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DEPARTURES FROM EQUILIBRIUM IN AN ARGON
INDUCTIVELY COUPLED PLASMAY

VLCEK, J.,%) Plzei

el MN.M %mnmsmmmo .mo__wwmo:&:nuhmwo?m model for an argon atom plasma is ap-
Inductively coupled plasma system in ord i i
p 1 er to investigate the popula-
mbowamwm___wmmwmdwm E_:..— nﬂ.m mmvw—me:q@n from the local thermodynamic mn&ﬂvﬂ:i :
ec ocations. The computations are i i

- g carried out for various sets

&:MM_ E.vnwrvﬁ..::m.omnm T., Ta, ne, n1, R, Apn and A, which were measured
Y In the experiments or determined from the available experimental data

I. INTRODUCTION

an Ma ME. :w\oo:..n Paper 1] a nn.u_:mmonm_-_.m&mo?a (CR) model with an extended
g Sw. applicability was established for an argon atom plasma.

vimao“.ro oawhm om_w” OM the :.:mumlow_ Emarom.mmﬁw_ovma, we can calculate the po-
s M:m L&QEGEE».SO:M in all the excited effective levels
ot ==.mo.. <mlom es :M.nw ma:mz the anr.m..Em‘Em by which these levels are po-
by 20t of peeien us nOM itions in a :o_.m.aE_._?.EE argon plasma characterized
ey paran am_.m such as the electron kinetic temperature T, the atom tempe-
o voﬂ:_m:o M :oSwMer_qu T;, the m_annnoz. number density n,, the ground-state
A 1, plasma column radius R and the optical escape factors
COm.wumar“m Um.vm_. our model rmm. been applied to the inductively coupled plasma
5 ystem mvestigated experimentally by Hasegawa and Haraguchi [2]

ur objective has been to study the departures from the local thermodynamic nn:m..

libri i i i
ium (LTE) in this plasma, extensively used as an excitation source for atomic .

MHMMM_OJ spectrometry E. and to verify the so called ” close-to-LTE concept ”[4,5]
ich plays a key role in the plasma diagnostics and in the interpretation of :
lytical measurements. o

1) o
o mwOozm:r__.:ou presented at the 8th Symposium on Elementary Processes and Che-
C eactions in Low Temperature Plasma, STARA LESNA, May 28 - June 1, 1990
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II. BASIC EQUATIONS

Assuming that the quasi-stationary quasi-homogeneous state model can be
applied [6,7], we obtain [1] a set of coupled linear equations

65
MQS::&- = —bm — aGm1n1, va
. n=2
where m=2,. ..,65, from which the unknown excited level populations n, may be
calculated, provided that the coefficients am, and 6, are known and the ground
-state atom population n; has been determined experimentally or calculated.
The coefficients @m, and 6, are related to the processes considered by the

following expressions [1] :

amn =neCmn + 11 Kinn, m>n

@mn =NeFrmn + N1 Lmn + AmnAmn, m<n
65

pn == (ReSn+ Vo + Y Gmn + Da/A* +n}Bs),  m=n
m==1
mkn

b =neny(n.Op + Wy + AmRp).

Here Cpny and Kpn are the rate coefficients for collisional excitation by elec-
trons and by ground-state atoms, respectively. Finn and Lpn are respectively the
rate coefficients for the inverse processes (collisional deexcitations). Sy, and V;, are
the corresponding collisional ionization rate eoefficients, while O,, and W,,, are the
rate coefficients for the inverse three-body recombinations and R,, is the radiative
recombination rate coefficient. A, is the transition probability, A, and A, are
the optical escape factors for bound-bound and bound-free transitions, respectively.
D,, is the diffusion coefficient for metastable states and By, is the rate constant for
the three-body collisions of these states with the ground-state atoms.

