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In this work the influence of the excited states on the electron-energy distribution function has been deter-
mined for an argon microwave discharge at low pressure. A collisional-radiative model of argon has been
developed taking into account the most recent experimental and theoretical values of argon-electron-impact
excitation cross sections. The model has been solved along with the electron Boltzmann equation in order to
study the influence of the inelastic collisions from the argon excited states on the electron-energy distribution
function. Results show that under certain conditions the excited states can play an important role in determin-
ing the shape of the distribution function and the mean kinetic energy of the electrons, deplecting the high-
energy tail due to inelastic processes from the excited states, especially from the 4s excited configuration. It has
been found that from the populations of the excited states an excitation temperature can be defined. This
excitation temperature, which can be experimentally determined by optical emission spectroscopy, is lower
than the electron kinetic temperature obtained from the electron-energy distribution function.
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I. INTRODUCTION

In the last 20 years there has been an increasing interest in
plasma modeling due to the number of applications of
plasma discharges, ranging from thin-film deposition to
plasma sterilisation �1–3�. Although gas mixtures used in the
literature vary enormously, argon has become one of the
most common gases, along with oxygen, being usually used
as a carrier gas in the different mixtures.

The purpose of the present work is to study the effect of
argon-excited states on the electron-energy distribution func-
tion. Although the populations of the excited states are gen-
erally much lower than the gas density, the electrons in-
volved in the inelastic collisions associated with these levels
are far less energetic than those needed for inelastic pro-
cesses from the ground state. Compared to the 11 eV of the
energy gap between the argon ground state and the 4s ex-
cited configuration, transitions between the 4s and the 4p or
5p excited configurations have an energy threshold of a few
electronvolts.

The influence of these processes on the electron-energy
distribution function �EEDF� has been taken into account by
developing an extensive argon collisional-radiative �CR�
model. This model is based on a set of electron-impact cross
sections in which the more recent experimental results have
been used. The collisional-radiative model has been self-
consistently solved along with the electron Boltzmann equa-
tion in the classical two-term expansion approximation.

Several argon collisional-radiative models, such as those
of Bretagne et al. �4�, Vlcek �5�, and the later modifications
of Bogaerts et al. �6� and Bultel et al. �7�, have been pub-
lished in the last decades. However, most of these models
present cross sections which are based on analytical expres-

sions which fit the experimental data normally from well
before the 1990s. In the present work the whole argon cross-
section set has been updated using when possible cross sec-
tions based on experimental results.

This paper is organized as follows: in Sec. II the argon CR
model is described and the choice of the different cross sec-
tions is discussed and compared with previous models. Sec-
tion III is devoted to the coupling of the argon CR model and
the electron Boltzmann equation. Calculations are presented
for an argon microwave plasma in Sec. IV. In Secs. V and VI
the results obtained are discussed and summarized.

II. ARGON COLLISIONAL-RADIATIVE MODEL

The model proposed in the present work considers 32
individual and effective levels ranging from the argon neutral
ground state to the argon singly ionized state at 15.76 eV. All
the argon-excited states with energies below 15 eV have
been gathered in 30 real and lumped levels, as described in
Table I. The degeneracies of the effective levels, formed by
more than one individual excited state, have been obtained as
the sum of those of the individual states and the energy of the
lumped levels calculated as the mean of those of the real
levels, weighted by their degeneracies. The levels configura-
tions have been named using the j-K coupling notation con-
vention, the primed configurations being for those levels
with core angular momentum of jc=1/2, whereas unprimed
configurations correspond to jc=3/2. The argon-excited
states above 15 eV have not been taken into account due to
the intercombination of states from different configurations
that takes place at these energies. However, the influence of
the excited states optically connected with argon ground state
has been considered indirectly through radiative cascades.

