ionization process.

i j Transition Parameter i j Transition Parameter

1 2 S 0.111[29-33 2 8 S 0.98[34-317

1 3 A 0.0357, 4.0030-33 2 9 A 0.075, 0.5(34-317

1 4 S 0.0177[29-33 2 10 A 0.019, 0.5[34,36,31

1 5 A 0.0813, 4.0031-33,3§ 2 1 S 0.43[34,37

1 6 P 0.174[33,39 2 12,...,17 P 0.05[25]

1 7 P 0.493[33] 2 18 A 1.56<10 %4, 1.0[39]

1 8 P 0.0322[33] 2 19 jc 0

1 9 P 0.107[33] 3 4 P 0.05[25]

1 10 P 0.0322[33] 3 5 P 0.05[25]

1 11 P 0.0105[38] 3 6,...,11 A 0.019, 0.5/40]

1 12 S 0.15[41] 3 12,...,17 P 0.05[25]

1 13 S 0.08[41] 3 18 A 9.4x10°°, 1.0[39]

1 14 A 0.0333, 4.0/41] 3 19 je 0

1 15 P 0.035[41] 4 5 P 35[34]

1 16 A 3.71x 1073, 4.0[41] 4 6 A 0.025, 4.0(34]

1 17 A 0.0179, 4.016] 4 7 A 0.043, 4.0(34]

1 18 P 0.07[16] 4 8 S 1.2[34,37

1 19 P 0.05[16] 4 9 A 0.3, 0.5[34-37

1 20 A 0.0515, 1.0/16] 4 10 A 0.19, 0.5[34,36,31

1 21 P 0.028[41] 4 11 S 1.3[34,37

1 22 A 0.0306, 1.016] 4 12,...,17 P 0.05[25]

1 23 P 0.001[16] 4 18 je 0

1 24 P 3.5x 1073 [41] 4 19 A 3.2x107°, 1.0[39]

1 25 A 0.0369, 1.016] 5 6,...,11 A 2.5x1072, 4.0[42]

1 26,...,28 P 0.001[16] 5 12,...,17 P 0.05[25]

1 29 A 6.5x1074, 1.0[16] 5 18 ic 0

1 30 A 0.0024, 1.016] 5 19 A 9.6x107°, 1.0[39]

2 3 P 60[34,35 2,...,5 Ar* A 0.35, 4.0[16]

2 4 P 7 [34] 6 Art A 0.45, 4.0[16]

2 5 P 7 [34] 7,....9 Ar A 0.39, 4.0[16]

2 6 A 0.05, 4.0[34] 10,...,11 AF A 0.32, 4.0[16]

2 7 A 0.38, 1.0[34-37 =12 Art A 0.67, 1.0[16]

For the parity forbidden transitiong\{# * 1), energy are preferred due to the order of magnitude of the

electron temperature. When several works may lead to dif-
e 2 pYji—1 ferent parameters, we have chosen the one allowing the best

7;(Uji) = 4maga;; vz agreement with theoretical results. Finally, 75% of the appar-

! ent cross section measured have been considered for calcu-
For the spin forbidden transitions\(J+#0,=1 including J lating the parameters in the case no other reference exists.
=0—-J=0), The transitions 2-19, 3—19, 4—18, and 5~ 18 have
been removed since the intercombination reactiong, (
. ) s ufi—-1 +0) do not correspond to optically allowed, parity, or spin
oij(Uji) = 4magaj 5 forbidden transitions.
! About the other transitions for which no data are avail-
Uji=e€lE;; is the reduced kinetic energyof electron where able, usual selection rules are used. The processes are as-
E;i=E(j) —E(i), ao the first Bohr radiUSEi'j)n the ionization sumed to be of the parity type when they are forbidden: it is
energy of hydrogen atom in ground state, dpche absorp- the case for levels withhigher than 18 whedl# + 1 since
tion oscillator strength. their quantum numbet is not considered. The value adopted
The parameters;;f;;, B;;, aj; , ande;, adopted are cho- for aj] is 5.0< 10”2 as the average of the results of Kimura
sen in accordance with the more recent experimental invest al. [25]. When the transitions are optically allowed, the
tigations (see Table ll. The results for low electron kinetic Drawin’s equation is used with;; f;; = 1.0 andg;;=1.0 as-
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suming possible the intercombination reactions only jfor TABLE lll. Parameters related to the atom-atom processes. The
=<41. Beyond this limit, the excited electron is so far from excitation from the ground state=1 follows the equaticz)ggﬁ
the core that the likelihood for an inner change is almost=A;;(e—Ej), for the others the equatian(; = B (e~ E;;)/E};*®is
zero. used.

Concerning the allowed transitions, we have tested also

the expressions proposed by Vriens and Smgeg and : j B
Seaton[27]. We refer to their paper for more details. The 1 3 210¢10° %
plopulatlo_n densities can also change due to the ionization by 1 5 4.80<10° 25
electron impact, 2 3 179¢ 1024
. . — 26

Ar(i)+e —Art(jo)+2e . (5) 2 4 4.80<10

2 5 4.80<10 %
For the ground state, Strawdi al. [28] have measured the 3 4 4.80<10°%
ionization cross section that may be fitted by 3 5 4.80<10 26
4 5 1.79<10° %

05 ion(€)=2.79¢10 ®In

€ () 5
15760 M
tron impact, the cross section is much higher for the transi-
where € is expressed in eV and such that 1560 tion 1—5 than for 1—3 due to the quantum configuration of
<40 eV. Since the electron temperatufg is less than the levels involved. We have assumed a same ratio for the
10* K, it is unnecessary to consider higher energies. For Zross sections related to atom impact. The results of Haug-
<i=<11, Drawin has propos€d6] sjaa and Amme allow to allocate for low energy a linear
function to the cross section denote@j ,

