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An extensive collisional-radiative model for the argon atoms in a glow discharge has been
developed. Sixty-five effective argon atomic levels are considered. The processes taken into account
are radiative decay, electron, fast argon ion and argon atom and thermal argon atom impact
ionization, excitation and deexcitation between all the levels, electron-ion radiative recombination,
and electron-ion three-body recombination where the third body is an electron, fast argon ion or
atom, or a thermal argon atom. Some additional processes are incorporated for the two 4s
metastable levels, i.e., Penning ionization of sputtered atoms, two- and three-body collisions with
argon ground state atoms, collisions between two atoms in a metastable level, and diffusion and
subsequent deexcitation at the walls. Typical results of the model are the populations of the various
excited levels as a function of distance, and the relative contributions of different populating and

depopulating processes for all levels.
[S0021-8979(98)10013-0]

I. INTRODUCTION

Glow discharges are used in a range of application
fields: in the microelectronics industry for thin film deposi-
tion and plasma etching, as plasma display panels, as metal
vapor ion lasers, as fluorescent lamps, and also in analytical
chemistry, as spectroscopic sources for mass spectrometry
and optical emission spectrometry. In the latter application,
the cathode of the glow discharge is constructed from the
material to be analyzed; the cathode is bombarded by the
plasma particles (predominantly fast argon atoms and argon
ions), and the sputtered (analytically important) atoms arrive
in the plasma where they can be ionized or excited, making
the glow discharge useful as source for mass spectrometry
and optical emission spectrometry.!?

In the past, we have been modeling a glow discharge
used as an ion source for mass spectrometry (see e.g., Refs.
3-10), i.e., with special emphasis on the ionization of argon
and sputtered atoms, and on the behavior of these ions. How-
ever, we would now like to extend our modeling work to the
application of glow discharges for optical emission spec-
trometry, i.e., by calculating the optical emission profiles and
the behavior of the various excited levels. This topic can be
studied by so-called collisional-radiative (CR) models, i.e.,
the level populations of the different excited states are deter-
mined by a range of collisional and radiative processes. A
number of CR models have been reported in the literature,
e.g., Refs. 11-23. An excellent review of CR models in dif-
ferent types of plasmas is presented in Ref. 18. CR models
are not only utilized for studying the population distribution
over the different excited states; they give also information
about the relative importance of the different populating and
depopulating processes. Moreover, they are also useful for
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plasma diagnostic studies (determination of temperatures
from the intensities of spectral lines), and they are of funda-
mental importance for modeling light sources.

In most CR models, a Maxwellian energy distribution is
assumed for the electrons.*=2° However, this assumption is
not justified in the analytical glow discharges which we like
to describe and which operate at voltages of about 1 kV;
indeed, the electrons have an energy distribution ranging
from thermal to maximum energy (e.g., 1000 eV).>* There-
fore, we use a Monte Carlo (MC) model for the electrons to
calculate the electron energy distribution, and this MC model
is combined with a CR model for argon. The electron MC
model was developed before,®* but has been extended here
to a wide range of other collision processes which are rel-
evant for the CR model (i.e., detailed excitation and deexci-
tation between different levels, and ionization and recombi-
nation for all these levels; see below).

The CR model presented in this article is an extension of
the model of Vlcek,?! with a more detailed analysis of the
two 4s metastable levels, and with the incorporation of fast
argon ion and atom impact ionization and excitation between
the different levels. Indeed, it was shown that in glow dis-
charges which operate at voltages of about 1 kV, fast argon
ion and atom impact ionization and excitation play an impor-
tant role close to the cathode, in the region called ‘‘cathode
dark space’” (CDS), where a strong electric field is present
and where the argon ions and argon atoms (created from the
argon ions by symmetric charge transfer and elastic colli-
sions) can reach high energies.>81%24-26 Therefore, a MC
model for argon ions and fast argon atoms has been devel-
oped here, incorporating detailed fast argon ion and atom
impact excitation and deexcitation, and ionization and re-
combination for all the levels, and the results are used as
input in the present CR model.

The setup of our CR model is described in Sec. Il, and a
discussion about the basic data is given in Sec. Ill. Section
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IV presents the typical results, i.e., the level populations of
the various excited states and the relative importance of the
different populating and depopulating processes.

Il. DESCRIPTION OF THE MODEL

The present CR model forms part of a comprehensive
modeling network with different submodels for the various
species present in the glow discharge. The plasma is as-
sumed to consist of thermal argon atoms in the ground state
and in different excited levels, argon ions in the ground state
[more or less thermalized in the negative glow (NG), and
with somewhat higher kinetic energies in the CDS], fast ar-
gon atoms in the ground state in the CDS, electrons with
energies ranging from thermal to maximum energy (i.e,
1000 eV for a 1 kV discharge voltage), and sputtered atoms.
The latter play a role in a loss process for the argon meta-
stable atoms, by Penning ionization (see below and Refs. 6
and 10).

All these species are described by a combination of MC
and fluid models. The behavior of the electrons throughout
the discharge, and of the argon ions and fast argon atoms in
the CDS is described with a MC model®>7 (see also Sec.
[11). Further, the argon ions are also treated with a fluid
model throughout the discharge, together with a group of
thermalized electrons;*’ the balance and transport equations
of this model are coupled to the Poisson equation, and a
self-consistent electric field is calculated, which is used to
describe the behavior of the electrons, argon ions and fast
argon atoms with the MC model. The behavior of the sput-
tered atoms, i.e.,, thermalization after sputtering from the
cathode, further diffusion, ionization (by Penning ionization
due to argon metastable atoms, asymmetric charge transfer
due to argon ions, and electron impact ionization), and the
transport of the created ions are described with a combina-
tion of two MC simulations and one fluid model, as is ex-
plained in detail in Refs. 8-10. Finally, the various excited
levels of the argon atom are handled with a CR model, as
will be described in detail in the present article.

Figure 1 shows an energy level diagram of argon, with
the 65 discrete effective levels used in the model.?! Only
excited levels due to one electron excitation are incorporated
in the model. The ground state and the four 4s levels are
considered separately, the higher levels are grouped into ef-
fective levels according to their excitation energy and their
core quantum number (j.). Indeed, the levels are divided
into two subsystems, with two different ionization limits: the
““primed’’ system (j.= 1/2, corresponding to the ionization
limit 2Py, in Ar") and the “‘unprimed”’ system (j.=3/2,
with ionization limit 2P, in Ar"). The effective levels are
indicated with the effective level number n. The designation
(according to Moore),?’ the excitation energy and the statis-
tical weights of these effective levels are also listed in Table
I. The collisional and radiative processes taken into account
in the model are the following:

(1) Electron impact excitation and de-excitation between
all the levels.

(2) Fast argon ion impact excitation and de-excitation be-
tween al the levels, in the CDS.
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TABLE |. Effective level numbers (n) of the 65 levels incorporated in the
model, together with their designation (according to Moore Ref. 27), their
effective excitation energy and the total statistical weight.

Effective level Excitation Statistical
number: n Designation energy (eV) weight
1 3pbls 0.0 1
2 45[3/2], 11.548 5
3 45[3/2]; 11.624 3
4 4s'112], 11.723 1
5 4s'[1/2], 11.828 3
6 4p[1/2], 12.907 3
7 4p[3/2]1,+[5/2]53 13.116 20
8 4p’'[3/2],, 13.295 8
9 4p'[1/2], 13.328 3
10 4p[1/2]o 13.273 1
11 4p'[12], 13.480 1
12 3d[1/2]y1+[3/2], 13.884 9
13 3d[7/2]34 13.994 16
14 3d'[3/2],+[5/2],3 14.229 17
15 5s’ 14.252 4
16 3d[3/2],+[5/2],3+5s 14.090 23
17 3d'[3/2], 14.304 3
18 5p 14.509 24
19 5p’ 14.690 12
20 4d+6s 14.792 48
21 4d’ +6s’ 14.976 24
22 4f' 15.083 28
23 af 14.906 56
24 6p’ 15.205 12
25 6p 15.028 24
26 5d’+7s’ 15.324 24
27 5d+7s 15.153 48
28 5f',9’ 15.393 64
29 5f,g 15.215 128
30 7p’ 15.461 12
31 7p 15.282 24
32 6d’ +8s’ 15.520 24
33 6d+8s 15.347 438
34 6f',g’,h’ 15.560 108
35 6f,g,h 15.382 216
36 8p’ 15.600 12
37 8p 15.423 24
38 7d'+9s’ 15.636 24
39 7d+9s 15.460 48
40 7f',9',h’",i’ 15.659 160
41 7f,9,h,i 15.482 320
42 8d’,f’',... 15.725 240
43 8d,f,... 15.548 480
44 9p’,d’',f’,... 15.769 320
45 9p,d,f,... 15.592 640
46 10s’,p’,d’,f',... 15.801 400
47 10s,p,d,f,... 15.624 800
48 11s',p’,d’,f',... 15.825 484
49 11s,p,d,f,... 15.648 968
50 12s',p’',d’,f',... 15.843 576
51 12s,p,d,f,... 15.666 1152
52 13s',p’,d’,f',... 15.857 676
53 13s,p,d,f,... 15.680 1352
54 14s',p’,d’,f',... 15.868 784
55 14s,p,d,f,... 15.691 1568
56 158',p’,d’,f’,... 15.877 900
57 15s,p,d,f,... 15.700 1800
58 16s’,p’,d’,f',... 15.884 1024
59 16s,p.d,f,... 15.707 2048
60 17s',p’,d’',f',... 15.890 1156
61 17s,p,d,f,... 15.713 2312
62 18s',p’,d’,f’,... 15.895 1296
63 18s,p.d,f,... 15.718 2592
64 19s',p’,d’',f',... 15.899 1444
65 19s,p,d,f,... 15.722 2888
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FIG. 1. Energy level scheme of the argon atom, illustrating all the effective levels incorporated in the model.