In accordance with Caughlin and Blades [8], the electron energy distri-
bution function is assumed to be Maxwellian in the general formulas used for the
rate coefficients [1]. Then the ion temperature T; does not appear among the input

parameters.
The system (1) is solved in the standard form

in H:MOV.TQMC:T n=2,...,65,

where the population coefficients :m_ov and G are obtained from equations (1)
when we insert n;=0 or ny=1 and &, =0, respectively, in their right-hand sides.
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The departures from the LTE state 1

n the ICP considered are characterized
by the so-called » Boltzmann decrements

" defined by the relation

nn n,
— =a, { — ’
ni ™/ LTE

which can be rewritten into the form

— @:

an = Mnl.
= na/ng; n] is the corresponding Saha population.
Note that the close-to-LTE concept [4,5]
the departures from the Saha population densiti
states and that 0.1 <y
in the corresponding pl
plasma part, whereas fo

where b,

is based on the assumption that

es occur only for the lower excited
< 10. The parameter b, is related to transport phenomena

asma region. A value of b; < 1 describes a recombining
r the ionizing plasma parts the relation b > 1 holds.

III. RESULTS

Our numerical modellin
sitions in the ICP dischar
the electron temperature

g of the population mechanisms in various spatial po-
ge is based on the experimentally determined profiles of

7. and the electron number density n, [2] and on realistic
estimations of the atom temperature T, [9,10]. The ground-
n; has been determined from Dalton’s law in the form

- r _ (T
3&'*@._& ne AHNJQLIMV.

where p is the total pressure and k is the
radius R is assumed to be equal to half t
and the local effect of radiation trappin
and Hieftje [12].

The chosen values of T, and n,

L. In table 2 we give the basic data
studied in this paper.

state atom population

Boltzmann constant. The plasma column
he half-width of the n, radial profile (11]
g has been described according to Mills

used as input parameters are listed in table
[1] characterizing the excited effective levels

The numerical results for the Boltzmann decrement a,, are shown in figure 1.
Takin into account the relation 1.013< b, <1.030 valid for n=37 in all cases con-
sidered, we can use the results for a, to verify the close-to-LTE concept and to
characterize the plasma locally with respect to ionization and recombination.

Figure 2 shows the values of Nn/gn, obtained for all the 4s and 4p states
under the conditions at the observation height of 15 mm in the central channel, to
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Table 1

H -O —OON.— QNﬁNH—E@N—nﬂ.— <P~=0m Om. ﬁw—m m—mﬁnﬂn:— ».m::ummm.ﬂ—:m wmzm the electron :ﬂsﬁvnw— &0=m~nv~
deter ::-—Nﬁm Ampwmmﬂ.sp N.ﬁ-nm mpﬂymﬂh Tw —Nuv in various mvﬂeup— UOm:LOﬂm n the mOm

system.
Height above the load coil
z=25mm z =15 mm z = 25 mm
FOQL. Radial distance from the plasma centre
r (mm
plasius : 4 0 2 4
parameters 0 2 4 0 2
Te Co.wmAv 6.98 9.02 8.57 8.40 8.54 8.27 7.41 17.37 6.86

092 0.72 031
ne (10'°cm™®) 0.98 2.10 2.82 141 1.64 1.28

Table 2

Data characterizing the excited effective levels considered in this paper.

Level Excitation Ionization mamamm”.mnﬂ
eve g ;s
number Designation energy ozmam\w weig
n npgnt[K]s ein(eV) en{eV) gn
2 45 (3/2]2 11.548 4.212 5
3 4s [3/2): 11.624 4.136 3
4 4s' [1/2)o 11.723 4.214 1
5 4s' [1/2) 11.828 4.109 3
6 4p [1/2h 12.907 2.853 ww
7 4p [3/2)12 , [5/2]2.3 13.116 2.643 ;
8 4p' [3/2)12 13.295 2.642
9 4p' [1/21 13.328 2.609 3
10 4p [1/2)o 13.273 2.487 1
11 4p' [1/2)o 13.480 2.457 w
I R AT S 2
5/2 + 5s . ;
um w& 182 » Bzl 14.509 1.251 24
wo »u + 63 14.792 0.968 48
27 5d + s 15.153 0.607 48
37 8p 15.423 0.337 ; »ww
15.801 0.136
46 Npgn = 10

illustrate the effect of the error of 10% in the experimental values of T, and n.,
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Fig. 1. The Boltzmann decrements ob-
tained with the local values of T. and N,
measured by Hasegawa and Hara-
guchi [2], see table 1: curves A, at
z =235 mm and with T, = 6500 Nw B, at
z =15 mm and with 7, = 6500 K; C
at z = 25 mm and with Ta = 6000 HA_
Full, broken and dotted curves represent
the numerical results for the radial dis-
tances r=0, 2 and 4 mm, respectively.