H 2
e _ 2 ion
iion(Uioni) =47ag m) Ui-ion 0?1(6)2,3’{,'(6— Ej1), 7)
Uioni—1 (5 wheree is the relative kinetic energy of the colliding atoms
Nz In Zﬁi-ion Uiond |» and Ej; the energy difference. The collisions with low en-
ion ergy are of interest since the kinetic temperature, denbjed
With Ejgp;=Ejon— E; andU o= €/Eign - in the following, is relatively weak. Using Eq7), the pa-

Considering only no intercombination transitions, the fameter;y; hasé been calculate@ee Table II).
value ofj. is a parameter fot,,,;. The ionization occurs For inner °4s manifold transitions, Bogaertst al. [17]
whatever may be the nature of the state considered, this r@@ve expressed analytically the cross sections as
striction provides only a slight difference for the related rate
coefficient with respect to the case in which the ionization
limit should be equal to 15.76 eV. However, this influences
further the recombination rate coefficient because’ ] be-

have independently. As Vlke the valuesa; o,=0.67 and  Taple 11l contains the related values of the paramgsgr
Bi-ion=1 are used foi=12. Table Il contains all required \yhatever the other transitions between excited levels, we

A € Ej
EﬁZG

parameters. have assumed that no intercombination reactions occur.
Fori=1, Haugsjaa and Ammgt4] have also measured
D. Inelastic atom-atom collisions the ionization cross section,
As a result of the possible weakness of the ionization A e 13 .
degree of the plasma, the reactions O 1ion(€)=1.8X10""(e—15.760™~ m", ®
Ar(i)+Ar(1)—Ar(j>i)+Ar(1) (6)  where the relative energy of colliding atorass expressed in

eV. We have used the cross secti@ finding no more ac-

may play an important role and have been considered. Corcurate data in the literature.
versely, the antiscreening channel allowing the ionization of Starting from the cross section deduced by Thon{g&h
one of the colliders and the excitation or the ionization of thefor electron induced ionization, Draw[d6] gave the follow-
other one has been neglected since the thermal energy avaiitg form for the cross section of ionization by atom impact:
able is not sufficient and the cross sections are less than for
the mechanisni6) by several orders of magnitudé3]. A )

Haugsjaa and Amm@44] have determined the apparent  Ti-ion( €) =475
excitation cross section of thep34s levels from the ground
state. The transitions-:2 and 1—4 being optically forbid- » Uioni(e)—1
den, we have allocated this cross section to the optically ;
allowed processes-%3 and 1—-5. The estimation of each {1412 me/(matme)][Uioni(€) ~ 11}
contribution was done as follows. For the excitation by elec- 9

H 2
Eion) my , 2 m
Eion—i My ImA"'me
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wherem, andmy are the electron and atom masses respec- vo\21 [+

tively andUy(€) the nondimensional grou@’ E,qp, . & is a{*’,ﬂ-(g)=fr(—> GJ p2| i (p)|2

the number of optical electrons that is equal to 6 for the 97 7/ pmin

ground state and 1 for the others. In the cesd, the pre- " P

vious expression has been used systematically. XJ’ Co%lfeg(p,0)|2d6dp,
The lack of experimental data about the excitation by Ormin

atom impact is especially critical for the highly excited lev-

els. The order of magnitude for the difference of energy bewherevo=y2 Ej;,/m, is a characteristic velocity for elec-
tween two adjacent levels being all the smallest that they ar&on, pmin=|E; i//2g the minimum value of the Rydberg elec-
close to their ionization limit, the atom impact processes mayron momentum due to the excitation of the atémy; (p)
play an important role for them although the temperature fothe radial wave function of the electron in the state

heavy particles is small. (i,1), 0nin=2 arcsinf,i,/p) the minimum scattering angle
andf.g(p, ) the differential elastic scattering amplitude be-
1. Drawin’s model tween the electron and the atdsn

Concerning the excitation between radiative coupled lev- FOF Our energetic diagram, we have to determine the total
els characterized by the absorption oscillator strerfgth I—] cross section,

Drawin [47,48 has adapted Eq9) under the form Qi1
of(€)=4ma] on“Ma o 2me 7u@=g, |=Eo (2+Daii-s(9),
' O E;) my® Tma+tm, _ o
whereg; is the degeneracy factor of the levielSince the
Uji(e)—1 principal quantum numbers are high, the energy of this level

X . (10 ; ; 2
{1+[2me/(mA+me)][Uji(E)_1]}2 is almost independent of Moreover,g;=i“ and
No form is proposed by Drawin for the forbidden transitions. e 5 o 5
That is the reason why Vék [16] has plotted for the opti- 20 21+ DIy (p)*=1" i (p)I%,
cally allowed transitions the values Qfﬁ/(e— Eji) as a
function of Ej; with the help of rare experimental data and wherey;(p) is the radial wave function of the Rydberg elec-
Eqg. (10). Assuming the cross section to be a linear functiontron in thei state, with(Kaulakys[51])
of the relative energy near the threshol&;; in the same
way than Eq.(7), he obtained the following form fog; 32 i3
used when considering the Drawin’s model: | i(p)|>=—

7 [1+i%(p/mevg)?]*
B} =8.69x10 2%E;; %% m? eV *, (11)

The cross section becomes
with E;; expressed in eV.

