
Chin. Phys. B Vol. 22, No. 7 (2013) 073402

Ionization cross sections for electron scattering from metastable
rare-gas atoms (Ne∗ and Ar∗)∗
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The optical-model approach has been used to investigate the electron-impact ionization of metastable rare-gas atoms.
A complex equivalent-local polarization potential is obtained to describe the ionization continuum channels. We have
calculated the cross sections for collisional ionization of the metastable atoms Ne∗ and Ar∗ by electrons in the energy range
from threshold to 200 eV. The present results are in agreement with the available experimental measurements and other
theoretical calculations.
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1. Introduction
Electron-impact ionization from ground and metastable

states of rare-gas atoms is well known to be important in
both fundamental studies and practical applications. The lat-
ter includes plasma modeling and the interpretation of astro-
physical data. The electron impact on atoms may be consid-
ered as Coulomb three-body problems.[1] The break-up chan-
nel exhibits all the difficulties of many-body scattering the-
ory coupled with the special problem of the infinite range of
the Coulomb interaction. Therefore, significant experimental
and theoretical efforts have contributed to this topic for several
decades. Most of the investigations focus on the ionization of
ground atoms by electron impact. A comprehensive review
can be found in the article of Christophorou and Olthoff.[2]

The lower ionization threshold energies and the higher
polarizabilities of the excited states of atoms significantly af-
fect the ionization process in electron scattering and cause
distinct cross sections compared with their respective ground
states. These unique properties offer a new opportunity to
understand the basic interactions in electron–atom collision,
and consequently produce a challenging topic in theoretical
research. For several decades, ionization of metastable rare
gases by electron impact has become a subject of great inter-
est, and there is a series of relevant research work that has been
carried out.[3–11] However, the situation is much less satisfac-
tory since significant differences can be seen between experi-
mental observations and theoretical calculations.

In the experimental aspect, most of the measurements on
electron-impact ionization of excited rare-gas atoms focus on
helium.[3,6,12,13] For more complex rare-gas atoms, there are
only experimental data for metastable neon and argon until

now. In 1973, Dixon et al.[5] used the crossed electron and
fast-atom beam technique and measured the ionization cross
sections of metastable neon and argon respectively with the
electron energy ranging from 5.6 eV to 500 eV; nevertheless,
their data were not published. In 1996, Johnston et al.[4] car-
ried out the crossed-beam experiment using a fast-neutral tar-
get formed by the charge transfer between a neon-ion beam
and neon gas or sodium vapour, and then obtained the partial
electron impact ionization cross sections of metastable neon in
the energy range from threshold to 200 eV.

Theoretical studies of ionization in electrons and
metastable rare-gas atoms collision have been performed
by a number of approaches. In the early theoretical
investigations,[11,14–17] the semi-empirical, the semi-classical,
and the Born-approximations approach have all determined
the electron-impact ionization cross sections of metastable
rare-gas atoms. However, significant discrepancies among the
above theoretical results exist. At the time, the available ex-
perimental data were very few, that was the measurement of
Dixon et al.[5] Until the nineties of the last century, Johnston
et al.[4] reported their measured ionization cross sections of
metastable neon by electron impact. After that, several corre-
sponding theoretical works were produced. In 1999, Deutsch
et al.[10] used the semi-classical Deutsch–Märk (DM) formal-
ism to calculate the absolute cross sections for the electron-
impact ionization of metastable rare-gas atoms from threshold
to 200 eV. In 2004, Ballance et al.[9] performed an R-matrix
with pseudo-state (RMPS) calculation of ionization in elec-
tron scattering from metastable neon. In addition, they of-
fered a configuration-average time-dependent close-coupling
(TDCC) calculation and a distorted-wave (DW) calculation on
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this cross section. In 2007, using both RMPS and DW meth-

ods, Ballance et al.[8] calculated the electron-impact ioniza-

tion cross sections of argon below 21 eV. In their RMPS calcu-

lations, there were 27 LS spectroscopic terms and another 282

LS pseudo-state terms to represent the high-Rydberg states.