(3) Fast argon atom impact excitation and de-excitation excitation by therma argon ions in the NG is ne-
between al the levels, in the CDS. glected, since the density of these ionsis 4 to 5 orders

(4) Therma argon atom impact excitation and de of magnitude lower than the thermal argon atom
excitation between all the levels. (Excitation and de- density.*")
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(5) Radiative decay (and photo-excitation) between all the
levels.

(6) Electron impact ionization from, and three-body re-
combination to al levels [the third body is an elec-
tron].

(7) Fast argon ion impact ionization from all levels, and
three-body recombination to all the levels [the third
body is a fast argon ion], in the CDS.

(8) Fast argon atom impact ionization from all levels, and
three-body recombination to al levels [the third body
is a fast argon atom], in the CDS.

(9) Thermal argon atom impact ionization from all levels,
and three-body recombination to al levels [the third
body is a thermalized argon atom in the ground state].
(The corresponding processes by thermal argon ionsin
the NG are not considered, due to their much lower
density.)

(10) Radiative recombination to (and photoionization from)
al the levels.

The net rate of radiative decay (process 5) is given by
the Einstein transition probability, multiplied by an *‘ escape
factor'” (A), describing the effect of ‘‘radiation
trapping’.22% Indeed, a fraction of the emitted radiation
from an upper (m) to a lower (n) level can again be ab-
sorbed by the lower level, leading to re-excitation from the
lower to the upper level, i.e, caled ‘‘radiative excitation or
photoexcitation.”” This effect is only important when the
lower level is the atom ground state, since the number den-
sity of the ground state is many orders of magnitude higher
than the excited level number densities (Ref. 32 and see fur-
ther). As will be shown later, when the lower level n is 1,
A(m,1) is of the order of 102, whereas A(m,n)(n#1) can
be taken equal to 1. Hence, photoexcitation can be neglected
for the excited levels (n>1). For radiative recombination
and photoionization, a similar reasoning can be applied. To
avoid the complex problem of radiation transfer, photoion-
ization is also accounted for by means of the escape factors
A(n). Forn=1, A(1) istaken asthe minimum of al A(m,1)
values, and the rate of photoionization is given by: Rigpn
=[1-A(1)]* Rradrecomp- FOr n>1, A(n) can again be as-
sumed to be equal to 1 (due to the much lower population
densities), and photoionization can be neglected.

Some additional processes are incorporated for the two
4s metastable levels (level n=2 and 4):

(11) Penning ionization of sputtered atoms (copper is taken

as an example): Ar(n)+ Cu HAr°+Cu +e .
(12) Two-body collisions with thermal argon ground state

n—-1
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atoms. This leads, in principle, to (i) collision induced
emission and (ii) collision transfer to the nearby reso-
nant levels. However, it is claimed in the literature®~°
that collision induced emission is the dominant pro-
cess. Since collision transfer to the resonant levels is
aready described by process 4, only collision induced
emission is considered here:
R2b
Ar(n)+Ar®— Ar®+Ar+hy.

(13) Three-body collisions with thermal argon ground state
atoms, leading to the formation of Ar;.

(14) Metastable atom-metastable atom collisions, leading to
the ionization of one of the atoms.

(15) Diffusion and subsequent deexcitation at the walls. For
the other (nonmetastable) excited levels diffusion may
be neglected with respect to the collisional and radia-
tive processes (see the use of the quasistationary state
model discussed in greater detail in Refs. 11 and 36).

The level populations of the different excited levels
(n=2-65) are calculated with a set of coupled balance
equations describing al the different collisional and radiative
processes. The balance equations are one dimensional, since
it was shown®’ that for the typical glow discharge cells used
in analytical chemistry (cell radius and cell length of compa-
rable dimensions), the results of one-dimensional models are
in good agreement with three-dimensional modeling results.
The population of the ground state (n=1) is simply calcu-
lated by the ideal gaslaw from the pressure and gas tempera-
ture, since the different collisional and radiative processes
have a negligible effect on the overall argon atom density.

The balance equations for the excited levels are given

by:

dN(n) dJ(n)
g ' az = Rprod(N,2) — Rios(N, 2),

where N is the population density of the levels, J is their
flux, and Ryoq and Ryos cOmprise all production (populating)
and loss (depopulating) processes, respectively. The produc-
tion occurs by electron, fast argon ion, fast argon atom, and
thermal argon atom impact excitation from all lower levels
(1), by electron, fast argon ion, fast argon atom, and thermal
argon atom impact de-excitation and radiative decay from all
higher levels (m), by radiative electron-ion recombination
and by three-body electron-ion recombination where the
third body is an electron, fast argon ion, fast argon atom or
thermal argon atom:

Rprod(nvz): Zl [Rexc,e(l ,n,z)+ Rexc,i(I ,n,z)+ R@(c,a(l ,n,z)+R@(CYm(I ,n,z)]

+ m:2n+1 [Rdeexc,e(m:nyz) + Rdeexc,i(mlnyz) + Rdeexc,a(munaz) + Rdeexc,th(manaz) + A(m,n)*A(m,n)]

+ A(n)* Rrad.reoomb( n,z) + Rsbrecomb,e( n,z) + R3brecomb,i ( I’],Z) + R3brec0mb,a( I’],Z) + RSbrecomb,th( n,z) .

The loss includes electron, fast argon ion, fast argon atom, and thermal argon atom impact excitation to al higher levels (m),
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electron, fast argon ion, fast argon atom and thermal argon atom impact de-excitation, and radiative decay to al lower levels
(1), and electron, fast argon ion, fast argon atom, and thermal argon atom impact ionization. For the metastable levels,
radiative decay is of course not included. However, these levels can also be depopulated by Penning ionization of sputtered

atoms, two- and three-body collisions with argon ground state atoms and metastable atom-metastable atom collisions.

65

Ros(N2)= >, .

m=n+

n-1

[Rexc,e(namaz) + R@(c,i(namaz) + R@(c,a(n-mvz) + Rexc,th(namaz)]

+ |21 [Rde-exc,e(nyl ,Z)+ Rdeexc,i(nal ,Z)+ Rde—exc,a(nal ,Z)+ Rde—exc,th(nvl ,z)+A(n,I)*A(n,I)]

+ Rioniz,e(naz) + Rioniz,i(nvz) + Rioniz,a(nvz) + Rioniz,th(naz) + Rpi(n,z) + sz(nvz) + R3b(nvz) + Rmet(nyz)-

The symbols used for all the processes are the following:
Rexc,e/ Rexc,i / Rexc,a/ Rexc,th ) Rde-exc,e/ Rde-exc,i / Rde~exc,a/
I:zde-exc,th , and Rioniz,e/Rioniz,i /Rioniz,a/Rioniz,th are the rates of
electron, fast argon ion, fast argon atom and thermal argon
atom impact excitation, de-excitation and ionization;
Rrad,recomb/Rabrecomb,e/RBbrecomb,i /Rsbrecomb,a/RSbrecomb,th ae
the rate of radiative recombination and three-body recombi-
nation where the third body is an electron, fast argon ion, fast
and thermal argon atom; A and A are the Einstein transition
probability and escape factor, resp.; and Ry, /Ry, /Rap /Rinet
are the rates for Penning ionization, two- and three-body
collisions with argon ground state atoms, and metastable
atom-metastable atom collisions.