Uo

2 1 [+
_ 2. 2

Pmin

2. Adapted model of Kaulakys O-i"}(g): 77(

Among the highest 35 levels of the atomic model, most of
them have a principal quantum number higher than 8. This ™
situation corresponds to electronic shell where the peripheral X J
electron is weakly linked to the nucle(49]. For these lev- "

els, the conditions of Eq10) are not checked: using E(L1) Writing k=p/m.v, the nondimensional momentum of the

may be questionable. electron and}g(k, 6) = fg(p, #)/a, the nondimensional dif-

Our treatment of the inelastic collisions is based on thef . h h . .
; . erential elastic scattering amplitude, the cross section is fi-
hypothesis that the peripheral electr@iso called Rydberg nally 9 P

electron is almost free. The collision can Therefore, be un-

derstood as the elastic scattering of the electron on the inci- H 2

dent atom. Its orbit changes so its momentum: the excitation - =16wa2<ﬂ> (K

of the target is modified. i (K o E; 1371k,
Kaulakys[50] has developed a model for collisional an-

gular momentum mixing of high Rydberg atoms, i.e., where thei-level functiony;(Kiy) is

0
cos§|feB(p,0)|2d0dp.

in

A(i,) +B—A(j)+B, +o0
, , , ¥i(Kmin) = kﬁqinj ki (k) |2
whereB is an atom assumed without internal structure bnd Kmin
the orbital quantum number of the atofnhaving the prin- e
cipal quantum numbeérbefore collision and after collision. X f cos
He obtained the following equation: min

0
_|f

5lfsek02dodk. (12
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. . FIG. 2. Some potential energy curves of,Arincluding the
FIG. 1. Evolution ofy; versusk,,, for the calculation of the spin-orbit coupling effects.

inelastic cross sections for atomic collisions derived from the work
of Kaulakys.i=8, thick curve;i=10, solid curve;i=12, dotted

curve;i= 14, dashed curve;=16, long-dashed curvé=18, dot- Kyyo(Ta) =k
dashed curve. MCL A0

Ta\ ™
T—o) ' 13

Weyhreteret al. [52] have experimentally determined the 1€ Jgsult_:[silof _Johnsen etal. _yield o ko=29
differential cross section of—Ar elastic scattering on the <10~ m°s ™, To=300 K, andm=0.41. The exponent
energy range 0.65e<2 eV. This range corresponds to thus c_alculated is not correlate_d with the one of the reaction
Ramsauer effect. We have used these results to calculate tfd€ cited by Lanet al. [12] derived from the work of Shon
function y;(kmin) by Eq.(12). Figure 1 illustrates the various etal.[57],

functions deduced. We can observe the influence of the Ram-

sauer effect: in the vicinity olkmipzlofl, v; decreases. In a Kyc(Ta)=2.5x 10743
general manner, the cross sections from the adapted model of

Kaulakys are largely less than those from &kcaccording to ) . o

a factor sometimes equal to 100. The lower limit of the ap-Since this rate coefficient has been calculated for tempera-
plication of the model of Kaulakys is=8 for considering tures higher than 300 K, this form was adopted.

Rydberg atom¢Lebedev and Fabrikafi53]). As a result, we An other important production process is the metastable-
have considered the Kaulakys model well adapted to the erf€tastable associative ionization,

ergy range 15.4 e¥E;<E,,,. For the intermediate ener-

. . Kmal
ggr)sliéél.& E;<15.4 eV), the model of Drawin has been Ar(3p®4s) +Ar(3p%4s) — Ar," +e .

~15
%)) més 1.

The value of the reaction rate is given by Neeseal. [58]
E. Ar,* processes and Bogaerts and Gijbe[8] at the temperature of 300 K:
k,=6.3x101® m3s . This coefficient decreases whep
increases. We have assumed a temperature dependence in the
same way than Eql3) with kg=k;, To=300 K, andm
Knmc =0.5 that is,
Art(jc=3/2)+Ar(1)+Ar(1) — Ar," +Ar(1),

Ar," can be produced by Ar atomic to molecular ion
conversion,

T -0.5
Ka(Ta)=6.3X10" 16( 3—6*0) més L.

where A" has a core quantum number equal to 3/2 because
the only bounded level of AF produces At (j.=3/2) and
Ar(1) by dissociationStepharet al.[54]) as shown by Fig.
2. In all experimental values of the reaction réfg:, Ta is Krim

of the order of 300 K. Johnseet al.[55] have measured the Ar(ng=20)+Ar(1) — Ar," +e", (14
latter at 80 K and 320 K according to the valuejgfdem-

onstrating obviously the predominant reaction with"4Ar,  has to be discussed. All levels for which the energy is greater

=3/2). Assuming a temperature dependencegé under  than the ionization potential to form A ions can give rise
the form (Moratz et al. [56]), to this process.

The associative ionization of Hornbeck-Molnar,
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At To,=300 K, Becker and Lampb9] have determined The processeél5) and (16) are very similar. A transient
the mean rate coefficient, step like Af" +Ar(1)+e~ surely takes place for the process
(16). We have hence assumed that

E —0.61 E —0.58 mss_l
30 '

kHMZZX 10715 m3 Sil.

