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Abstract. Electron impact excitation cross sections of argon from the 3p°4s matastable states to the
excited states of 3p°4p configuration were calculated by using the fully relativistic distorted wave method,
based on the multi-configuration Dirac-Fock (MCDF) theory. The influence of electron correlation effects
on cross sections were discussed in detail. For low energy impact, it is found that the electron correlation
effects have a large influence on the cross sections and make the cross sections smaller. However, this
influence become smaller with the increasing of incident electron energy. The present results are in good
agreement with the experiments of Boffard et al. [Phys. Rev. A 59, 2749 (1999)] in most cases.

1 Introduction

Electron impact excitation (EIE) of noble gases has gained
a lot of attention in recent years because of their applica-
tions in various gaseous electronics. Argon holds a partic-
ular position among the inert gases owing to its both rela-
tively higher content in the earth’s atmosphere (it occupies
the third place after nitrogen and oxygen) and frequent
presence in various plasma media. For the metastable state
of argon, the reaction ability becomes higher, the lifetimes
is long and the EIE cross sections are large, the excitation
of metastable state of argon is therefore especially impor-
tant for the understanding and modeling of argon plasmas.

In the past few decades, because the experimental mea-
surements are difficult when the initial and final states of
target atom are both excited states, most investigations
have concentrated on atomic processes from the ground
state, including excitation [1-6], elastic scatting [7-10] and
ionization [11-13]. Only a few researches have been de-
voted to electron impact excitation cross sections from
the metastable states. On the experimental side, Baranov
et al. [14] have studied the excitations from the 3p°4s lev-
els into the levels of the 3p°4p configuration in an argon
plasma afterglow. They obtained excitation rate coeffi-
cients as a function of the electron temperature in the
range from 3000 to 11000 K, and attempted to extract the
magnitudes and energy dependencies of individual cross
sections. Mityureva et al. [15] published their results for
the stepwise excitation of the 3p°4s(J = 2) metastable
level of argon into levels of the 3p°4p configuration in the
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energy range from onset 12 eV. Boffard et al. [16] employed
two different sources of metastable atoms, and measured
excitation cross sections into eight levels of 2p manifold
at low electron energies, as well as excitation into three
levels at energies up to 400 eV. However, the results of
Boffard et al. are strikingly different with Baranov et al.
and Mityureva et al. in both magnitude and shape as
a function of collision energy. On the theoretical side,
the total EIE cross sections from the metastable states
of argon were calculated using the multistate semirela-
tivistic Breit-Pauli R-matrix method by Bartschat and
Zeman [17], the semirelativistic first-order distorted-wave
(SRDW) and plane-wave Born approximation (PWBA)
by Maloney et al. [18], the distorted-wave (DW) method
by Dasgupta et al. [19], the relativistic distorted-wave
(RDW) approximation by Srivastava et al. [20]. However,
there are still some big discrepancies between these calcu-
lations and experiments [16].

The ground state of Ar is 1522522p53523p5. The first
excited configuration 3p°4s consists of four levels with to-
tal angular momentum J equals 0, 1, and 2. The two
levels with J = 1 are short-lived resonance levels which
can decay to the J = 0 ground state, whereas the two
metastable levels with 3p°4s (J = 0) and 3p°4s (J = 2),
which denote as 1s3 and 1s5, are dipole forbidden for de-
caying to the ground state. The next set of ten excited
levels arises from 3p°4p configuration with J values rang-
ing from 0 to 3. In Paschen’s notation these levels are
labeled as 2p; through 2pig from the highest energy to
the lowest. As knows, argon and xenon have the similar
energy level structure. In the previous work on electron
impact excitation of Xe [21], we have studied the EIE
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cross sections and energy levels from the metastable in
detail. As an expansion of the study, a further calcula-
tion of the EIE cross sections for Ar has been performed
in this work, the electron impact excitation cross section
from the metastable states to the lowest excited states of
2p1 to 2p1p have been calculated systematically by a fully
RDW program REIE06 developed by us [22,23], which
is based on the multi-configuration Dirac-Fock (MCDF)
method and the corresponding packages Grasp92 [24] and
Ratip [25]. The influence of electron correlation effects on
the cross section are also discussed in detail.