Two kind of processes are considered in the present work:
electron-impact collisions and radiative processes. Although
the influence of excitation and ionization through heavy par-*Electronic address: angel.yanguas@icmse.csic.es
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ticle’s impact may be important at higher pressures, having
an important role as a electron-loss pathway in argon atmo-
spheric discharges �8�, it can be in principle neglected in
low-pressure, low-temperature discharges and will not be
considered in present work.

Electron-impact inelastic processes:
�i� Electron-impact ionization and recombination to the

ground state:

e + Ar � e + e + Ar+.

�ii� Electron-impact ionization and recombination to an
excited state:

e + Ar* � e + e + Ar+.

�iii� Electron-impact excitation and deexcitation:

e + Ar* � e + Ar**.

The electron-impact processes are characterized by a rate
coefficient Kij. For a direct transition �� j ��i� this coefficient
can be expressed as

Kij =� 2

m
�

�ij

�

�ij����F���d� ,

where �ij is the associated electron-impact cross section,
F��� the EEDF normalized so that ��1/2F���d�=1, �ij is the
threshold energy, and m is the electron mass.

The rate coefficients for the inverse processes can be ex-
pressed by applying the detailed balance principle �5�:

Kji =
gi

gj

� 2

m
�

�ij

�

�ij����F�� − �ij�d�

and

Kci =
gi

gegc
� h2

2�mkBTe
	3/2� 2

m
�

�ic

�

�ic����F�� − �ic�d� ,

with ge ,gi, and gc the degeneracies of the electrons, the
argon-excited state, and the ionized fundamental state. Te is
the electron kinetic temperature defined through 
u�
= 3 � 2kBTe, 
u� being the mean kinetic energy and kB the
Boltzmann’s constant.

The radiative processes considered are the following.
�i� Radiative recombination to the ground state:

Ar+ + e → Ar + h� .

�ii� Radiative recombination to an excited state:

Ar+ + e → Ar* + h� .

�iii� Radiative deexcitation:

Ar** → Ar* + h� .

The radiative recombination rate coefficients can be ex-
pressed as �5�

Aci =� 2

m
�

0

�

�1/2qci���f���d� ,

qci being the radiative recombination cross section.
Taking into account the rate coefficients previously de-

fined, the collisional balance equation for the excited state i
yields

� �ni

�t
�

CR

= 
j�i

�Kjine + Aji�nj + Kcine
3 + Acine

2

− �
j�i

Kijne + 
j�i

Aij + Kicne	ni, �1�

whereas the electrons collisional balance is given by

� �ne

�t
�

CR

= 
j

Kjcnjne − 
j

�Kcjne + Acj�ne
2. �2�

TABLE I. Summary of the argon-excited levels considered.

Number Configuration Deg. Energy �eV�

0 3s2p6 1 0

1 4s�3/2�2 , 3P2 5 11.548

2 4s�3/2�1 , 3P1 3 11.623

3 4s��1/2�0 , 3P0 1 11.723

4 4s��1/2�1 , 1P1 3 11.828

5 4p�1/2�1 3 12.907

6 4p�5/2�3 7 13.076

7 4p�5/2�2 5 13.095

8 4p�3/2�1 3 13.153

9 4p�3/2�2 5 13.172

10 4p�1/2�0 1 13.273

11 4p��3/2�1 3 13.283

12 4p��3/2�2 5 13.302

13 4p��1/2�1 3 13.328

14 4p��1/2�0 1 13.480

15 3d5s 48 14.019

16 3d�5s� 24 14.246

17 5p�1/2�0 3 14.464

18 5p�5/2�3 7 14.499

19 5p�5/2�2 5 14.506

20 5p�3/2�1 3 14.525

21 5p�3/2�2 5 14.529

22 5p�1/2�0 1 14.564

23 5p��3/2�1 3 14.681

24 5p��1/2�1 3 14.687

25 5p��3/2�2 5 14.688

26 5p��1/2�0 1 14.738

27 4d 40 14.780

28 6s 8 14.842

29 4f 56 14.906

30 4d� 20 14.967

31 3s2p5 6 15.76
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Electron-impact cross sections and radiative decay
probabilities