Its determination from this value for higher temperature is kpg(Te,Ta)=9.1X 1013
difficult due to the large number of levels involved and to the
cross sections that present the particularity to strongly de-. . .
pend on the principarl) quantum nEmber Y gy Finally, the loss of Ay* may be due to the direct electronic
The case of alkali Rydberg atoms for the associative iondissociation,
ization has been extensively studigcumaret al.[60]). In a
recent pape(Bultel and Vervisch61]), we have developed a
quasiclassical model based on the approach of Weiner and

+ - -
Boulmer([62] for Na,™ formation. This model assumes th?‘t for which Marchenkq[66] has calculated the cross section
the process14) occurs for Rydberg levels when the kinetic for weak temperature levels assuming equilibrium for the
energy of the incoming ground-state atom is sufficient to ibrational distribution of A"

overcome the repulsive potential. This atom approaches of Due to the selection transition rules and potential energy

the core of Arfyy) at a distance shorter than the classical . o )
radius of the orbit of the Rydberg electron. When the dis-CHUVes: two channels of dissociation are possisée Fig. 2

tance is suitable, the core and the atom bind. The exceeding kop(312
energy is transferred to the outer electron by a virtual photon 5, () ]+e” — ALT[I(12)4]+e
that leads the process to be similar to the photoionization. = 2 u 2 9

300, 0

kpp
Ar,"+e” = Art+Ar(1)+e,

The electron leaves the AF molecular ion so formed. The =Art(j.=3/2+Ar(1)+e",
results show thaky,, decreases deeply whilg, increases. (173
Therefore, the Hornbeck-Molnar process is neglected here.
Ar2+ can be destroyed by dissociative recombination, Ko (112
ko Ar [1(12)y]+e” — Ar, [I1(1/2)g]+e”

Ary"+e” — Ar(1)+Ar(1), (15) SArt(jo=1/2) +Ar(1)+e",
for which Mehr and Biondi63] have determined the rate (170
coefficient:

where the major contribution is provided by the process
Ty 058 - (179 at low temperatures.
300 m°s -, Ivanov[67] has experimentally studied the destruction of
Ar,” ions by electrons in a self-sustained gas discharge. He
kDR depends OrTA because of the transient Step of the reachas determined the rate coefficient as a fUnCtiOfTé).f Its

tion (15): Ar*+Ar(1)+e . We have also considered the calculation from the cross section proposed by Marchenko
following mechanism: gives results less than those experimentally determined. He

explains this result as a nonequilibrium effect of thg Aw)
K distribution resulting of the competition between dissociative
Ar,"+e” = Ar(i>1)+Ar(1). (16) recombination and vibrational relaxation in Ar collisions
with the plasma particles. For temperatures higher than 11
Its rate coefficient has been given by Ustinovskii and Kholinx 10° K, he has pointed out the major role of the direct

1 Te —0.67
kDR(Te,TA):S.SXJ.O_ (ﬁ))

[64] at 300 K, dissociation of molecular ions in relation to dissociative re-
combination.

. o Te )T L The level of temperature of interest being less than 11

pr(Te:300K) =9.1x10"| 750 ms %, % 10° K, we have adopted the results of Marchenko rather

than those of lvanov and calculated the rate coefficient for

for all excitedi levels.k%y, is the result of the summation of the electronic temperature assuming equilibrium. We have
; - ; ; ted both chann@lga and(17b), this latter
the partial rate coefficients over all excited levels of final MOr€OVer separa ,

states according to the probability for the final argon atom td€auiring more energy due to the splitting of the core con-
be in a particulai value. Collieret al. [65] have indicated f|gurat|ons._ Thg mathe_matlcal form of the rate coefficients
that the dissociative recombination mainly provides the for-calculated in this way is
mation of 3°4s states whereas the branching ratios for ex- i 10
cited argon atoms formation are not well known. We have, Koo(jc,Te)=1.36x10
therefore, taken into account this process for the balance of s .
Ar," and considered only its influence for the evolution of Xexr{ _ 24300+ (3 —jo)x 10°
[Ar(2<i=<4)]. Te

046406-8
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IV. RESULTS AND DISCUSSION

Assuming the electroneutrality, the previous mechanism
lead to calculate the time evolution pAr(i)] for 1<i<68
according to the balance derived from Bd) where the

speed andTi are assumed equal to 0. It necessitates the cal

culation of rate coefficientéDecosteret al. [68]). For exci-
tation, the rate coefficient denoted is derived from the
cross section by

wherekg is the Boltzmann constant, the reduced mass of
the system of particles in interactiomg for a collision be-
tween an electron and an atom,/2 for a collision between
heavy particles andx=e/(kgTe o). The rate coefficient for
radiative recombinatiopdue to Egs(2) and(3)] and ioniza-
tion by atoms or electrons are calculated by this way.

For inverse processes, the rate coeffici€ntis derived
from detailed balance,

with 1>k. For the recombination involving an electron as

Ex
KgTen

(Ce’A) r— Ce,A%eX[{
|

PHYSICAL REVIEW E 65 046406
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FIG. 3. Time evolution of densities divided by their statistical
weight for Marie’s conditionsng=1.5x 10?° m~3, T,=5500 K,
TAo=2000 K, and[Ar(1)]=9x10?° m 3. Note that the quasi-
steady-state timegis 10 5s. The electron density is shown di-
rectly instead oh,/g, as[Ar*].
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wide range of energy in a recombining argon plasma with
Ne=1.5x10°° m 3, [Ar(1)]=9x10%° m 3 T,=5600 K,

third particle, the rate coefficient is derived from the SahaandTA=2000 K. In such conditions, an equilibrium distri-

equilibrium equation,

h2
2’7TmekBTe

e gi
-on Je gion(jc)

o

The case of three-body recombination with an atom is differ

(Cie—ion) '=C

i)

Eion(jc)_E(i)

KoTo (18

ent. Collins[69] has verified in a plasma at high pressure

with T.# T, that the Saha equilibrium ionization equation is
slightly modified as follows:
-3/2
) “o-

This is due(Cleland and Meek§70]) to the translation par-
tition function of electrons in whichT, appears[term in
(h?/27rmgkgTe) ~%2] and to the excitation that only depends

h2
2 WmekBTe

Eion_ E(i)

keTa

NeNion _ Je Jion
n; gi

on T, in the case of a strong predominance of heavy par-
ticles collisions. Therefore, the rate coefficient has been cal

culated from Eq(18) replacingT, by T4 in the exponential
term.