An additional loss process is given by the transport term
(diffusion and subsequent de-excitation at the walls):

dJ(n) d?N(n)
dz dzZ2

This term is only important for the metastable levels
(n=2,4). For the other levels, it can be neglected with re-
spect to the collisional and radiative processes, as mentioned
before.

Since the population of level n is determined by the
higher and lower levels due to excitation and de-excitation,
the 64 balance eguations for the 64 effective excited levels
(n=2-65) are solved simultaneously at each time step, until
convergence is reached.

Ill. DISCUSSION OF THE BASIC DATA
A. Electron induced processes

As mentioned before, at the typical glow discharge con-
ditions studied here, the electrons are not characterized by a
Maxwellian energy distribution but they have energies rang-
ing from thermal to maximum energy (e.g., 1000 eV for a1
kV discharge voltage). Therefore, we describe their behavior
with a MC model taking into account all collision processes
mentioned above (i.e., electron impact excitation and de-
excitation between al 65 levels, electron impact ionization
from all levels, electron-ion radiative recombination and
electron-ion three-body recombination where the third body
is an electron). Moreover, elastic collisions with argon atoms
and electron-electron Coulomb scattering are aso incorpo-
rated. The latter process affects largely the electron energy

distribution at low energies. 3% Collisions with the sputtered
copper atoms are not included here. They were, however,
taken into account in our previous versions of the MC model,
but it was found that for the discharge conditions under study
the copper atoms are of minor importance (its density is 4
orders of magnitude lower than the argon atom density),%°
and hence they have a negligible effect on the electron en-
ergy distribution. Similarly, electron—argon ion interactions
were neglected in this MC model, because the argon ion
density is about 4 to 5 orders of magnitude lower than the
argon atom density*’ and collisions with argon ions can,
therefore, be considered of minor importance.

The electron MC model follows all eectrons which
started at the cathode by secondary electron emission, and
the electrons formed in the glow discharge plasma by elec-
tron, fast argon ion and atom impact ionization. The prin-
ciples of the present electron MC model are the same as for
our previous MC model, and the details can be found in
Refs. 3, 4, and 7. The only differences with our previous
model are the following: (i) the electrons are not transferred
to the thermal electron group (described in a fluid model)*’
when their energy is lower than a certain threshold energy
but the entire electron population is described by the MC
model, and (ii) new collision processes are added to the
model (i.e., detailed excitation, de-excitation, ionization, and
recombination for all 65 levels, as well as electron—electron
Coulomb scattering.

The cross sections for electron impact ionization from
the different effective levels n, as a function of the electron
energy were calculated from:%

) 6? 2 E -2
cr(n,E)=47-ra0 m §nan m

><( £ 1)I 1.25 E

Eioniz(n) n = an Eioniz(n)
where a is the first Bohr radius of the hydrogen atom, e? is
the ionization energy for atomic hydrogen in the ground
state, E;qni(N) is the ionization energy of the effective level
n, &, is the number of energetically equivalent electrons in
shell n (¢,=6 forn=1and ¢£,=1 for n>1), and «, and B,
are level-dependent parameters.?! The cross section for elec-
tron impact ionization from the ground state (n=1) is, how-
ever, adopted from Refs. 40 and 41, because of the availabil-
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ity of a differential ionization cross section (calculation of
the energies of the primary and secondary €lectrons):

E 150
o(n=1E)=10"16 %9 In __E
E Eioniz(n:]-)

casfan] 3| )|

where a=[E—Ejyi(n=1)]2, and e=12-250/[E
+2Eoniz(n=1)]. For electron impact ionization from the
excited levels we did not use a differential cross section but
the energy is simply divided between the primary and sec-
ondary electron based on a random number (RN):

Eprim:RN(E_ EioniZ(N)),
and
Esec=(1—RN)(E—Ejgni(n)).

This assumption is justified since ionization from the excited
levels is many orders of magnitude lower than ionization
from the ground state and it does not affect the electron
energy.

These empirical cross sections were compared with ex-
perimental values when available. The ionization cross sec-
tion from the ground state (n=1) is in excellent agreement
with the experimental results of Rapp et al.,*? and the cross
sections for ionization from the 4s and 4p states (n=2
—11) are in satisfactory agreement with the experimental
data presented by Hyman,*® as was aso shown in Ref. 21.
For the more excited levels, we are not aware of experimen-
tal data.

The cross sections for electron impact excitation be-
tween the levels are also taken from Ref. 21:

o(n,m,E)=0c¢”(n,m,E)+a"(n,m,E),

where n and m denote the lower and upper level, respec-
tively, E is the electron energy, and o” and o symbolize
the cross sections for opticaly allowed (Al=+*1, AJ=0,
+1, but not J=0—J=0), and forbidden transitions,

respectively:
el )
Emn mnamn

E )I (1 258
- n
Emn mn

oA(n,m,E)=4ma3

X

o™ (n,m,E)=c¢P(n,m,E)
E\ ! E\ !
samdbeil e | (-] |

o™ (n,m,E)=0cS(n,m,E)

E\ 3 E\?
—477aoamn E_mn 1- Emn s

where E,, is the energy difference between level m and
level N (Epn=Em—En), fmn isthe oscillator strength of the

m

or
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transition, «,,,, and B, are transition-dependent parameters,
and P and S reflect the parity- and spin-forbidden transitions,
respectively. For the opticaly allowed transitions (Al= *1,
AJ=0,+1, but not J=0—J=0), intercombination transi-
tions between the primed (?Py;,) and unprimed (2P3,) sys-
tem are taken into account for 2<n<m=45, but they are
neglected for 2<n<45<m=65 and 45<n<m=65. More-
over, the parity forbidden transitions (Al# *1) are only
considered within the primed or unprimed system (no inter-
combination transitions) for 2<n<m=45 (except for the
transitions between the first four excited states, where inter-
combination transitions are included; see below), and they
are totally neglected for higher transitions. Indeed, when
Al+# =1, the rules AJ>1 or J=0—J=0, or the intercom-
bination between primed and unprimed system represent fur-
ther bans for atransition, and the cross sections are therefore
expected to be very small. The semiempirical formula are
originally proposed by Drawin;* they have also been exten-
sively evaluated by Kimura et al.,* and they have been dis-
cussed by Vicek as well,? so that we refer to these papers
for more information.

The above formula were used for all possible transitions,
except for the optically forbidden transitions between the
first four excited levels, where we used the following cross
sections;?

gm E

o(n,m,E)= N 5.797x10° 15
( )= o E
X Qnum(E—Emn) 70'54!
where
Qx=1, Qu=0Qx=0Q3=Qx%=0.1,

and for n=4, m=5;

gm_
On E

o(n,mE)=— 18.111x 10 ¥ E—E,,,) 1%
The cross sections for electron impact de-excitaton between
the effective levels are obtained from the corresponding
cross sections for electron impact excitation, based on the
principle of detailed balancing:

e (E) +Ar(n)d§;te‘(E’)+Ar(m),

o.E

O geexcit(MN,E" )= — 9E’

Oexcit(N,M,E),
where E'=E—-E,,,, and g, and g,,, are the level degenera-
cies of the lower and upper level, respectively.

The cross sections for three-body electron-argon ion re-
combination to the 65 effective levels (when the third body
is an electron) are obtained from the electron impact ioniza-
tion cross sections, in a manner similar as for electron
excitation/de-excitation:

e (E)+AI(n),,
where E'=E— EioniZ(E)— E,, and e, is the originaly
bound electron. A precise description of three-body recom-
bination leads to the conversion formula between the differ-

*(E Y+Art+e, (Ep),
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ential cross sections for ionization and three-body recombi-
nation, cigi(N,E,Ep) and o3y recomp(ME’,Ep), which
depend on the energy of the bound electron, E, . However,
when assuming E,=0, the conversion formula between
Tioni(N,E) and o3p_recomp(N,E’) can be written as:

03p—recomb(ME") —

ne
g h? 312
- Zgn+ (W E Tioniz(N,E),
1 e e

where E' = E—EjqniANn), N, isthe electron density, g; isthe
statistical weight of the ion ground state (i.e., different for
the primed and unprimed system: g; =6 when n=1 (atom
ground state), g; =4 or 2 when the atom level n belongs to
the unprimed (?P5;,) or primed (?P/,) system, respectively),
h is the Planck constant, m, is the electron mass, k is the
Boltzmann constant, and T, corresponds to the mean elec-
tron energy in the glow discharge.