Recently, fully ab initio methods have been developed

and applied to the direct ionization of one-electron (hydrogen-

like) and two-electron (helium-like) atoms and ions. These

methods include grid-based approaches such as exterior com-

plex scaling and TDCC, as well as the convergent close-

coupling (CCC) approach. Extension of these methods to

more complex targets has not been achieved to date.[7] The

straightforward extension of these methods to the calculation

of cross sections for ionization from metastable excited levels

has some limitations. Most recently, a large-scale pseudostate

calculation of R-matrix has been carried out for the ioniza-

tion cross section of Ne initialized in ground and metastable

states.[7] These calculations, however, are computationally

more challenging in comparison to the ionization from the

ground state, due to the additional partial-wave symmetries in-

volved and the overall slower convergence of the partial-wave

expansion because of the smaller threshold energy. Their cal-

culation results exhibit a good agreement with the experimen-

tal data over a wide impact energy region, except for the near

threshold range of energies from 15 eV to 20 eV in which their

two pseudostate calculation results were very close and under-

estimated the experimental data of Johnston et al.[4]

In the present paper, we demonstrate a new calcula-

tion for the total ionization cross sections of electron im-

pact on metastable neon and argon at intermediate energy

from the ionization threshold up to 200 eV by applying an

optical model,[18] that is an ab initio calculation. In this

model, an equivalent local complex optical potential is em-

ployed to describe the target continuum and the orthogonal-

ized Born-Oppenheimer approximation is used for the ioniza-

tion amplitude.[19] Total cross section of ionization is closely

proportional to the imaginary part of the momentum space op-

tical potential. This method has been used in predicting the

ground-state ionization cross sections for electron scattering

from various targets,[20–26] and the positron scattering from

atoms.[27,28] The approach allows for a straightforward exten-

sion to the calculation of cross sections for ionization from

metastable excited levels.[6,29] In this paper, we have used the

optical potential model to calculate the electron-impact ion-

ization cross sections for the metastable states of neon and

argon, and have compared the results with experimental mea-

surements and other theoretical calculations.

2. Model and method
The approximation used for the total ionization cross sec-

tion is[18]

σI =
2
𝑘
(2π)3W (0), (1)

where 𝑘 is the momentum of the incident electron, and W (0)
is the imaginary part of the momentum space optical potential
W (P) at P = 0, which is[19]

W (0) = π ∑
i

ni

∫
d3q1

∫
d3q2A〈𝑘φi|v|χ(−)(𝑞<)𝑞>〉

×δ (E− 1
2
(q2

1 +q2
2))〈𝑞>χ

(−)(𝑞<)|v|φi𝑘〉, (2)

where φi is the orbital for the independent-particle state i
which is occupied by ni electrons, A is the antisymmetriza-
tion operator, E is the total energy, χ(−)(𝑞) is a time-reversed
Coulomb wave orthogonalized to φi, 𝑞< and 𝑞> are, respec-
tively, the one of 𝑞1 and 𝑞2 which has the lesser or greater
magnitude, and v is the electron–electron potential. The con-
tributions from heavy-particle knockout and autoionization are
ignored. For computational convenience, an equivalent-local
approximation[18] is made, and consequently, the amplitude
for ionization of an electron in an orbital φlm resulting in a
slow electron of momentum 𝑝 and a fast electron of momen-
tum 𝑘′ is approximated by

〈𝑘′χ(−)(𝑝)|v|φlm𝑘〉 = 〈𝑘φlm|v|χ(+)(𝑝)𝑘′〉
= (2π

2K2)−1
∆lm(𝐾,𝑝), (3)

where the momentum transfer 𝐾 = 𝑘−𝑘′, and

∆lm(𝐾,𝑝) =
∫

d3q〈φlm|𝑞〉[〈(𝑞+𝐾)|ψ(+)(𝑝)〉

−∑
n
〈(𝑞+𝐾)|φln〉〈φln|ψ(+)(𝑝)〉], (4)

where ψ(+)(𝑝) is a Coulomb wave for an incident particle with
momentum 𝑝 that is orthogonalized to the relevant target state
and n is the magnetic quantum number of the bound state |φln〉.