Finally, the time evolution of Ar(i)] is calculated with
“LSODE" (Livermore solver for ordinary differential equa-
tion), which is a very convenient tool for this kind of tran-
sient problem(Bourdon and Vervisch71]).

A. Plasma with high ionization degree

bution is observed according to an excitation temperature
equal to the electron one.

For the previous values af,,T., and[Ar(1)], Fig. 3
shows the temporal evolution for the variouar(i)] for a
recombining situation: the atomic level population densities
are assumed to be initially in equilibrium at the electron
temperature but in concentrations lower than those calculated
from Saha equation. All Ar" processes have been removed
and the Drawin’s equatio() for the electron induced exci-
tation for the allowed transitions has been used. These popu-
lation densities exhibit a quasi-steady-state having a duration
of 1 ms beyondr,ss= 10 %s. It is important to note that the
initial conditions of the calculation has no influence o3¢
and the duration of the quasi-steady-state. In this experiment,
the hydrodynamic time of Ar(i)] (7,=10 *s) is greater
than 74¢s. Therefore, the population densities measured by
Marie have to be compared with those calculated by the CR
model in the quasi-steady-state.

The Boltzmann graph of Fig. 4 illustrates this comparison
when the quasi-steady-state is achieved. Except for some
3p°4p levels, the agreement is satisfactory. Almost all
groups are in partial equilibrium according to the tempera-
ture T, accounting for the major contribution of the electron
induced processes for the excitation. We have noted that the
model of Vriens and Smeets for the electron induced excita-
tion between radiatively coupled levels gives no better accor-
dance with the experimental distribution while the model of
Seaton leads to large discrepancies with respect to the mea-
surements of Marie. Finally, as a result of the high ionization

The case of plasmas with a high ionization degree may bedegree, the role of the atom induced processes is negligible.

a test of the global consistency of the model. Md#¢ has
measured the population density of the excited levels over

04640

In the following, we have used systematically the expres-
aions proposed by Drawin for the allowed transitions. Con-
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FIG. 6. Influence of the radiative processes on the calculation of

FIG. 4. Boltzmann plot calculated by the CR model using . recombination rate coefficient

Drawin’s equations for electron induced excitation for allowed tran-
sitions under the Marie conditions and experimental distribution

_ -5 - -2
(asterisks Circles and squares denote, respectively, the states witir 2< 10~ s the quasi-steady-state occurs. Eorl0 “ s,
jo=1/2 andj.=3/2. The dashed line illustrates partial equilibrium the temporal evolutions of the population densities become

for the excitation temperaturBs, .= Te. again different of those calculated neglecting the role of
Ar,” . Finally, this molecule has no influence on the charac-
teristics of the quasi-steady-state for highly ionized plasmas,

sidering the As* processes changes deeply the temporal hich confirms the validity of our model.

evolution of the population densities up tox40 ° s as
shown in Fig. 5. This result is obtained assuming that'Ar
is initially in equilibrium with other ions corresponding to a ) ) o
slightly higher n, to obtain the same electron density in  The previous behavior allows the determination of the
quasi-steady-state. The evolution before W ° s depends total _rec_omblngt!on rate coefficielte, . Wher_w the electron

on the initial value of Ar," ] as discussed in the following. density is sufficiently high the role of Af is, therefore,
The dissociative recombinatioil6) towards the metastable Negligible and all elementary processes are coupling together
levels leads to an over concentration of all excited leveldO ensure the global reaction,

below this limit. Then, their population densities join the Kroc

values obtained without AF processes. Afterwards, the Art+e +e —Ar+e .

time evolution remains the same one so that beyopd

B. The total recombination rate coefficientk

Removing all the A" processes in the model, this rate co-
10 g vy sy efficient is defined as

21 [

10

krec_

1 dAr"]  1dng 19
[Ar'*']ni dt ng dt’

during the quasi-steady-staBourdon and Vervisch71)).
Meanwhile, we have checked that the depopulating rate
—d[Arf]/dt is also equal to the populating one
d[Ar(1)]/dt. The degree of opacity of the plasma plays a
significant role in depopulating processes. Whejp; is
achieved, the value d{,.. obtained from Eq(19) depends
not only on the electron temperature but also on the den-
sity n.. This behavior is illustrated by Fig. 6 showing the
rate coefficient obtained for various{,T,). ke is all the
smaller thatn, is greater. Fom,=10?> m 3, the electron
density is sufficiently high to lead a quasi-independence of
the result om,. When the electron density tends to infinity,
FIG. 5. Same as Fig. 3 considering all ,Arprocesses. At Ko tends itself to the limit for which the radiative processes
=0, Ar," is assumed to be in equilibrium with the other ions. are completely negligiblek,.. depends onT. only. The

S

[Ar(i))/g, (m™)

t(s)
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Saha equilibrium at the temperatufg due to the electron
induced ionization processd$) whatever the conditions.
The rate coefficient calculated in these conditions is plotted
on Fig. 7 and agree well with those determined in the present
paper for lowT,. For higher temperatures, they remain too
high. The agreement is more satisfactory with the rate of

Owano et al. [75] for electron temperature higher than

I; w0 [ 4000 K. These authors assume that the metastap?ds3
% states control the recombination process. This assumption,
10”0 L valid for high temperature, is done by Braun and K{n6].

R U From their three-level atomic model collisional-radiative cal-

culation, they have determined the recombination coefficient
for three electron temperatures 5000 K,*1R, and 2.5

X 10* K. Their result forT,=10* K is well correlated with
our study as illustrated by Fig. 7. As a result of the number of
excited levels considered, tHg.. value obtained for the
lower electron temperature §610 4 m® s71) is far from

the other reference data. Fog=10" K, a three-level model

of recombining argon plasmas is, therefore, a satisfactory
approximation. In conclusion, our fitting law is in good
Cz%tgreement with other works applicable to only a part of the
fange 2006T.<12000 K studied here.