The cross section for electron-argon ion radiative recom-
bination is again deduced from its inverse process, i.e.,
photoionization:

photaoniz

b,
Ar(n)+hvraj_;— ArT+e (E),

ecomb

On (hV)Z 1

O rad.recomb( N, E) = E m_eCZ' E O'photoioniz(n:hV):
where E=hv—E;g,,(n), c is the speed of light, hv is the
photon energy responsible for photoionization, and the cross
section for photoionization was presented in Ref. 21.

Finally, the cross section for electron elastic collisions
with argon atoms is taken from Refs. 46 and 47, and the one
for electron—electron Coulomb scattering is adopted from
Ref. 39. The cross section of electron—electron Coulomb
scattering is very high, especialy at low energies (i.e,
107 cm? at 0.01 eV dropping to about 3x 10~ Y cm? at
1000 eV), and since the energy transfer between two elec-
trons is very efficient due to their equal mass, it can be ex-
pected that this process has a large effect on the electron
energy at low energies. Nevertheless, it must be taken into
account that the density of the target particle (i.e., electrons)
is many orders of magnitude lower than the argon ground
state atom density (i.e, ng~10"-102cm2 and
na~10 cm™3), so that this process is, in practice, only im-
portant at electron energies of a few eV and lower.

The electron energy distribution calculated with this de-
tailed MC model is indeed characterized by energies ranging
from 0 to 1000 eV, but in the NG most electrons have rather
low energies (around 0.4 eV), as is shown, e.g., in Ref. 48,

B. Fast argon ion and atom induced processes

Since it was demonstrated before>®1024-2 that fast ar-
gon ions and atoms can produce a rather large amount of
ionization and excitation in the CDS close to the cathode, the
ionization and excitation processes induced by these species
are aso included in our model. The behavior of the fast
argon ions and atoms in the CDS (this is the only region
where they are actually present) is also calculated withaMC
model. The collision processes described in the MC model
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include fast argon ion and atom impact excitation and deex-
citation between al 65 levels, ionization from the levels, and
electron-ion three-body recombination where the third body
is a fast argon ion or atom. Additional collision processes
incorporated, are elastic collisions with thermal argon atoms,
for both argon ions and atoms, and symmetric charge trans-
fer collisions for the argon ions. Since the latter processis a
collision between an atom and ion of the same kind (i.e.,
argon), the argon ion is formed in the ground state, which
gives perfect energy resonance. This is in contrast to asym-
metric charge transfer between argon ions and (e.g.) copper
atoms, in which copper ions are mainly formed in excited
levels, because this yields a higher cross section due to en-
ergy resonance.

It should be mentioned that the term *‘fast’’ is used for
al argon ions in the CDS; indeed, when they are slowed
down after a collision, they gain almost immediately energy
again from the electric field. On the other hand, ‘‘fast argon
atoms’’ are those with energies higher than thermal energy;
when they reach a certain threshold of 0.06 eV (i.e, the
thermal atom energy at the assumed gas temperature of 450
K), they are transferred to the thermal argon atom group.

The principles of this MC model are the same as for the
previously developed argon ion and fast argon atom MC
model®®7 but again complemented with detailed excitation,
de-excitation, ionization, and recombination for al 65 levels.

The cross sections for elastic collisions of the argon ions
and atoms as a function of the argon ion and atom energies
are taken from Ref. 49, like in our previous model.” It should
be mentioned that the elastic collisions for the ions include
also symmetric charge transfer. Indeed, there is no change in
kinetic energy of the collision partners, only an electron is
transferred; therefore this process is also called ‘‘elastic’’.*
The cross sections for argon ion and atom impact ionization
from the 65 effective levels were proposed by Drawin and
Emard:?50

H 2
2 € Mar
0'|on|z(naE) 47Ta0 Eioniz(n)) My

xgz 2 [ E 1)
" me+ mAr\ Eioniz(n)

X| 1+

2me ( E 1”2
me+mAr Eioniz(n) '

where my, m,,, and m, are the masses of hydrogen and
argon atoms and of electrons, respectively, and the other
symbols have been explained before. For ionization from the
ground state level, however, we used the experimenta cross
sections, recommended by Phelps.®! At high energies, these
cross sections are of comparable magnitude to the corre-
sponding cross sections for electron impact ionization.

The cross sections for argon ion and atom impact exci-
tation between the 65 levels are taken similar to the cross
sections for argon ion and atom impact ionization (see
above), but the ionization energy [ E;qniz(n)] is replaced by
the energy difference between the levels [ E = Egqit(mM)
— Eqqit(N) ], and the cross section is multiplied by the oscil-
lator strength, f .22 It should be mentioned that this for-
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mula yields only nonzero values for the cross sections when
fon7 0, i.e., for optically allowed transitions. For argon ion
and atom impact excitation from the ground state, this for-
mula computes, therefore, a cross section equal to zero for
excitation to the 4p states, whereasiit is demonstrated experi-
mentally that the cross sections for these excitation transi-
tions can be rather high.2>?5°152 Therefore, for excitation
from the ground state, we have used the data of Phelps:®* for
excitation to the four 4s levels (n=2-5) we used the cross
sections for UV excitation, whereas excitation to the 4p lev-
els is represented by the cross sections of 811 and 795 nm
emission. For excitation to higher levels, it was found in Ref.
52 that the total cross section for 5p excitation and for 4d
excitation is a fraction of 0.03 and 0.1 of the total cross
section for 4p excitation, resp. The total cross section for
excitation to the 5d levelsis 0.02* g4, and g and 074 are
0.01* 04, . The cross sections for excitation to the higher
lying ns (n=5) and np (n=6) levels were estimated to be
about one order of magnitude smaller than those for the cor-
responding nd levels. We have not found any data for exci-
tation to the 3d levels, but based on their excitation energy
we take the cross sections intermediate to the cross sections
for 4p and 5p excitation. Only excitation to the effective
levels n=21 are taken into account; excitation to higher lev-
els may be assumed to be negligible in the energy range of
interest to us. Although the results of the empirical formula
of the excitation cross sections?> are not in complete agree-
ment with these experimental cross sections (e.g., the cross
sections to the 4p levels are calculated to be zero with the
empirical formula), the absolute values of the other calcu-
lated cross sections are in reasonable agreement with the
experimental values, which is a validation of the empirical
formula. This empirical formulais therefore used for excita-
tion between the excited levels (also due to the lack of other
experimental data).

The cross sections for argon ion and atom impact de-
excitation are deduced from the corresponding cross sections
for excitation, based on the principle of detailed balancing,
similar as for the electrons (see above). At high energies the
cross sections for argon ion and atom impact excitation and
de-excitation become again comparable to the corresponding
cross sections for electron impact excitation and de
excitation.

The cross sections for electron-argon ion three-body re-
combination, where the third body is an argon ion or fast
argon atom, are again obtained from the cross sections for
argon ion and atom impact ionization, in analogy to the elec-
tron cross sections.

From running this MC moddl, it follows that the calcu-
lated energy distributions of fast argon ions and atoms de-
crease clearly towards higher energy (see eg., Refs. 3 and
48).

C. Thermal argon atom induced processes

The thermalized argon atoms can also give rise to ion-
ization and recombination (three-body electron-ion recombi-
nation where the third body is a thermal argon atom) and to
excitation and de-excitation between the different levels. Re-
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combination and de-excitation are possible for al levels; ion-
ization and de-excitation can only occur when the energy
reguired for ionization or excitation is lower than the thermal
argon atom energy (i.e., about 0.06 eV at the assumed gas
temperature of 450 K), and will therefore only play arole for
the highly excited levels. The cross sections used for ioniza-
tion, deexcitation and three-body recombination are the same
as for the fast argon atom induced processes (see above). For
thermal argon atoms with energies of 0.06 eV, the ionization
cross section was calculated to be zero for the levels n
<57, for levels n<57 the computed values range from 5
x 10" to 3x 10716 cn?.

For excitation, however, we did not use the same for-
mula as for fast argon atom impact excitation, because this
formula applies only to alowed transitions and we want to
describe here both alowed and forbidden transitions. There-
fore, we used the following formulafor excitation from level
n to level m:

T excit( N, M, E) = byl Etnerma— Enml,

where E,,, is the energy difference between the levels n and
M [ E,,m= Eexcit(M) — Eexgit(n)] @and by, is alevel dependent
parameter.! For all transitions, except those between the
lowest four excited levels, b,,=8.69x10 1 (E,) 2%;
this relation was derived from comparison with experimental
cross section data?! For the transition between the 4s and
4s’ levels (n=2-5) we used:? for excitation from n=2 to
m=3 and from n=4 to m=5: by=by=179
X 10" 2(E,m) 2% and for excitation from n=2,3 to m
=4,5: byy=bs=Dbs=ba=4.8x10"%(E,,)  2%; which is
based on the results of Tachibana.>® No further intercombi-
nation transitions (between primed and unprimed system)
were considered. For thermal argon atoms with energies of
0.06 eV the excitation cross sections were only nonzero for
transitions between the highly excited levels and for some
lower levels, which are lying close enough to each other (see
Fig. 1 and Table I).