The electron-impact cross sections from argon ground
state used in this work are summarized in Table II. The ex-
perimental data used for the 4s ,4p, and 5p excited configu-
rations have the advantage of describing in detail the low-
energy region of the excitation cross section, but one of the
main important drawbacks is that the experimental values are
limited to energies generally lower than 100 eV. This prob-
lem is not present in previous CR models, as they use ana-
lytical fits: both Bretagne et al. �15� and Vlcek �5� use
Drawin expressions for the optically allowed and forbidden
transitions whose parameters are chosen in order to fit the
low-energy experimental data of Chutjian and Cartwright
�13� or Peterson and Allen �14�. In this work, analytical ex-
pressions based in those obtained by Bretagne et al. �15� are
used for the high-energy region with the parameters chosen
in order to ensure a smooth fit between the experimental
low-energy values and the asimptotic tails.

This cross section set has been validated by comparing
with experimental argon transport coefficients and swarm
data. One of the main results is that the electron-impact ex-
citation cross sections to the two metastable 4s states �i.e.,
the 4s�3/2�2 and the 4s��1/2�0 levels� have been reescaled
by a factor 0.5 from the experimental values of Khakoo et al.
�9� in order to ensure a good fit to the experimental data of
Tachibana �16�. For the upper levels for which there are no
experimental data available, the following Drawin-like ex-
pression for optically allowed transitions �7� is used:

��u� = 4�a0f ij�Eion
H

�ij
	2 �u − 1�

u2 ln�1.25u� ,

where a0 is the Bohr’s radius, Eion
H the atomic hydrogen ion-

ization energy, �ij the threshold energy, u=� /�ij, and f ij the
oscillator strength of the optical transition.

Compared with the electron-impact processes from the
ground state, the data available for electron impact transi-
tions between excited states are very scarce. From the theo-

retical point of view, the 4s-4p transitions were studied by
Hyman in 1978 �17� and 1981 �18� and Kimura et al. �19� in
1985. In the first case, both the 4s and 4p excited configu-
rations were considered as lumped levels so that only a total
excitation cross section was derived �hereafter refered as
block cross section�. The results of Kimura et al. were ob-
tained under the j-K coupling assumption, so that two differ-
ent values were presented corresponding to the primed and
unprimed configurations. Their numerical results were fitted
to Drawin’s expressions for optically allowed transitions.
Another theoretical value for this block cross section was
presented by Bretagne et al. �4�, yieding an excitation cross
section close to the theoretical results of Hyman.

In literature there are some argon CR model that divide
the 4s and 4p configurations into different sublevels: Vlcek
�5� considered the four 4s individual excited states and six
effective levels belonging to the 4p configuration. Guimaraes
and Bretagne �20�, on the other hand, took the ten excited
states of this configuration individually, whereas both the
models of Bogaerts et al. �6� and Bultel et al. �7� followed
the scheme proposed by Vleck.

In all cases, the procedure described for determining the
individual excitation cross sections was based on ponderat-
ing the block excitation cross section �T by the oscillator
strengths of the radiative transitions between the two levels,
so that

�ij = f ji
�T


j

f ji

. �3�

In the model of Guimaraes and Bretagne a value of �T close
to the theoretical values provided by Hyman and the experi-
mental oscillator strengths obtained by Wiese et al. �32� were
used. Vlcek �5� followed the same procedure, but using the
cross sections obtained by Kimura et al. �19�.