~41

—42

10

10000

2000 4000 12000

T, (K)

FIG. 7. Comparison between tig * fitted law determined from
the present CR model and other reference data.

value adopted is thus this one and is confirmed by a dire
remove of all radiative processes in the CR model.

For the implementation df,.. in numerical codes of ar-
gon plasma flows, we have fitted the results with the simple
law following T, %,

C. Weakly ionized plasma

van Ootegenf10] has recently studied a high-frequency-

generated argon plasma jet expanded inpal700 Pa
vacuum chamber. He has measurgdand T, using Lang-
muir's probes and the population density of the excited lev-
els by emission spectroscopy. For the maximum energy
vailable by the power supplhigh-energy condition in the
ollowing), the electron parameters arg=6000 K+500 K
and  n,=(1.0+0.5x108 m2 while T,=5500 K
+500 K andne,=(3.0+2.0)x 10" m 3 were obtained in

There exists a lot of experimental and theoretical data%he case of a lower energy supplied by the talidw-ener
concerning the recombination rate coefficient. Figure 7 illus- gy supp y 9y

trates the comparison between our fitted law and several reF—ondltlon in the following. The heavy particles temperature
erence data. Batest al. [72] have determined the recombi- \

T —-8.29
—e() més 1, (20

_ — 41
Kroc=4.18x 10 ( 1000

for the electron temperature range 3000—-12000 K studie
here. Figure 6 shows that the discrepancy with the result
from the CR model does not exceed a factor of 2.

22

nation rate coefficient for pseudoalkali and for hydrogen ion 10

21

10 Ar(3p)

19

18

11

10

10
10°
10° F

7

10

=3

10

)

10

plasmas that may be applicable to other species. Our fittec
law is in relatively good agreement with their results for low  10*
temperature. This is the case for the works of Pilyugin and 10
Pilyugin [73] that are based on atomic theory of gases con- 10
siderations. But the discrepancy for higher temperature is~1"
significant. Results of Batest al. are based upon a quasi- é‘ou
equilibrium steady-state approximation using the Gryzinski’'s g’wu
cross sections for the inelastic processes assuming that the:'i“’n
processes are classical and are as a result more related “10,2
ours than Pilyugin and Pilyugin. 10

Bibermanet al. [5] have adopted a different approach.
They have applied the theory of impact-radiation recombina-
tion (random walk of a recombining electron in the discrete
space of the atom energy levelsn a low-temperature
plasma. The result obtained for argon, shown in Fig. 7, is 107
globally less than ours but in good accordance for low tem- 1)
perature. FIG. 8. Time evolution of densities for van Ootegem’s condi-

Benoyet al. [74] have calculated,e. following a hybrid  tions without considering Af : ne=10"® m~3, T,=6000 K, TA
procedure. Their main objective was to reduce the number of 1800 K, and Ar(1)]=6.8x 10?2 m~3. The quasi-steady-state is
levels considered to simplify the calculation. A cutoff proce- observed forr,s<=8x10"° s. The electron density is shown di-
dure is adopted in the energetic diagram for a level surely inectly instead oh,/ge.
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FIG. 9. Boltzmann plot calculated by the CR model using FIG.. 11._ Axial distribution obtained from the time evolution

Drawin’s equations under the van Ootegem’s conditions with vari-Shown in Fig. 10 and from E¢21).

ous n, without considering the A processes and experimental

distribution(asterisky Circles and squares denote, respectively, thetween the[Ar(i)] distributions in quasi-steady-state. An

states withj = 1/2 andj.=3/2 for the experimental electron den- equilibrium with T,,.=T, is obvious for levels having an

sity ne=3x10"" m~* (nonfilled symbols and for a hypothetical excitation energy higher than 15 eV but the order of magni-

electron densityn,=3x10'* m~? (filled symbol. The dashed t,de of density is too low of a factor of iGor the more

line illustrates partial equilibrium for the excitation temperature gycited. Conversely, if we try to determine the electron den-

Texc=Te- sity leading to the experimental distribution, the best agree-

ment is obtained witm,=3x10'°® m~ 3 andT,=5500 K as

is estimated to bd ,=1800 K for both conditions and the shown by Fig. 9.

excited level concentrationAr(i)] exhibit an equilibrium When the processes involving Ar are taken into ac-

distribution withTgy,=Te. count, the analysis is more complicated than the previous
Figure 8 shows the temporal evolution obtained for the

high-energy condition without considering the ,Ar pro-

14

10 T

cesses. The calculation starts from an equilibrium without g
importance for the distribution observed in quasi-steady- 100 | o ]
state. Note thatr,ss is equal to 810 °s for the P°4s )
levels including the metastable ones whilg=8X 10 's 0 L. =
for the more excited. Figure 9 illustrates the comparison be- .
—~ «»
l?E 1011 L -
107 E \ 3 2 o
10" Ar(3p) ] 51010 3
10° | ] - n,=1.5x10""m"
10° | e E 100 L
10" \/ ]
~107 f \Ar+ + 3 3
2100 | Ar(3p’4s) \ T An ] 107 F o]
@ | 1 ] \!
Zo" | s i 10' ‘ '
z 0, Ar(3p 4p) 13 14 15 16
=10 E() (V)
10 E
10" 1 FIG. 12. Distributions calculated by the CR model using
10" Drawin’s equations under van Ootegem’s high-energy condition
10° 1 considering the As* processes whepAr(3p®4s)] is maximum
10° and experimental distributiofasterisks The electron density var-
101’0_,2 10_'1. 10_'.0 . 0'_, o7 07 10; 10'., e 10'.3 Iy 10'.. o ies along its uncertainty’s range showing the sensitivity of the cal-

t (s)