D. Radiative decay from higher to lower excited
levels

As aready mentioned before, the rate of radiative decay
is given by the Einstein transition probability, multiplied by
an escape factor (A), describing the effect of *‘radiation trap-
ping.”” The transition probabilities were adopted from Ref.
21 [i.e., caculated on the basis of intermediate and (j,K)
coupling]. However, for the 4s—4p and 4s—5p transitions,
which give rise to the two most important groups of Ar |
lines in the spectrum, the data recommended by Wiese
et al.> were utilized. The transition probabilities from and
towards effective levels were calculated from the individual
values by

K(m,n>=§ ; g(Y)A(Y,X) / ; a(y),

where n and m are the lower and upper effective levels, and
x and y are the individual levels belonging to the lower and
upper effective levels, respectively.
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The escape factors are assumed to be equal to 1 (i.e,
100% escape of radiation, no radiation trapping) for transi-
tions to the lower levels n>1. For transitions to the ground
state (n=1) the escape factors are caculated as
follows:?+?8-%0 for a cylindrical tube of radius R, and when
both Doppler and collisional line broadening are present, it
holds:

’ITT%D

ATE

JETCD) |

2Tc

A(Mm,1)=1.9Tp exp( +1.3T¢ erf(
where T and T are the transmission coefficients for pure
Doppler and collisional broadening, respectively, and T¢p is
the coefficient for collisionally broadened emission and Dop-
pler broadened absorption profiles:

1 a
To=————— Te=\|——;
P KRV IN(kgR) © YV kR

2a
Tep=—————.
P In(koR)

koR isthe optical depth pertaining to the line center and a is
the damping coefficient:

2.1x10" Yg(m)
koR= —
[Eexcit( m)] \/Tgas

3.225% 10*14( N 4.839x107°
——=g(m —_—.
[EacmM I 0] £ () VT o

Eeqit(m) and g(m) are the excitation energy and statistical
weight of level m, respectively, A(m,1) isthe Einstein tran-
sition probability for radiative decay from level m to level 1
(the ground state) and Ty, and Ny are the argon gas tem-
perature (450 K) and atom density in the ground state, resp.
At the pressures usually found in our glow discharges (~1
Torr) the escape factors were calculated to be typically about
10~3; hence most emitted radiation for transitions to the
ground state is reabsorbed and only a small fraction can es-
cape.

E. Additional data corresponding to the two 4s
metastable levels (n=2 and 4)

A(M,1)NgR,

a=A(m,1)|1+

Finally, some additional processes were included in the
mode for the two 4s metastable levels, similar to our previ-
ous model for the argon metastable atoms.®'° Rate coeffi-
cients for Penning ionization between argon metastable at-
oms and sputtered metal atoms are very difficult to find in
the literature. We used an empirical formula® which we fit-
ted to some experimentally obtained cross sections™®® in
order to arrive at approximate values for other elements. In
this way, a rate coefficient of 2.36x 107 1% cm3s™* was ob-
tained for copper, and is assumed the same for both level n
=2 and n=4. The rate coefficients for two- and three-body
collisions with thermal argon ground state atoms are adopted
from Ref. 53 ky,=2.3x10 ¥ cm®s™? and kg=14
x107% ecm®s 1 for n=2 and k,,=4.3x 10" cm®s ! and
Ksp=15%x10"*? cmfs™! for n=4. The rate coefficient for
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collisions between two atoms in the metastable levels is
taken from Ref. 31: knq=6.4x10"1°cm®s 1, Due to the
lack of additional data, it was assumed to be the same for
collisions between the two levels n=2, the two levels n=4
and between level n=2 and n=4. Finaly, the diffusion co-
efficients for both n=2 and n=4 are 74.6 cm?s * a 1 Torr
and 300 K.>®

IV. RESULTS AND DISCUSSION

The glow discharge cell to which the model is applied is
acylinder of 2 cm length and 4 cm diameter. The cathode is
a disk with diameter of 5 mm at the left end of the cell; the
remaining parts of the cell are at anode potential. The MC
models were developed in three dimensions and the fluid
models in two dimensions, i.e., the three dimensions could
be reduced to two dimensions due to the cylindrical symme-
try of the cell. The present CR model is, however, only one
dimensional, mainly to avoid too large matrices (i.e., popu-
lations and relevant processes of 65 levels in three dimen-
sions), and since it was shown before that when cell radius
and cell length are of comparable dimensions, the results of
one-dimensional models are in good agreement with three-
dimensional modeling results.®” The results will aways be
presented for typical glow discharge conditions of 1000 V, 1
Torr, and 2 mA.

A. Level populations

Figure 2 illustrates the calculated level populations of
the four lowest excited levels of argon, i.e, the 45[3/2],
metastable level (n=2), the 4s[3/2]; nonmetastable level
(n=3), the 4s'[1/2], metastable level (n=4), and the
4s'[ 1/2]; nonmetastable level (n=5). The 4s[3/2], meta-
stable level (n=2) shows a maximum of about 5
x 102 cm™3 a about 0.06 cm from the cathode and de-
creases more or less exponentialy towards the anode back-
plate. It reaches zero at the cathode (z=0) and at the anode
backplate (z=2 cm) because the excited levels are assumed
to be deexcited at the walls. In a previous work, we have
developed a model describing the behavior of the argon
metastable (4s[3/2],) level, in one® and in two
dimensions,'® using a balance equation with different pro-
duction and loss processes. The model was, therefore, similar
to the present one, but the behavior of the other excited lev-
els was not calculated explicitly. In Ref. 57 this balance
equation model (in two dimensions) was applied to the same
cell geometry and discharge conditions as used in the present
work. Reasonable agreement is reached between the two
models, in spite of their different nature (i.e., accounting ex-
plicitly for the other excited levels or not) and a somewhat
different set of cross sections used. Indeed, in the previous
model, the metastable level density was also characterized by
a pronounced peak adjacent to the cathode, although the ab-
solute value was a factor of about 4 lower than the present
result. The argon metastable atom density profile was also
measured by laser induced fluorescence in the same cell ge-
ometry and at the same discharge conditions,>” and there was
also a maximum observed in front of the cathode (although
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FIG. 2. Calculated level population profiles of the 4s[3/2], and 4s'[1/2],
metastable levels (n=2 and 4, resp.) and the 4s[3/2], and 4s'[1/2], non-
metastable levels (n=3 and 5, resp.), at 1000 V, 1 Torr, and 2 mA.

this maximum was not so pronounced as in the calculated
results). Good agreement is also reached with other experi-
mental profiles for the argon metastable levels presented in
Ref. 58. These profiles were recorded for a radio-frequency
discharge at different voltages and pressures, and although
direct current and radio-frequency discharges can, in prin-
ciple, not directly be compared, the results at 1 Torr show a
peak in front of the cathode and a decrease further in the cell,
which are very similar to the present calculation results.

The population profiles of the other 4s,4s’ excited lev-
els, i.e, the 4s'[1/2], metastable level (n=4) and the
4s[3/2]; and 4s’'[ 1/2]; nonmetastable levels (n=3 and 5,
resp.), are also depicted in Fig. 2. The n=4 metastable level
shows qualitatively the same profile as the 4s[3/2], meta-
stable level. The maximum value is about 3.4x 10*2 cm™3,
which isafactor of 1.5 lower than the n=2 metastable level.
Further away from the cathode, the difference between n
=2 and n=4 becomes larger, i.e., at 0.5 cm from the cath-
ode, level (n=2) seems to be a factor of 5 more populated
than level (n=4), and a 1 cm, the ratio of (n=2) to
(n=4) is even equa to 6. This is in reasonable agreement
with the statistical weights of both levels, which would pre-
dict a factor of 5 difference in population density (i.e, g
=5 for n=2 and g=1 for n=4).