However, recently some new works have appeared pro-
viding theoretical or experimental values for the individual
4s-4p cross sections. In 1996 Boffard et al. �21� presented
measurements of excitation cross sections from the 4s meta-
stable states to some 4p levels. Piech et al. �22� in 1998 also
determined experimentally apparent cross sections from the
metastable levels to the J=3 excited level of the 4p configu-
ration, providing an estimation of the contribution of radia-
tive cascades of a 20%. In 1999 Bartschat and Zeman �23�
presented theoretical calculations that in general fit well the
measurements of Piech et al. In the same year, Boffard et al.
�24� published more extensive experimental results, and al-
though only apparent cross sections were presented, in their
work the contribution of radiative cascades was estimated to
be no more than a 20% of the measured values. The theoret-
ical cross sections of Maloney et al. �25� in 2002 agree well
with the data of Boffard et al., especially for the more in-
tense transitions.

Using some of these results, Bultel et al. �7� presented in
2002 fittings of the Drawin formula to the new cross sections
available. However, as has already been mentioned, in their
work only six levels belonging to the 4p configuration were
considered, and their fittings were limited by the lack of

TABLE II. Summary of references for the updated set of argon
ground-state cross sections �see text for details�.

Number Configuration Reference

1 4s�3/2�2 Khakoo et al. �9�
2 4s�3/2�1 Khakoo et al. �9�
3 4s��1/2�0 Khakoo et al. �9�
4 4s��1/2�1 Khakoo et al. �9�

5-14 4p Chilton et al. �10�
15 3d+5s Vlcek �5�
16 3d�+5s� Vlcek �5�

17–26 5p Weber et al. �11�
27 4d Drawin expression �7�
28 6s Drawin �1967�
29 4d� Drawin �1967�
31 3s2p5 Rapp and Englander-Golden �12�

INFLUENCE OF THE EXCITED STATES ON THE … PHYSICAL REVIEW E 72, 016401 �2005�

016401-3



experimental results for electron-impact excitation cross sec-
tions from the 4s radiative states.

In Fig. 1, a comparison between some of the experimental
data presented by Boffard et al. in 1999 and the individual
cross sections obtained through Eq. �3� using the total cross
sections provided by Bretagne et al. �4� and Kimura et al.
�19� are presented. The measurements of Boffard et al. seem
to confirm the existence of a correlation between the inten-
sity of the excitation cross section and the oscillator strength
of the radiative decay, especially for the more intense transi-
tions. The use of Eq. �3� is therefore justified. The agreement
is clearly better with the block cross section provided by
Bretagne et al. than in the case of Kimura et al. As there is an
important lack of data for the excitation cross sections from
the 4s radiative states, for the sake of consistency in this
work the individual cross sections between levels of the 4s
and the 4p configuration have been calculated by means of
the block cross sections of Bretagne et al. and Eq. �3�, due to
the fair agreement with the measurements of Boffard et al.
�24�.

No experimental values have been found in literature for
transitions between other excited configurations. The cross
sections used in the present work are based on the theoretical
calculations of block excitacion cross sections of Kimura et
al. �19�, using expression �3� for the individual cross sections
in optically allowed transitions. In the case of optically for-
bidden transitions, the results of Kimura et al. have been also
used.

In spite of their great importance, there are very few ex-
perimental results of the excitation exchange by electron im-
pact between excited states belonging to the argon 4s con-
figuration. Both in Vlcek’s model �5� and in the later
modification of Bogaerts et al. �6� the results of Baranov are
referenced for the 4s�3/2�1→4s�3/2�2 and 4s��3/2�1

→4s��1/2�0 transitions. In these works the values for the

other transitions are supposed following the results known
for the case of neon.

However, in 1999 Bartshat et al. �23� obtained theoretical
values of the electron-impact excitation cross sections be-
tween the metastable and radiative 4s states. As the results
obtained in the same work for the 4s-4p transitions agree
well with the experimental measurements of Piech et al.
�22�, the theoretical cross sections of Bartschat and Zeman
�23� can be considered good approximations at higher ener-
gies of the real cross sections between the 4s excited states.
The comparison between the theoretical values of Bartschat
and Zeman the expressions provided by Bogaerts et al. �6�
�see Fig. 2� yields a good agreement except for the case of
the 4s�3/2�1→4s�3/2�2 transition �Fig. 2�a��, in which one
cross section is 4 times greater than the other. In this work,
therefore, the expressions presented by Bogaerts et al. �6�
will be used in 4s-4s transitions except for the 4s�3/2�1

→4s�3/2�2 cross section, which has been renormalized in
order to fit the results of Bartschat and Zeman.