FIG. 10. Same as Fig. 8 considering all,Arprocesses. The

quasi-steady-state is observed fQg.=2Xx 1074 s.

culation: the nonfilled symbols denote the results obtained mgth
=1.5x10"® m2 and the filled ones denote those obtained with
n.=0.5x10"® m~3. Circles and squares denote, respectively, the
states withj .=1/2 andj .= 3/2.
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one. The time evolution of the different densities depends otive for varying the population densities in balance equation
the initial condition for[Ar,"]. Below 13° m~3 for both  (1). Moreover, the previous fit for the velocity indicates that
conditions of van Ootegem, Af has no influence, the tem- the time scale due to fluid expansion or contractian

poral evolution is the same as Fig. 8. FPAr, J_o  =|V.p| !is of the same order of magnitude. The related
=10 m~3, an increase of concentrations followed by aterm in Eq.(1) also being negligible, the axial population
decrease is observed for 7,,=10"° s. The quasi-steady- density distributior Ar(i)] is derived directly from the tem-
state occurs wheh=7,~10"* s. The moment at which poral evolution of Fig. 10 where time is replaced byx

the previous extremum of densities is observed dependgcation neglecting the influence ofon [Ar(1)] due to the
slightly on [Ar,*],—, but the higher the[Ar,"];_o the  mass balance equatigeee Fig. 11 The axial resolution of
smaller the moment. At the same time, these extremum ahe spectroscopic devicedsx=10"2 m. For this length, the
[Ar(i)] are all the greater. Whatever its order of magnitude populations are the same as those calculated in Fig. 10 near
this initial concentration of A" has no influence Ofgss.  3X 10 % s. We deduce that the mechanical time scale is
Figure 10 shows the time evolution of the various excitedsuch that 10°<7,<10 ° s and that the population densi-
level population densities calculated by the CR model for theies of interest are those calculated in the vicinityzgf in-
high-energy condition when the electron density ig  stead ofrss.

=10"® m % nearr,, Ar,” being assumed initially in equi- The distribution thus considered is very sensitive to the
librium with other ions. This level ofAr, " ,_, is the greater ~ €lectron density. For the range 0f provided by the experi-
one compatible with the assumptions adopted in our modeMental uncertainty, Fig. 12 illustrates for 7, the different
With respect to Fig. 8, the quasi-steady-state begins later fd#istributions related to the model that vary over an order of
the excited levels: the population densities present a decreagtgnitude. As for the Marie’s conditions, the atom inelastic
after r,,= 4x 10~ ®s. This behavior is due again mainly to the Processes are negligible. In the case of the low-energy con-
dissociative recombination that overpopulates the metastabfétion, Fig. 13 shows obvious discrepancies between the cal-
states leading to an important increase of higher excited levéulated and experimental distributions in spite of considering
population densities under electron impact. Moreover, wéhe uncertainty range. We can note that inelastic atom pro-
can note that the temporal evolutions fer r,s< are different ~ CeSSes begin to play a significant role as shown by the dis-
than those in Fig. 8 where 4F is not considered. It is im- {ribution at high energy. Nevertheless, the low discrepancy
portant to note that this discrepancy was not observed in thgoserved under the high-energy condition is relatively satis-
experimental condition of Marie where the electron densityf@ctory considering the high sensibility of the model's result

is higher. This is due to the fact thgAr,* ] is much greater towardsne. . .
in thge present case fde 7 eArz g The concentrations of the various Ay(depends on
gss*

The hydrodynamic time scale, is shorter than for [Ar,"Ji=o. We obtain the best agreement between calculated
Marie’s experiment. Its determination has to be done accu_d'smb“t'onf att =y, and experimental distributions assum-
rately in order to compare the distributions calculated andnd that Ap™ is initially in equilibrium with other ions. Since
those measured. A Navier-Stokes calculation of the jet, conthe important process is the dissociative recombination lead-
sidered behaving like a hot gas without specific plasma chaing to a global loss of Ar" over the time scales considered
acteristics as a result of the weakness of the ionization desere,[Ar," ];_, adopted has to be justified. The densities
gree, shows that the speedis close to 750 ms! at the
location of measurements. Moreover, the velocity decrease< 10"

in the downstream according to the linear law ' '
X 1013 L i
v(x)=vo(1—§), (21
10° a ek 3
with vo=750 ms?! and X=0.35 m. At timet, the flud O n=5x10"m” *‘\*#
particle is thus at the locationsuch that ilol F g @ Hox 7
&0 [ ~.
x=X(1—e volXy, 0 W “0 3
= . 0@ 00 ag
Chang and Ramshaj¥7] have numerically simulated non- 10+ .
equilibrium effects in an atmospheric argon plasma jet using " o om met
the CR model of Braun and Kunc. They have pointed out 1¢* L = . /
that the higher the time scale for species density changes du n=10"m>
to diffusion of Ar(i) (defined asrg=[Ar(i)]|V-J|™ 1) the 10 :
smaller the population density of excited species. For the 3 14 B V)

plasma of Chang and Ramshaw, the ionization degree is high

due to the pressure level and the heating powgvaries as FIG. 13. Comparison between calculated and experimental dis-
a result over the range 10—10"3 s. In our conditionsyy  tributions under the low-energy condition of van Ootegem. The
is much more important: the diffusion is therefore inopera-symbols are the same as in Fig. 12.
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FIG. 15. Temporal evolution of the excitation temperatligg,
of the distribution of the excited level population densities in vari-
ous conditions.