2 Theoretical method and calculational
procedures

The electron impact excitation cross section o; s (€) from an
initial state ¢ to final state f can be written as [21,22,26,27]

2
oif(e) = 82;;_ (2J+1)
iy
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KK P,qp<q

where ag is the Bohr radius, k; is the relativistic wave
number of the incident electron, g; is the statistical weight
of the initial level of the N-electron target ion, x and ' are
the relativistic quantum numbers of the initial and final
continuum electrons, respectively. Voo is the Coulomb
operator and Vp,e;+ ia the Breit operator [28]. The wave
function for both the initial and final states of the impact
systems are the antisymmetric wave functions of the total
(N + 1) electron system including the target ion plus a
continuum electron, which can be written as [22,26]
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where C'is the Clebsch-Gordon coefficient, J;, j and J are
the angular momentum quantum numbers of the target
ion, continuum electron and the impact system, respec-
tively; @g,, are the target-atom wave functions, 3; rep-
resents all other quantum numbers in addition to Ji; x,
designates the space and spin coordinates for electron p;
and x,, I'is the space and spin coordinates of the N elec-
trons other than p; wu.me is the relativistic distorted-wave
Dirac spinor for a continuum electron; x is the relativis-
tic quantum number. In our calculations, the continuum
wave function wgme(zp) is generated by the component
COWF and Ratip package [23,29] by solving the coupled
Dirac equation in which the exchange effect between the
bound and free electron is considered. The wave function
@p,1,(xz, ') of the target states is generated by the widely
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Table 1. Number of CSFs in the expansion of the target state
functions in model B and number of the levels are used in the
optimization of the wave functions of the different symmetry.
JT is the total angular momenta and parity of the levels, NL
is the number of the optimized level; NCSF is the number of
CSFs.

Configurations JP NL NCSF

3s%23p°4s + 35%3p°3d 4 3s%3p°4d 2~ 1 339
- 1 48

35%3p°4p + 3s%3p°4f 0+ 2 82
1+ 4 197
2+ 3 272
3+ 1 255

used atomic structure package Grasp92 [24]. The contin-
uum orbitals are solutions of the Dirac-Fock equations

() e (2= V)@= o

dar or '
(4 7) @ (2470 ) rer ="

Here, ¢ is the speed of light, P, and @, refer to contin-
uum orbitals. and F is the kinetic energy of the scattered
electron. Direct and exchange potentials, V(r) and X (r);
are given by Grant et al. [30]. These equations are solved
by the method of outward integration.

To illustrate the electron correlation effects of the tar-
get states on the cross sections, two correlation models,
named model A and B, are used to describe the target
states in the calculations. Model A is the single config-
uration (SC) approximation, including the configurations
3523p5, 3523p°4s and 3s23p°4p similar to the descriptions
of Srivastava et al. [20]. While model B is the multi-
configu-ration (MC) approximation, which includes the
configurations 3s23p%, 3523p°4s, and 3s23p°4p, 3523p°3d,
3523p°4d, and 3s23p°4f. In our calculations, all the sin-
gle electron orbitals including the core (1sy/2,251/2,2p1/2
and 2p3/») and peels (312, 3p1 /2, 3p3/2, 4p1/2 and 4ps)s)
are obtained by using an extended optimal level (EOL)
method. To deal with the rearrangement of the valence
orbitals, all the relative levels are divided into six groups
according to their parity and total angular momenta,
namely, two is for the metastable states with J = 2 and
J = 0 of the 3p°4s configuration, and the other four
groups are for the states with J =0, J =1, J = 2
and J = 3 of the 3p°4p configuration, respectively. Then
these states were optimized independently. In addition,
in model B, all virtual single excitations from the 3sy s,
3p1/2, 3p3/2 shells into the unoccupied 3ds /2, 3ds /2, 4812,
4]71/2, 4]73/2, 4d3/2, 4d5/2, 4f5/2 and 4f7/2 shells are in-
corporated by using the active space method [24]. The
numbers of configuration state functions (CSFs) used in
model B for different level groups are listed in Table 1.