Apart from the 4s transition, hardly any result has been
found for excitation exchanges between levels belonging to
the same excited configuration. Only in the work of Bultel et
al. �7� is proposed the use of a general Drawin-shaped cross
section for all of them. The influence of these excitation
exchanges may be important when determining the popula-

FIG. 1. Electron-impact excitation cross sections for transitions
�a� 4s��1/2�0→4p��1/2�1, �b� 4s��1/2�0→4p��3/2�1, �c�
4s�3/2�2→4p��1/2�1, and �d� 4s�3/2�2→4p��3/2�2, as a function
of the electron kinetic energy. The experimental results of Boffard
et al. �open circles� are compared with the cross sections calculated
from the block cross sections from Bretagne et al. �solid line� and
Kimura et al. �dotted line�.

FIG. 2. Electron-impact excitation cross sections for transitions
�a� 4s�3/2�2→4s�3/2�1 and �b� 4s�3/2�2→4s��1/2�0, as a function
of the electron kinetic energy. The expressions presented by
Bogaerts et al. �solid line� are compared with the theoretical calcu-
lations of Bartschat and Zeman �open circles� and the rescaled
Bogaerts cross section in order to fit Bartshat results �dotted line�.
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tions of the 4p and 5p transitions, which affect the popula-
tions of the 4s levels through radiative decay. For the 4p
configuration, Nguyen and Sadeghi �26� studied excitation
exchanges driven by atomic impact, whereas Sadeghi �27�
provided rate coefficients for the excitation exchange due to
the effect of thermal electrons.

In the present work, this kind of transitions are important
for the 4p and 5p excited configurations, as in both cases the
ten individual levels are considered independently. There-
fore, we have used the Drawin’s cross-section shape for op-
tically forbidden transitions �7�. The absolute values of the
cross sections have been determined by studying the 4p-np
and 5p-np cross sections calculated by Kimura et al. �19�.
Figure 3 shows clear trends of the Kij coefficients with the
transition energy, so that the absolute values have been de-
termined by extrapolating to a zero value of threshold en-
ergy.

Compared to ionization from the argon ground state, ion-
ization by electron impact from excited states is not so well
studied. The theoretical works commonly cited are those of
Ton-That and Flannery �28�, Hyman �29�, and Vriens and
Smeets �30�. In the first of them, the ionization cross section
from argon metastable states is theoretically calculated. Hy-
man in 1979 derived cross sections for the 4s and 4p excited
configurations, and in 1980 Vriens and Smeets presented a
generic model which has been applied for the case of argon.

In the CR model of Bretagne et al. of 1982 �4� a compari-
son was made between these models and the experimental
measurements of Dixon �cited by Bretagne et al.� for the
ionization from the 4s excited configuration. They also pro-
posed a generic expression for ionization from excited states
that fit well the former results. In the model of Guimaraes
and Bretagne �20� these cross sections are used. In the CR
model of Vlcek �5�, a formula proposed by Drawin was cho-
sen, adjusting the coefficients to the results of Hyman �29�
for the 4s and 4p excited configurations and using the results
of Drawin for the rest of excited levels. These values are also
included in later modifications of this model �i.e., Kelkar et
al. �31�, Bogaerts et al. �6�, or Bultel et al. �7�� and are used
in the present work.

As for the radiative processes, the experimental measure-
ments of radiative decay probabilities of Wiese et al. �32�
have been used when possible, as well as the theoretical

values of Lilly �33�, Lee and Lu �34�, Katsonis and Drawin
�35�, and Kimura et al. �19� for the transitions from the upper
excited states.