The other two 4s,4s’ levels (n=3,5) are not metastable
but they can decay towards the ground state by emission of
radiation; this additional loss (depopulation) process explains
the somewhat lower population density of these levels. Ex-
cept close to the cathode, the level populations seem to de-
crease in the order: (n=2)>(n=4)>(n=3)>(n=5). In
Ref. 31 the level populations of the 4s,4s’ levels were cal-
culated and measured for a range of currents and pressures,
and the level populations were found to decrease in the same
order 45[3/2], (n=2)>4s'[12], (n=4)>49[3/2];
(n=3)>4s'[1/2]; (n=5), which is, at least qualitatively,
in good agreement with our results. A dlightly different order
was, however, found in Ref. 23 for a magnetron discharge.
At high currents (~1 A) it appeared that 45[3/2], (n=2)
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>443/2]; (n=3)>4s'[12], (n=4)>4s'[1/2], (n=5),
but at lower currents the 4s'[ 1/2], level population became
comparable to the 4s[3/2]; population and at 0.1 A (100
mA, i.e., the lowest current presented in their article), the
4s'[1/2], level (n=4) was again more populated than the
45[3/2], level (n=3), which corresponds well with our
findings at a still lower current of 2 mA.

The 4s,4s’ nonmetastable levels exhibit a somewhat dif-
ferent density profile compared to the 4s,4s’ metastable lev-
els. Indeed, the density is zero at the walls (because the lev-
els are all deexcited at the walls), but increases to a
pronounced maximum immediately adjacent to the cathode
wall, because the lifetime of these levels is small and diffu-
sion from this position to the walls followed by de-excitation
can be neglected with respect to radiative decay. This maxi-
mum near the cathode is aso caused by fast argon ion and
atom impact excitation (which is only important close to the
cathode where the ions and atoms can reach high energies)
and corresponds to the cathode glow in the glow discharge.
Further away from the cathode, the level population de-
creases amost linearly, but a very small second maximum is
observed in the beginning of the NG (the interface between
CDS and NG was calculated for the present discharge con-
ditions to be at about 0.15 cm from the cathode™).

Similar density profile shapes can be observed in Fig. 3,
where the population densities of the 4p,4p’ levels areillus-
trated. The profiles are only depicted till z=1 cm, since they
are negligible further in the cell. The designation of these
effective levels, their excitation energy, and statistical weight
were presented in Table I. In Ref. 25 different argon atom
lines were recorded in a direct current glow discharge, and
the optical emission line profiles originating from the lower
4p,4p’ levels were also characterized by a pronounced
maximum in the cathode glow and a small second peak in
the beginning of the NG, which is very similar to our popu-
lation density profiles. Figure 3 shows that the ratio of cath-
ode glow to NG peak decreases dightly with increasing ex-
citation energy of the 4p,4p’ levels (i.e., the peak in the NG
ishardly visible for n=6, 7, and 8, whereas it is only afactor
3 smaller than the cathode glow peak for n=11). Indeed, the
peak near the cathode is caused by fast argon ion and atom
impact excitation from the ground state level, whereas the
NG peak arises mainly from electron impact excitation from
the ground state. lon and atom impact excitation become
only important at rather high ion and atom energies (100—
1000 eV and more, which is generally higher than the mean
energies of the argon ions and atoms at the present glow
discharge conditions, e.g., less than 100 eV) whereas elec-
tron impact excitation is aready significant at lower ener-
gies. It is clear that for highly excited levels more energy is
required to produce the same amount of excitation compared
to lower levels, and hence that ion and atom impact excita-
tion become less efficient (since the argon ion and atom en-
ergies are not high enough for efficient excitation) compared
to electron impact excitation. This effect can also be ob-
served in the optical emission profiles recorded in Ref. 25:
optical emission lines originating from the lower 4p,4p’ lev-
els have a distinct dominant peak in the cathode glow,
whereas this peak decreases gradually and becomes even
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FIG. 3. Calculated level population profiles of the 4p,4p’ levels, at 1000 V,
1 Torr, and 2 mA. Left part: n=6: 4p[1/2];; n=7: 4p[3/2],,
+4p[5/2],3; n=8: 4p'[3/2],,. Right part: n=9: 4p’[1/2];; n=10:
4p[12]o; n=11: 4p'[1/2],.

comparable to the NG peak for emission lines arising from
the higher 4p,4p’ levels.

The population densities depicted in Fig. 3 correspond to
the effective 4p,4p’ levels (i.e., various individua levels
combined into one effective level according to their excita-
tion energy and core quantum number) and they do not ex-
actly represent the individua 4p,4p’ level populations. For
example, effective level n=6 consists of only one individual
level (i.e, 4p[L/2],), whereas effective level n=7 corre-
sponds to four individual levels (i.e, 4p[3/2];, and
4p[5/2],3), which is manifested in its higher density, shown
in Fig. 3. We have subdivided again the populations of ef-
fective levels into the individual levels, based on the statis-
tical weights, and the resulting populations of the individual
levels at the maxima of the profiles (i.e.,, adjacent to the
cathode) for al 4p,4p’ levels are presented in Fig. 4. In the
same figure, also the statistical weights and excitation ener-
gies of the various 4p,4p’ levels are indicated. As expected,
there is a clear correlation between the level populations and
the statistical weights. The trend with respect to the excita-
tion energy (i.e., decreasing population at increasing excita-
tion energy) is only weak, because in fact, the excitation
energy varies only afew percent from the lowest to the high-
est 4p level. It is only significant for the lowest 4p level
(n=6: 4p[1/2],), which lies indeed clearly below the other
4p,4p’ levels (see Fig. 1). The vertical dashed line on the
figure divides the levels into the unprimed (core quantum
number=3/2, corresponding to the ionization limit 2Py, in
Ar*) and primed system (core quantum number=1/2, corre-
sponding to the ionization limit 2Py, in Ar). It can be seen
that the level populations of the primed system are generally
lower than the level populations of the unprimed system, but
the same correlation with the statistical weights is still ob-
served.

Figure 4 shows that the 4p,4p’ level populations range
from 1x 108 to 3x10° cm™3, which is several orders of
magnitude lower than the 4s,4s’ level populations. Indeed,
as will be shown later, radiative decay towards lower levels
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FIG. 4. Calculated level populations at the maxima of their profiles (i.e.,
adjacent to the cathode) for the individua 4p,4p’ levels, at 1000 V, 1 Torr,
and 2 mA (left axis), as well as their excitation energies and statistical
weights (right axes). The numbers on the x axis represent the following
4p4p’ levels. 1=4p[1/2],; 2=4p[5/2];; 3=4p[5/2],; 4=4p[3/2];;
5=4p[3/2],; 6=4p[L2]y; 7=4p'[32];; 8=4p'[32];; 9
=4p'[12];; 10=4p'[1/2],.

is very important in depopulating the levels. The two 4s,4s’
metastable levels cannot decay to the ground state by emis-
sion of radiation (forbidden transitions) and have therefore a
rather high population density. The two other 4s,4s’ levels
can decay radiatively to the ground level, but due to the high
number density of these ground state atoms (~ 10'® cm™3 at
1 Torr), a substantial fraction of the radiation is again ab-
sorbed (i.e., radiation trapping, leading again to formation of
these levels; see above), and the probability of escape of the
emitted radiation is rather low, so that the population densi-
ties of the two 4s,4s’ nonmetastable levels are also still con-
siderable. The 4p,4p’ levels, however, can decay to the
4s,4s’ levels by emission of radiation, and since the density
of the 4s,4s’ levelsis many orders of magnitude lower than
the ground level density, radiation trapping is negligible, and
al the emitted radiation escapes and gives rise to the de-
population of the 4p,4p’ levels, resulting in lower popula
tion densities.

Figure 5 illustrates the population density profiles of the
3d,3d’ and 5s,55' effective levels (n=12-17). It can be
seen that the ratio of cathode glow peak to NG peak has
decreased now (but it is still larger than 1), because the ex-
citation energy is higher for these levels and the efficiency of
fast argon ion and atom impact excitation decreases at the
typical ion and atom energies encountered at the present
glow discharge conditions. The profiles show now aso a
distinct peak in the beginning of the NG, corresponding to
electron impact excitation.