FIG. 14. Quasi-steady-state timgs; (filled symbolg and time
for maximum population densities,, (open symbolsversus elec-
tron temperature for various values mf. The population density
of the ground state is the same as in the van Ootegem’s high-ener s .
conditions. The symbols circles, squares, diamonds, and triangljéave t_he'r initial _Value(see Flg_. 1% 1na general_ manner,
denote, respectively, the conditionsi,=4x10% m~3, 4 the ratio 74¢¢/ 7,y is about 100 in order of magnitude. For

X107 m=3 4% 10 m~3 and 410 m~3. Each line illustrates  Very weakly ionized plasmas, the chemistry may be time-
a linear regression showing the mean behavior. dependent even for short mechanical time scale.

measured are of course highly dependent on the processes
occuring in the torch where the plasma is created. The ion- . | . . .
ization conditions involved exceed largely the scope of the tiS interesting to discuss the characteristic temperature of
CR model developed in this paper. Indeed the pressure lev&€ distribution of Ar(i)] under the influence of AT - The

in this region =15 kPa) as well as the high-frequency €xcitation temperature is defined as the paranikigrin the
electromagnetic source lead to disagreement with two funda@auilibrium Boltzmann law,
mental assumptions: the kinetic scherigstinovskii and [AG)] o E.
Kholin [64]) and the maxwellian equilibrium distribution for L L —Jexy{ — )
electrons(Loffhagenet al. [78]). These aspects will be the [Ar(D] i kg Texc
subject of a future study.

E. Excitation temperature

Figure 15 presents the time evolutionsTqf . with and with-
D. Comments onrgeand out considering the influence of Ar. The energy range for

The previous case of low-energy condition has pointecﬁﬂ%r;(;rz‘fczaf it;esgv?:llc;ufls:et?n":; ttﬁi’rs] ;(\ioir? ?ar:r(]j
out the importance of the hydrodynamic time with respect to %105 b q f itude: the t e, |

the quasi-steady-state one in the comparison between nU-: S In order of magnitude: the temperaturgy. IS
merical and experimental results. We have shown the imporglose to 4000 K- for h|gh-e_nergy condition . instead of
tance of the electron density afss before. Figure 14 illus- 7::’100 K Wh(in the moIfeCLIJIar on Is not tgken into accognt
trates further the dependence afss on T with n. as a w ereasTexc—_SO_OO K for low-energy cqnd|t|on. Systemati-
parameter when AP is initially in equilibrium with other cfally,. the e>iC|tat|on temperatures optamed befoye, con-
ions. This characteristic time is much more governed by theSlderlng Ar% are less than those V\."th.OUt the reIevanF pro-
electron density than temperature. Figr=6000 K, 7qs is cesses. This is the result of the excitation by electron impact

: . from the metastable levels further populated by dissociative
well given by the equation S
9 y q recombination towards levels close to them. The electron
n. | o8t density being higher, this effect occurs in a similar but re-
Tqss 105< 0‘:0) duced way in the case of the Marie’s conditions as shown in
1

Fig. 15. Whenn, is sufficiently high, the low difference be-

tween excitation temperature before and aftgy; indicates

over the range of electron density considered here'S(10 that an excitation equilibrium is achieved more rapidly than

=n,=10"° m73). the quasi-steady-state. Conversely to the case of the weakly
In the same way, we can deduce an identical behavior foionized plasma, Ar” has absolutly no influence i, dur-

T the time at which the maximum of the population densi-ing the quasi-steady-state. Therefore, to likenand T, is

ties are observed due to the influence of,Arafter they  obviously questionable.
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V. CONCLUSIONS has not to be achieved for comparison with experiments

. . . hen the velocity of the flow is high and the ionization de-
In th ) h t ) : . )
n this paper, we have studied thoroughly the influence 01\g,gvree low. This behavior has to be considered whgnis

the molecular ion Ay" on chemical behavior of a low- . -
derived from excitation temperature.

pressure recombining argon plasma jet in various conditions. N thel the di ies bet lculated and
This examination has been done using a collisional-radiative evertheless, the discrepancies between calculated an

model where electron induced processes have been updat%pe”m,ental populatlon number densities particularly in low
carefully as well as those due to heavy particles inelastifle condition indicate that improvements are needed, we
collisions. For a particular experimental situation, we havehink mainly to the dissociative recombination rate coeffi-
shown that the equilibrium and the order of magnitude ob<ient. Today, the branching ratios allowing the accurate de-
served for the highly excited level population densities maytermination of the products are not well known. In this paper,
be understood involving the reactions provided by Aeven ~ We have assumed that only the recombination towards the
if more information is needed to explain initially a sufficient 3p°4s states involving the metastable ones occur. If the po-
level of its density. The dissociative recombination of, Ar  tential curves of excited Arare suitable, the formation of
appears to be an efficient process to overpopulate metastaiiitore excited argon atoms, onp3tp, 3p°3d, or 3p°5s
states leading to the increase of more highly excited levestates for instance as experimentally pointed out by Guna
number densities by electron impact. et al. [79], Hardy[80], and Ramo<t al.[81], is possible: it

For high electron density, our study has allowed a determay lead to a direct overpopulation of the related number
mination of the three-body recombination rate coefficientdensities and consequently to a better agreement with experi-
proposed under an analytical form for calculation purposesnental data. On the other hand, an experimental determina-
in satisfactory agreement with other data over a wide rangéon of [Ar, "] by induced laser photodissociati¢Stevens
of conditions. We have put forward the importance of theet al. [82] and Moseleyet al. [83]) is expected in the future
quasi-steady-state time,ss and its relation with the other to test the order of magnitude calculated by the CR model as
time scale of the flow. Moreover, we have shown thal;  well as the one needed as initial condition.
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