In the special case of radiative transitions to the argon
ground state, the Einstein coefficients Aij have been modified
using escape factors to take into account the possible radia-
tion trapping. This coefficients have been calculated using
the theoretical model proposed by Holstein, so that effective
Einstein coefficients Aij

ef =�ijAij are defined, being the �ij the
so-called Holstein’s coefficients �36–38�.

The treatment of radiative recombination followed in this
work relies on the detailed balance principle in order to relate
the radiative recombination cross sections to the correspond-
ing photoionization cross sections. Only the recombination
to the ground state and the 4s and 4p excited configurations
have been taken into account, and in all cases the cross sec-
tions provided by Vlcek �5� have been used. However, the
influence of this process in the present conditions has turned
out to be negligible.

III. MODEL EQUATIONS

The CR model has been self-consistently solved with the
homogeneous electron Boltzmann equation in the two term
expansion for a microwave discharge �39�. Under the high-
frequency approximation, admitting that 	
��m with 	 the
field excitation frequency and �=m /M, being m and M the
electron and argon mass, the time-independent electron Bolt-
zmann equation can be used.

In this work, apart from the electron-neutral and electron-
electron elastic collisions and the inelastic collisions from
argon ground states, the superelastic processes and the in-
elastic collisions involving argon excited states are taken into
account. The electron-energy distribution function can then
be obtained from the equation

−
2

3

e2E2

m
�−1/2 �

��
� �m

	2 + �2�3/2�F

��
� = S0n + S0in + S0sup + S0e,

�4�

with the EEDF normalized such that ��1/2F���d�=1 and S0n

being the term responsible for the electron-argon elastic col-
lisions, S0e the term of electron-electron collisions, and S0in
and S0sup those corresponding to the inelastic and superelas-
tic processes. The formulation of this terms is well known
and the expressions used can be found elsewhere �40–43�.

The discretization presented in 1982 by Bretagne et al.
�4�, based on the previous work of Rockwood �40�, has been
used. This discretization procedure ensures both particle and
energy conservation in the treatment of the electron-electron
term. The homogeneous electron Boltzmann equation has
been solved coupled to the collisional radiative model for the
argon excited states using the electron-impact cross-section
set described in Sec. II along with the electron-neutral elastic
momentum transfer cross section proposed by Yamabe et al.
�41�. The inelastic contribution to this cross section has been
added using the set presented in this work �Table II�.

A low-pressure discharge in a cilindrical configuration has
been considered. Among all the argon excited states only

FIG. 3. Threshold energy dependence of the amplitude factors
for 4p-np transitions given by Kimura et al. �see text for details�.
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argon metastable levels are affected by radial difussion due
to their longer mean life. For these two states, the balance
equation yields

� �nm

�t
�

CR

=
Dm

�2 ,

with Dm the diffusion coefficient for each metastable state
given by Sadeghi and �=a /2.4, being a the inner discharge
radius. The populations of the radiative excited states are
obtained by simply solving the collisional balance

� �ni

�t
�

CR

= 0.

The CR model and Boltzmann equation have been solved
using a semi-implicit relaxation scheme similar to that pre-
sented by Morgan and Penetrante �43�.

IV. RESULTS

The model described in the previous sections has been
applied to an argon microwave discharge generated by an
electromagnetic field with an excitation frequency of 2.45
GHz in a cilindrical configuration with an inner radius of 1
cm. The model has been solved for a gas temperature of 300
K. The reduced electric field E /N and ionization degree ne /N
have been considered as independent variables in order to
study the influence of each of them individually. In the cal-
culation of the populations of the excited states the pressure
was set to 1 mbar.