Again, the level populations depicted correspond to the
effective levels. Subdivision into the individual 3d,3d’ and
55,58’ levels was again carried out based on the statistical
weights, and the resulting populations (this time at the maxi-
mum in the negative glow) are given in Fig. 6. The popula-
tions seem again to be strongly correlated with the statistical
weights, and depend only weakly on the excitation energy.
The shift between the populations and the statistical weight
values for the individual 3d statesin Fig. 6 is a consequence
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FIG. 5. Calculated level population profiles of the 3d,3d" and 5s,5s’ levels,
at 1000 V, 1 Torr, and 2 mA: n=12: 3d[1/2]y,+3d[3/2],; n=13:
3d[7/2]34; n=14: 3d'[3/2],+[5/2],53; n=15. 5s'[1/2]p;; n=16:
3d[3/2]y+[5/2] 53+ 55[3/2],,; n=17: 3d'[3/2];.

of the lower cross section for electron impact excitation of
the effective level n=13 (i.e,, 3d[7/2]3,4) from the ground
state in comparison with that for the effective level n=12
(i.e., 3d[1/2]o+3d[3/2],). The population densities of the
3d,3d’ and 5s,5s' levels vary between 1Xx10° and 1
% 108 cm~2 which is clearly lower than the 4p,4p’ level
populations (Fig. 4). However, it should be mentioned that
the 4p,4p’ level populationsin Fig. 4 correspond to the pro-
nounced maxima in the cathode glow; the values in the NG
are generally afactor of 10 lower (except for n=11). Hence,
it follows that in the NG the 3d,3d” and 5s,5s" levels are
only dlightly lower than the 4p,4p’ levels. The vertical
dashed line in the figure divides again the levels into the
unprimed and primed system, like in Fig. 4; it can again be
seen that the level populations of the primed system are
somewhat lower than the level populations of the unprimed
system with the same statistical weights.

The population profiles of the still higher excited levels
(n>17) show all more or less the same behavior: they are
not characterized by a strong peak in the cathode glow any-
more, but they reach a maximum at about 0.2 cm from the
cathode (in the beginning of the NG). The level populations
a the maxima of these profiles are presented in Fig. 7, as a
function of the effective level number n. The effective levels
n=18, 19, 20, and 21 correspond to the 5p,5p’ and 4d
+6s, 4d' +6s’ levels, respectively, which are the next ex-
cited levels after the 3d,3d’ and 5s,5s’ levels (see Table |
and Fig. 1), and it is therefore not unexpected that their level
populations are still rather high. The levels n=27 (5d
+7s) and n=233 (6d+8s) are also quite high. Indeed, the
transitions from the ground state to these levels are allowed
(in contrast to the f and p levels), and the cross sections for
electron excitation from the ground level are rather high,
yielding a large production and hence high level populations.
For the higher levels (n>21), it is generally seen that the
odd effective level numbers (corresponding to the unprimed
system; see Fig. 1) have clearly higher level populations than
the even level numbers (which correlate to the primed sys-
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FIG. 6. Calculated level populations in the beginning of the NG for the
individual 3d,3d’ and 5s,5s" levels, at 1000 V, 1 Torr, and 2 mA (left axis),
as well as their excitation energies and statistical weights (right axes). The
numbers on the x axis represent the following 3d,3d’,5s,5s" levels: 1
=3d[V2]y; 2=3d[V/2],; 3=3d[3/2],; 4=3d[7/2],; 5=3d[7/2]3; 6
=3d[5/2],; 7=59[3/2],; 8=59[3/2];; 9=3d[5/2]3; 10=3d[3/2],; 11
=3d'[5/2],; 12=3d'[3/2],; 13=3d'[5/2]3; 14=5s'[1/2],; 15
=5s'[1/2],; 16=3d'[3/2];.

tem). Thisis mainly attributed to the differencesin statistical
weights, i.e., the statistical weights of the unprimed (odd)
levels are generaly two times the values corresponding to
the preceding primed (even) levels, as is aso illustrated in
Fig. 7. However, this is apparently not the only reason be-
cause it can be noticed in the figure that the variations in
level populations are clearly higher than the statistical weight
variations. Another reason is the following. The excited lev-
els are populated, among others, by stepwise excitation from
the 4s,4s’ metastable levels. The excitation from a primed to
an unprimed system, and vice versa (i.e., intercombination
transition) is of rather low probability, and since the
unprimed 4s metastable level population (n=2) is a factor
of 5to 6 higher than the population of the primed 4s’ meta-
stable level (except close to the cathode where the ratio is
only afactor 1.5), it is indeed to be expected that the higher
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FIG. 7. Calculated level populations at the maxima of their profiles (i.e., in
the beginning of the NG) for the higher excited levels (n>17; for their
designation: see Table | of Ref. 3), at 1000 V, 1 Torr, and 2 mA (left axis),
as well as their statistical weights (right axis).
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unprimed levels are also more populated than the primed
levels. It can also be deduced from Fig. 7 that, in general, the
level populations decrease dlightly with increasing level
number, and hence excitation energy. The trend is not very
clear, but when one takes into account that the statistical
weights of the levels increase with rising level number (see
also Fig. 7, i.e., more individual levels are combined into one
effective level; see Table 1), the effect will appear somewhat
more pronounced.

B. Populating and depopulating processes

Table Il lists the calculated relative contributions of the
different populating and depopulating processes for the vari-
ous levels, integrated over the entire (one dimensional) dis-
charge region (i.e., from cathode to anode). For the 4s levels
(n=2-5), excitation from the ground level (n=1) by fast
argon atom impact, but also by fast argon ion and electron
impact, are very important production processes. Besides,
production by radiative decay from the 4p levels is also of
major importance. The latter is in rather good agreement
with Ref. 60 where it is concluded that the total cross section
for 4s metastable level excitation is dominated by cascade
contributions. Moreover, stepwise electron excitation, espe-
cialy from the lowest 4s metastable level (n=2) to the next
4s nonmetastable level (n=3), seems aso to play a non-
negligible role. The remaining production processes incorpo-
rated in our model appear to be negligible, and are, therefore,
not included in the table. Concerning the depopulating pro-
cesses, collisions between two atoms in the metastable levels
and Penning ionization of sputtered atoms seem the domi-
nant loss processes for the 4s metastable levels (n=2 and 4).
Moreover, electron impact excitation from the lowest 4s
metastable level (n=2), primarily to the next 4s nonmeta-
stable level (n=3), is also a rather important loss mecha-
nism. The same is true for the other 4s’ metastable level
(n=4), which is also converted to the highest 4s’ nonmeta-
stable level (n=5) by electron excitation. Furthermore, elec-
tron excitation from the metastable levels to the 4p levelsis
also responsible for afew %. Two- and three-body collisions
with argon ground state atoms are of minor importance, as
well as electron, ion, and atom excitation to higher levels and
electron impact ionization from the metastable levels. As far
as the nonmetastable 4s levels (n=3,5) are concerned, ra-
diative decay to the ground level is clearly the dominant loss
processes, and al the other processes can be considered neg-
ligible.

Table Il presents also the relative contributions of the
different populating and depopulating processes for two 4p
levels, i.e, alow (n=7) and ahigh level (n=11). It follows
again that fast argon atom impact excitation, and also fast
argon ion and electron impact excitation from the ground
level, are very important production processes, as is aso ra
diative decay from higher excited levels, especially from the
3d and 5s levels. To alesser extent, also stepwise electron,
fast argon ion and atom impact excitation from the 4s levels
(especialy from n=2) play arole in populating the 4p lev-
els. For the loss processes, radiative decay to the four 4s
levels are by far the dominant depopulating processes (radia-
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tive decay to the ground level is not allowed based on the
selection rules).

We compared our findings that stepwise excitation from
the 4s metastable levels is more important for the lower 4p
levels (i.e., a contribution of afew % of the total production)
than for the higher 4p levels (i.e., virtually zero contribution)
with the results of Ref. 61. The two argon atomic spectral
lines studied in that work are the 811.5 nm line and the 750.4
nm line. The first line corresponds to the transition from
4p[5/2]; (n=7; hence a lower 4p level) to 45[3/2], (n
=2), whereas the second line connects 4p'[1/2], (n=11;
hence the highest 4p level) with 4s'[1/2]; (n=5). It was
shown in Ref. 61 that stepwise excitation from the 4s meta-
stable levels is aimost an order of magnitude faster for the
production of the 811.5 nm line (i.e.,, for populating the
4p[5/2]5 level; n=7) than for the production of the 750.4
nm line (i.e., for populating the 4p'[ /2], level; n=11),
which is indeed in satisfactory qualitative agreement with
our findings.

The 3d and 5s levels are primarily populated by electron
impact excitation from the ground state, and for a few per-
cent, by electron stepwise excitation from the 4s levels, asis
illustrated in Table 11 for n= 16. Since the excitation energies
of the levels are becoming higher, fast argon ion and atom
impact excitation from the ground state become less impor-
tant, although their contribution is till far from negligible.
Radiative decay from higher excited levels, especialy from
the 5p levels, is adso quite significant. By far the dominant
depopulating process is radiative decay to the 4p levels; ra
diative decay to the 4s levelsis not alowed, and decay to the
ground state has a lower probability, because a substantial
fraction of the emitted radiation will again be absorbed by
the large population of ground state atoms (radiation trap-
ping), which leads to repopulation of the excited level.