In Table 2, the excitation energies from the 1s; to
2p1—2p1o calculated in model A and B are listed and com-
pared with the theoretical results [20] and the available
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Table 2. Excitation energy (in eV) from 1s5 to 2p1—2p1o calculated in two models and comparison with the theoretical results
of Srivastava et al. [20] and the experimental results of Boffard et al. [16].

Configuration ~J”  Paschen Ref. [20] Model A Model B Exp. [16]
3p304pse 1+ 2pio 1.201 1.209 1.261 1.359
3p5,04p32 3+ 2po 1.327 1.339 1.472 1.527
3p3dpi2 2+ 2ps 1.342 1.354 1.457 1.547
3p50dpre 1+ 2p7 1.402 1.413 1.573 1.605
3p304pss 2+ 2pe 1.414 1.426 1.638 1.624
3p3,04ps2 0+ 2ps 1.510 1.551 1.703 1.725
3pidpie 1+ 2pa 1.539 1.552 1.696 1.735
3plodps;2 2+ 2ps 1.555 1.568 1.752 1.754
3p10dpse 1+ 2po 1.581 1.594 1.755 1.779
3p1 /2412 0+ 2p1 1.715 1.991 1.827 1.931

experiments [16]. In this table, we can obviously find that
the results in model A are in good agreement with the
results of Srivastava et al. [20]. But it has some large dis-
crepancies with the experiments, and this model can only
provide a primary estimate for the target states. Instead,
the results in model B are in reasonable agreement with
the experiments with maximal discrepancy less than 6%.
From this comparison, it becomes clear that the model B
can give a more accurate description for the corresponding
target states.

3 Results and discussion

The excitations from the 1s; level to the 3p°4p levels
can be divided into two groups according to their par-
ent terms. One is the core-preserving excitations, which
include six levels denoted as 2ps to 2pig. The other is
the core-changing excitations, which include four levels
denoted as 2p; to 2py.

In Figure 1, for the excitations from the 1s; to
the 2ps—2p1o (Figs. la—1f, corresponding to the core-
preserving excitations), our results in two correlation mod-
els are compared with the experimental values of Boffard
et al. [16] and other calculations at low energy range. In
order to ensure convergence, the maximal partial x = 50
is included in our calculations. Firstly, as can be seen from
Figure 1a, the excitation cross sections from the 1s5 to the
2ps, which is a dipole forbidden transition, is significantly
smaller than the optically allowed ones compared with
other excitations. Both the R-matrix results of Maloney
et al. [18] and the results of distorted-wave by Dasgupta
et al. [19] are in good agreement with the experimen-
tal results of Boffard et al. [16]. Although our results in
model A and model B display a similar variational trend
with the experiments, it is still smaller than the experi-
ments. According to the explanation of Boffard et al. [16],
the experimental results would include some important
cascade contributions for this excitation. Secondly, for the
excitations from the 1ss to the 2pg, 2ps and 2pg, of which
the experimental results are available, it is found that the
cross section varies very slowly with the increasing of inci-
dent electron energy. For the excitation from the 1s5 to the