In Fig. 4 the EEDF’s obtained are presented for three
ionization degrees both neglecting �Fig. 4�a�� and consider-
ing �Fig. 4�b�� the influence of inelastic and superelastic pro-
cesses between excited states. When just inelastic processes
involving the argon ground state are considered the EEDF
tends, as is expected, to a Maxwellian distribution function
for higher ionization degrees. However, when the influence
of the excited states is taken into account, the EEDF is also
affected by the increase of the population of the argon ex-
cited states, and both the inelastic and superelastic processes
become important for ionization degrees over 10−5. For a
value of the reduced field of E /N=100 Td, the increase of
the population of the excited states causes the population of
the high-energy tail of the EEDF as a consequence of the
superelastic processes. At higher ionization degrees the
EEDF also tends to a Maxwellian EEDF, but its slope is
steeper than in the case of Fig. 4�a�, due to the inelastic
collisions between excited states, which act as an additional
energy-loss term for the free electrons. The evolution of the
EEDF with the ionization degree as a consequence of the
inelastic and superelastic processes is shown in Fig. 5 for a
reduced field E /N=100 Td.

The electron temperature, defined so that um= 3 � 2kBTe,
with um the mean kinetic energy calculated from the electron
EEDF, is presented in Fig. 6 both neglecting and considering
inelastic and superelastic processes with the excited states.
When the contribution of the argon excited states to the
EEDF is neglected �Fig. 6�a��, the electron temperature is
almost independent of the ionization degree, presenting im-

portant variations when increasing the reduced electric field.
In Fig. 6�b�, on the other hand, the increase of the population
of the excited states affects greatly this value, reducing the
electron mean energy, especially at high values of E /N, for
ionization degrees over 10−5. Below this limit the influence
of inelastic and superelastic processes involving argon ex-
cited states is just of second order.

In Fig. 7 the populations of the excited states are shown
for an electric field of 100 Td and ionization degrees of 10−5

and 10−4: the excited states over the 4s configuration �i.e.,
i�4� follow approximately a Boltzmann-like behavior such
that

ni =
gi

g0
exp� − Ei

kBT*	 ,

especially for high ionization degrees. One exception is the
level n=29. As its electronic configuration is 3s2p54f , the
outer electron is weakly coupled to the rest of the levels so
that the only important populating pathways are the electron-
impact excitations from the nd configurations.

From the fitting of the excited states over the 4s �with the
exception of the n=29 level� to the previous expression it is
possible to obtain an argon excitation temperature T*. For a
ionization degree of 10−4 a value of T*=0.9 eV is obtained.
This temperature is lower than the kinetic electron tempera-
ture �Te=1.6 eV� calculated from the EEDF, due to the in-
fluence of radiative decays.

FIG. 4. Electron-energy distribution functions obtained for dif-
ferent ionization degrees at E /N=100 Td: �a� neglecting the contri-
bution of the excited states and �b� full model.
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A comparison of the electron kinetic temperature and the
excitation temperature is presented in Fig. 8�a�. As the ion-
ization degree increases, the collisional processes become
more important and the values of both magnitudes approach
each other. The Boltzmann decreases—that is, the quotient
between the populations obtained through the collisional ra-
diative model and those predicted by Boltzmann relation for
an excitation temperature equal to the electron kinetic
temperature—get closer to unity �Fig. 8�b�� as the ionization
degree increases as a consequence of the greater influence of
the electron collisional deexcitation compared with the radia-
tive decay.

V. DISCUSSION

In the last ten years knowledge of the kinetics of the argon
lower excited states has deepened due to the number of new

results of electron-impact excitation cross sections. The ad-
vances are also important in the case of the 4s-4p transitions,
as now there are experimental data for many electron-impact
cross sections involving these two electronic configurations.
From the comparison of these experimental data and some of
the previous theoretical collisional-radiative models, it has
been found that the usual assumption of supposing the inten-
sity of the electron-impact cross section proportional to the
oscillator strength of the optical transition is justified.