The 5p, 4d, and 6s levels, which are represented in
Table Il by levels 18 and 20, resp., are mainly populated by
electron impact excitation from the ground state and radia-
tive decay from higher excited levels. Fast argon ion and
atom impact excitation from the ground state play still some
role, in spite of the relatively high excitation energies of
these levels. Moreover, excitation and de-excitation from
other excited levels, due to collisions with electrons or ther-
mal argon atoms have also a small contribution, because
these higher excited levels are lying close to each other,
making transitions from one level to another more probable.
Radiative decay transitions to the lower levels are the domi-
nant depopulating processes: the 5p levels decay primarily
to the 3d and 5s levels, whereas the 4d and 6s levels decay
about 50/50 to the 4p and 5p levels. Again, excitation to
higher and de-excitation to lower levels due to collisions
with thermal argon atoms and electrons are of some impor-
tance.

Finally, the relative contributions of the populating and
depopulating processes for one of the higher excited levels,
i.e, the 12s’,p’,d’,f'... levels (n=50), are presented in
Table Il. It can be seen that electron impact excitation from
lower levels (not particularly the ground state level, but
rather the excited levels, hence stepwise excitation) and de-
excitation from higher levels are the dominant populating
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TABLE Il. Calculated relative contributions (in %) of the populating and depopulating processes, integrated over the entire discharge region, at 1000 V, 1

Torr, and 2 mA, for some selected levels (for their designations. see Table I).

Level n Populating processes (%) Depopulating processes (%)
2 elec.excit.from ground state (n=1): 1.68 metastastable-metastable collisions: 47.4
(4s[3/2],) elec.deexcit.from higher 4s: 0.84 Penning ionization of sputtered atoms: 33.3
ion excit.from ground state (n=1): 10.6 elec.excit.to higher 4s: 12.7
(4: similar) fast atom excit.from ground state (n=1): 44.6 elec.excit.to 4p: 3.24
rad.decay from 4p(n=6-11): 41.7
3 elec.excit.from ground state (n=1): 4.29 rad.decay to ground state (n=1): 98.7
(4s[3/2],) elec.excit.from lower 4s: 5.81
elec.deexcit.from higher 4s: 0.34
(5: similar) ion excit.from ground state (n=1): 12.6
fast atom excit.from ground state (n=1): 53.0
rad.decay from 4p(n=6-11): 23.6
7 elec.excit.from ground state (n=1): 8.89 rad.decay to 4s[3/2],(n=2): 64.6
(low 4p) elec.excit.from 4s(n=2-5): 2.44 rad.decay to 4s[3/2],(n=3): 28.7
ion excit.from ground state (n=1): 13.2 rad.decay to 4s'[1/2]y(n=4): 1.13
ion excit.from 4s(n=2-5): 0.3 rad.decay to 4s'[1/2],(n=5): 553
fast atom excit.from ground state (n=1): 46.4
fast atom excit.from 4s(n=2-5): 1.29
rad.decay from 3d, 5s(n=12-17): 21.6
rad.decay from higher levels: 5.55
11 elec.excit.from ground state (n=1): 51.4 rad.decay to 4s[3/2],(n=2): 0
(high 4p) elec.excit.from 4s(n=2-5): 0.11 rad.decay to 4s[3/2],(n=3): 0.51
ion excit.from ground state (n=1): 3.49 rad.decay to 4s'[1/2]y(n=4): 0
ion excit.from 4s(n=2-5): 0.1 rad.decay to 4s'[1/2],(n=5): 96.5
fast atom excit.from ground state (n=1): 10.2
fast atom excit.from 4s(n=2-5): 0.43
rad.decay from 3d,5s(n=12-17): 32.1
rad.decay from higher levels: 2.11
16 elec.excit.from ground state (n=1): 46.8 rad.decay to ground state (n=1): 0.1
(3d,5s) elec.excit.from 4s(n=2-5): 3.16 rad.decay to 4p(n=6-11): 985
ion excit.from ground state (n=1): 1.08
fast atom excit.from ground state (n=1): 3.17
rad.decay from 5p(n=18,19): 38.5
rad.decay from higher levels: 6.57
18 elec.excit.from ground state (n=1): 49.6 rad.decay to 4s(n=2-5): 14.9
(5p) ion excit.from ground state (n=1): 1.39 rad.decay to 3d,5s(n=12-17): 81.3
fast atom excit.from ground state (n=1): 4.07 elec.exc.to higher+de-exc.to lower: 2.9
elec.exc.from lower+de-exc.from higher: 1.78 therm.at.exc.to higher+de-exc.to lower: 0.86
therm.at.exc.from lower+de-exc.from higher: 0.63
rad.decay from 4d,6s(n=20,21): 37.5
rad.decay from higher levels: 4.9
n=20 elec.excit.from ground state (n=1): 75.0 rad.decay to ground state (n=1): 0.11
(4d,6s) ion excit.from ground state (n=1): 3.2 rad.decay to 4p(n=6-11): 47.5
fast atom excit.from ground state (n=1): 9.36 rad.decay to 5p(n=18,19): 46.4
elec.exc.from lower+de-exc.from higher: 3.0 elec.exc.to higher+de-exc.to lower: 5.1
therm.at.exc.from lower +de-exc.from higher: 1.1 therm.at.exc.to higher+de-exc.to lower: 0.85
red.decay from higher levels: 8.32
n=50 elec.excit.from lower+de-excit.from higher: 71.7 rad.decay to lower levels: 0.22
(high therm.at.exc.from lower+de-exc.from higher: 23.6 elec.exc.to higher+de-exc.to lower: 70.3
level) fast ion exc.from lower+de-exc.from higher: 1.62 therm.at.exc.to higher+de-exc.to lower: 21.3

fast at.exc.from lower+de-exc.from higher: 2.71

fast argon ion exc.to higher+de-exc.to lower: 0.82

rad.decay from higher levels: 0.05

fast argon at.exc.to higher+de-exc.to lower: 6.82

processes. Excitation and de-excitation between closely lying
levels, due to collisions with thermal argon atoms or fast
argon ions or atoms, are, however, becoming increasingly
important for the higher levels. Indeed, the highly excited
levels are lying close to each other and the argon atom and
ion energies are sufficient to yield conversions from one

level to another. Radiative decay from higher excited levels
becomes of lower importance, not only because the number
of higher-lying levels decreases when the effective level
number of the level under consideration increases, but aso
because radiative transitions start playing aminor role for the
higher excited levels (see below). Asfar as the loss processes
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are concerned, radiative decay to the lower levels becomes
less important for the higher excited levels (although the
number of lower lying levels increases). These levels seem,
however, to be primarily depopulated by electron and ther-
mal and fast argon atom and argon ion impact excitation and
de-excitation to other levels.

V. CONCLUSION

A CR model for an argon glow discharge is described,
taking into account 65 effective levels of argon atoms and all
processes that can in theory play arole, i.e., radiative decay,
electron, fast argon ion, fast argon atom and thermal argon
atom impact ionization, excitation and de-excitation between
al the levels, electron-ion radiative recombination and
electron-ion three-body recombination where the third body
is an electron, fast argon ion or atom, or a thermal argon
atom. Some additional processes are incorporated for the two
4s metastable levels, i.e,, Penning ionization of sputtered
atoms, two- and three-body collisions with argon ground
state atoms, collisions between two metastable levels, and
diffusion and subsequent de-excitation at the walls. The
cross sections and reaction coefficients for all these processes
are discussed.

The results (i.e., level population profiles for the various
levels, and the relative contributions of populating and de-
populating processes) are presented at discharge conditions
of 1000 V, 1 Torr, and 2 mA. The level populations of the
4s,4s’ metastable levels are somewhat higher than the cor-
responding 4s,4s’ nonmetastable level populations. More-
over, the 4s,4s’ levels are much more populated than the
4p,4p’ and higher levels. In general, the level populations of
the excited levels are strongly correlated to their statistical
weights and decrease dlightly with increasing excitation en-
ergy. Concerning the different populating and depopulating
processes, radiative decay seems to be dominant as produc-
tion and loss process for the low-lying levels, although elec-
tron, fast argon ion, and especialy fast argon atom impact
excitation from the ground state are also important produc-
tion processes. The higher excited levels are primarily popu-
lated and depopulated by electron, fast argon ion, and fast
and thermal argon atom excitation and de-excitation between
the various levels.
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