Nn/8a [em™?)

1 1 1 1 1

12 13

m_._mm<u

Fig. 2. The deviations in the numerical
values of n,, /g, for all the 4s and 4p states
(see table 2) caused by the error of 10% in
the experimental values of T. and n., de-
nmn.—i:wm by Hasegawa and Haragu-
chi [2] in the central channel at the

“height z = 15 mm above the coil. Curve

A, T, = 8400 K, n. = 1.41 x 10"® cm—?
and Ta = 6500 K; curves B, as for A but
at T, = 7560 K (broken curve) and at
T. = 9240 K (dotted curve); curves C, as
for A but at n. = 1.27 x 101% cm™ (bro-
ken curve) and at n, = 1.55 x 10'* cm—3
{(dotted curve); curve D, as for A but for
a completely optically thin plasma.

and of resonance radiation trapping on the excited level populations.

In figure 3 we compare our result for a

radial distribution of the argon atoms

WMWer\“MMMMMWVMM state 4s [3/2], at the r&mrm of 15 mm above the load coil in the
o asegawa and mmgm.:n_: [2], which used a rf generator with

e ou v:n.voioa of 1.1 kW and the carrier gas flow rate was 0.4 ' min~!, with th
ao:mmnosmsm experimental values obtained by Nojiri et al [13] ::m‘mﬁ simil :
operating conditions when the rf power and the carrier gas mo.s rate were ﬂ_m: mﬂ\.

and 0.65 | min~!, respectively.
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Fig. 3. The radial distributions of the argon 10
atoms in the metastable state 4s [3/2], at the
height of 15 mm above the coil in the ICP dis-
charge. Full curve denotes the numerical re-
sults obtained with the local values of T, and
n. measured by Hasegawa and Haraguchi
[2] and with T, = 6500 K. Symbols o and A
represent the corresponding experimental re-
sults (Nojiri et al. [13]) determined under
similar conditions at the carrier gas flow of 0.65
1 min™! and without it, respectively. ° 5 y
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IV. CONCLUSIONS

From our results the following main conclusions can be drawn:

(i) Our model calculations may provide reliable information on the validity of
the close-to-LTE assumption and the occurrence of an ionizing or a recombining
regime in various parts of the ICP systems. In that studied by Hasegawa and
Haraguchi [2] the close-to-LTE assumption proves to be well justified over the
whole region investigated.

(ii) The metastable state 45 [3/2]; and the adjacent radiative state 4s [3/2];
have almost the same values of a, and are overpopulated with respect to the
corresponding Saha values in all cases considered. This is caused by resonance
radiation trapping and by the collisions with electrons, which lead also to complete
interconversion between the states 4s’ [1/2]o and 4s’ [1/2]; in all spatial positions

selected.
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OTKNIOYEHUE OT PABHOBECHA B HHIYKTHBHO CBA3AHHOHA
. NNTABME APTOHA

B pa6oTe moxasano nmpEMeHeHHe pacUIHpeHOH MOJENTH COyRapeHBH - pajHANHE Ha
aToOME aproHa ¥ HHAYKTHBHO CBABAHHOH CHCTEME INasMH C Iedbl0 BCCHEJOBATh MeXa-
HESMEL IONYNANEE K HapYIUeHES AeTalbHOrO TEPMOAEHAMEIECROI O PABHOBECHSA B PaSHBIX
BRISpaHHBIX 06nacTEAX. PacseThl mpoBefieHE ¢ pasHBIME Kab0paMHB BXOJHBIX NapaMeTpPOB
Te,Ta, e, 1, R, Ajnn, Am XOTOpHIE H3IMEPEHE NIPAMO B SECIEPEMENTE, HIH ONPEeNeHbl Ha
HX OCHOBaHHH.
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