However, there is still an important lack of data involving
either transitions between highly excited states or between
levels belonging to the same electron configuration. This
lack of data is especially important in the case of the 4s
excited configuration, as the main decaying pathway for this
states at low pressures is due to excitation interchange with
the 4s radiative levels. In this work the values for these cross
sections have been chosen taking into account both previous
theoretical results and other collisional-radiative models.

The application of the CR model to the calculation of the
EEDF using the two-term expansion of the Boltzmann equa-
tion shows that the influence of the inelastic processes be-
tween excited states leads to a decrease on the electron mean
kinetic energy for ionization degrees greater than 10−5 com-
pared to the value expected if such transitions are not taken
into account. At low fields, this effect becomes less impor-
tant and the well-known similarity relation F���
= f�E /N ,ne /N , 	 /N� for the electron-energy distribution
function remains valid. The introduction of inelastic and su-
perelastic processes in the calculation of the EEDF leads to a

FIG. 5. Electron density influence on the
electron-energy distribution function �p=1 mbar,
T=300 K, E /N=100 Td�.

FIG. 6. Effect of the electron density and electric field on the
electron kinetic temperature �T=300 K�: �a� neglecting the contri-
bution of the excited states and �b� full model.

FIG. 7. Populations of argon-excited states for two different
ionization degrees: ne /N=10−5 �solid circles� and ne /N=10−4 �open
circles� �T=300 K, E /N=100 Td�.
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breaking of this relation due to the strong dependence of the
reduced densities ni /N of the excited states with the gas den-
sity N, a direct consequence of the presence of the radiative
processes in the balance equations. In Fig. 9, electron tem-
peratures are presented for constant values of E /N ,ne /N, and
	 /N at different pressures. If the similarity relation were
valid, Te would be independent of pressure, and therefore
would take a constant value in Fig. 9. However, the influence
of the excited states in the EEDF causes a departure from
this constant value, so that Te decreases when increasing this
parameter. In the low-pressure limit, the influence of the ex-
cited states on the EEDF turns out to be negligible.

As is expected, the populations of the excited states vary
greatly with the electric field and ionization degree. At lower
electron densities, where the excitation exchanges are not
important, the populations of the excited states are strongly
affected by the excitation cross sections from the ground
state and the radiative decays. However, as the ionization

degree increases, the populations of the excited states tend to
a relation consistent with a Boltzmann profile, so that an
excitation temperature can be defined. Such an excitation
temperature can be experimentally determined from optical
emission spectroscopy �OES� measurements �44�, but con-
trary to what it is generally assumed at atmospheric pressure,
at low pressure its value is lower than the electron kinetic
temperature due to the influence of the radiative decay. This
means that from the experimental point of view the determi-
nation of Te based on OES measurement that is normally
used at atmospheric pressure can not be applied to lower
pressures.

VI. CONCLUSIONS

In this work an argon collisional-radiative model has been
developed taking into account the new values of electron-
impact cross sections that have been recently published. With
these model the electron-energy distribution function has
been calculated using a two-term expansion of the Boltz-
mann equation considering the influence of both inelastic
and superelastic collisions. These processes have a greater
influence at high ionization degrees and electric field values,
becoming an important energy-loss term at pressures of 1
mbar, and therefore should be considered when modeling
argon discharges at such pressures. When increasing the ion-
ization degree the populations of the excited states are re-
lated by a Boltzmann-like expression, but the excitation tem-
perature that can be derived is lower than the electron
temperature, contrary to what it is usually admitted at atmo-
spheric pressure.
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FIG. 8. Influence of the electron density on the populations of
the excited states �T=300 K, E /N=100 Td�: �a� comparison be-
tween the excitation and electron kinetic temperature and �b� Bolt-
zmann decreasements �see text for details�.

FIG. 9. Influence of pressure on the electron temperature �T
=300 K, E /N=100 Td, ne /N=10−5, 	 /N=2�10−13 s−1 m3�.
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