2pe (Fig. 1b), our results in model A are larger than the
experimental values of Boffard et al. [16] and other calcu-
lations. However, the results in model B are in agreement
with the experimental results of Boffard et al. [16] reason-
ably. For the excitation from the 1s5 to the 2pg (Fig. 1d),
no other theoretical results are available, our results in
model A are larger than the experiments. However, the
results in model B display a similar variational trend with
the experiments. For the excitation from the 1ss to the
2py (Fig. le), our results in model A, the distorted-wave
results of Dasgupta et al. [19] and the results of semirela-
tivistic distorted-wave with CIV3 wave function (SRDW-
CIV3) of Maloney et al. [18] are much larger than the ex-
periments [16]. The results in model B and the R-matrix
results of Maloney et al. [18] are in good agreement with
the experiments [16]. Finally, for the excitations from the
1s5 to the 2p7 and 2p1o (Figs. 1c and 1f), there are no pub-
lished experimental data and other theoretical results. It
is found that the results in model B are smaller than the
results in model A. The cross sections decrease fast with
the increasing of incident electron energy in model A, how-
ever, the cross sections decrease slowly with the increasing
of incident electron energy in model B.

Figure 2 shows the EIE cross sections from the 1s5 to
the 2p,—2p; (Figs. 2a—2d), corresponding to the core-
changing excitations). As can be seen from Figure 2a,
for the excitation to the 2p4, apparently, the results of
the plane-wave Born approximation and the SRDW-CIV3
of Maloney et al. [18] are much larger than the exper-
imental results. The distorted-wave results of Dasgupta
et al. [19] are similar with the R-Matrix results of Maloney
et al. [18]. Especially, the results of model A, model B and
the Srivastava et al. [20] are in good agreement with the
experimental values of Boffard et al. [16]. In Figure 2b, for
the excitation to the 2p3, compared with the experiments,
it can be seen that the results in model A, the results of
relativistic distorted-wave of Srivastava et al. [20] and the
results of distorted-wave of Dasgupta et al. [19] show a
similar variational trend with the experiments, but there
are still big discrepancies compared with the experiments.
However, our results in model B are in agreement with
the experimental values of Boffard et al. [16]. In Figure 2c,
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Fig. 1. (Color online) Electron impact excitation cross sections of argon. The hollow circles are the present results in model A; the
solid hollow circles are the present results in model B; the solid line are the distorted-wave (D-W) results of Dasgupta et al. [19];
the dash line are the results of 15-states R-matrix of Maloney et al. [18]; the dot line are the results of SRDW with CIV3 wave
functions (SRDW-CIV3) of Maloney et al. [18]; the dash-dot line are the RDW results of Srivastava et al. [20]; the squares with

the error bars are the experiments of Boffard et al. [16].

there is also no other theoretical calculations, although our
results in model B are smaller than that in model A, there
are still about a factor of two larger than the experimental
results of Boffard et al. [16], the reason mainly due to the
incomplete inclusion of the correlation effects in the same
model for 2ps. From Figure 2d, for the excitation from the
1s5 to the 2py, obviously, it shows a similar variation trend
with the excitation from the 1ss to the 2p; (Fig. 1a). And
we can see the core-changing transitions have smaller cross
sections compared with the core-preserving transitions.

In Figure 3, we carried out similar calculations for
the excitations from the 1s3 to the 2p;—2ps, 2pio
(Figs. 3a—3i) in two models, and compared with other the-
oretical calculations and available experiments of Boffard
et al. [16]. It is found that for the excitations from the
1s3 to the 2p1, 2ps, 2ps, 2ps and 2pg (Figs. 3a, 3c, 3e, 3f
and 3h), which are dipole forbidden transitions, and show
a similar variational trend with the excitation from the 1s5
to the 2ps, the cross sections decrease rapidly with the in-
creasing of incident electron energy. There is no available

experimental data and theoretical result can be used to
compare. The dipole allowed transitions which included
the excitations from the 1s3 to the 2ps, 2p4, 2p7 and 2p1o
(Figs. 3b, 3d, 3g and 3i), both the theory and experiment
show a similar variational trend, that is, they have larger
cross sections and decrease very slowly with increasing of
incident electron energy. For the excitation from the 1s3
to the 2ps, there is also no other theoretical results to
compare, it is found that our results in model B are still
bigger than the experiments of Boffard et al. [16]. For the
excitation from the 1ss to the 2p4, compared with the
available experiments and other theoretical results, it is
found that our results in model B are smaller than those
in model A, however, there have also some differences with
the experiments and the results of R-matrix of Maloney
et al. [18].

In the above sections, we compared our results with ex-
perimental values of Boffard et al. [16] and discussed the
influence of electron correlation effects on cross sections at
low energy range in detail. In Figure 4, further calculations
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Fig. 2. (Color online) Electron impact excitation cross sections of argon. The hollow circles are the present results in model A;
the solid hollow circles are the present results in model B. The solid line are the plane-wave Born approximations (PWBA)
results of Maloney et al. [18]; the dash line are the distorted-wave (D-W) results of Dasgupta et al. [19]; the dot line are the
SRDW-CIV3 results of Maloney et al. [18]; the dash-dot line are the results of 15-states R-matrix of Maloney et al. [18]; the
dash-dot-dot line are the results of RDW results of Srivastava et al. [20]; the squares with the error bars are the experiments of
Boffard et al. [16].
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Fig. 3. (Color online) Electron impact excitation cross sections of argon. The hollow circles are the present results in model A;
the solid hollow circles are the present results in model B. The solid line are the plane-wave Born approximations (PWBA)
results of Maloney et al. [18]; the dash line are the results of 15-states R-matrix of Maloney et al. [18]; the dot line are the
SRDW-CIV3 results of Maloney et al. [18]; the squares with the error bars are the experiments of Boffard et al. [16].
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Fig. 4. (Color online) Electron impact excitation cross sec-
tions of argon. The hollow circles are the present results
in model A, the solid circles are the present results in
model B. The solid line are the SRDW-CIV 3 results of Maloney
et al. [18]; The dash line are the distorted-wave (D-W) results
of Dasgupta et al. [19]; the dot line are the RDW results of
Srivastava et al. [20]; the dash dot line are the SRDW results
with SUPERSTRUCTURE program (SRDW-SS) of Maloney
et al. [18]; the squares with the error bars are the experiments
of Boffard et al. [16].

were carried out for these EIE cross sections for the energy
range from 50 eV to 400 eV. Considering the importance
of the high partial wave contribution in high energy im-
pact, the maximal partial wave x = 180 is included in the
calculations. It is clearly found that our results in model
A show a similar variational trend with the experiments of
Boffard et al. [16]. However, both our results in model B
and the SRDW-CIV3 results of Maloney et al. [18] are in
good agreement with the experiments. With increasing of
the incident electron energy, the results of distorted-wave

The European Physical Journal D

of Dasgupta et al. [19], relativistic distorted-wave ap-
proximation of Srivastava et al. [20] and semirelativistic
distorted-wave with SUPERSTRUCTURE (SRDW-SS)
program of Maloney et al. [18] are consistent with the
experiments results of Boffard et al. [16] gradually. Obvi-
ously, the EIE cross sections for high energy collision are
not sensitive to description of the target states.

4 Conclusions

The RDW method is used to calculate the electron im-
pact excitation cross sections of argon from the metastable
states of the 3p°4s configuration to the states of the
3p°4p configuration. With the aim of getting more ac-
curate target states, two different correlation models are
used to describe the target states. From this work, we can
conclude that correlation effects made the cross sections
becomes smaller, at low energy region, both of the core-
preserving excitation cross sections and core-changing ex-
citation cross sections are very sensitive to the description
of the target states. However, with increasing of the inci-
dent electron energy, the cross sections are not sensitive
to the description of the target states. In most cases, our
results in model B are in good agreement with the exper-
iments of Boffard et al. [16].

This work was supported by the National Nature Science
Foundation of China (Grant Nos. 10774122, 10876028,
10847007, 10964010) and the specialized Research Fund for
the Doctoral Program of Higher Education of China (Grant
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