The orthogonalized Coulomb-plane-wave overlap ∆ is
expressed in terms of functions that are easily computed

∆lm(𝐾,𝑝) = Dlm(𝐾,𝑝)−∑
n

Dln(𝐾,𝑝)Fmn(𝐾), (5)

where

Fmn(𝐾) =
∫

d3 p〈φlm|𝑞〉〈(𝑞+𝐾)|φln〉 (6)

and Dlm(𝐾,𝑝) is a bound-free transition form factor in the
Slater expansion of φlm, which is obtained from the following
formula given by Belkić[30]

Dlm(𝐾,𝑝) = (2π)−3
∫

d3rφlme−i𝐾·𝑟
ψ

(+)(𝑝,𝑟). (7)
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3. Results and discussion
With the optical model, we have calculated the electron-

impact ionization cross sections of metastable neon and ar-
gon from threshold to 200 eV. Our calculation results are
displayed in Figs. 1 and 2, together with the available ex-
perimental measurements[4,5] and the theoretical calculation
results.[7–11,16,17]

In the case of metastable neon, figure 1 exhibits the
present ionization cross sections σI compared with the avail-
able measurement data of Dixon et al.[5] and Johnston et al.[4]

together with the previously published theoretical results. It
can be found in Fig. 1 that the present calculation results agree
well with the experiment data of Dixon et al.[5] and Johnston
et al.[4] in the whole impact energy region. At about 7 eV,
there is a relatively obvious difference between our results and
both of the above measurement data. However, the present
results lie in their systematic error bars of the experimental
results. For earlier theoretical calculations,[11,16,17] there is a
detailed comparison with the available experimental data in
the recent paper of Johnston et al.[4] and we will not describe
them here. For the semi-classical calculation of Deutsch et
al.[10] shown in Fig. 1, we can see that their results are about
60% higher than the available experiments above about 10 eV.
The recent RMPS calculations of Ballance et al.[9] and Zat-
sarinny and Bartschat[7] show good agreement with the avail-
able experiment,[4,5] whereas at about 15 eV the RMPS results
appear to be about 20% lower than the available measurement
data.
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Fig. 1. (color online) Electron-impact ionization cross section for
metastable neon. The present results are compared with experimental
data[4,5] and other theoretical predictions.[7,9–11,16,17]

In Fig. 2, we present our calculated ionization cross sec-
tions from the metastable argon in comparison with other theo-
retical results[8,10,11,16,17] and the available measurement data
of Dixon et al.[5] which are the only reference data to date.
However, we can find an obvious disagreement between all
of the above available data from Fig. 2. The present results
show the general consistency with the experiment of Dixon

et al.[5] over all of the energy range. Especially at higher
impact energy region (above about 20 eV), there is an ex-
cellent agreement between our results and the data of Dixon
et al.[5] At lower impact energy region (approximately 7 eV–
20 eV), the present calculations lie 30% higher than the mea-
surement results of Dixon et al.[5] However, we note that our
results do not exceed the error range of the experiment data
of Dixon et al.[5] which is about 50%. For other theoreti-
cal calculations[8,11,16,17] shown in Fig. 2, there are also cer-
tain differences between them and the available data of Dixon
et al.[5] From Fig. 2, we can see that their calculated cross
sections are lower than the measurement values in different
energy ranges. In the impact energy region below 7 eV, the
results of McGuire[17] based on a scaled Born approxima-
tion and the RMPS calculation of Ballance et al.[8] are both
nearly 40% lower than the measurement of Dixon et al.[5] On
the other hand, over the above energy range, the ionization
cross sections calculated by using the semi-classical Deutsch–
Märk formalism of Deutsch et al.[10] are also 30% lower than
the experiment of Dixon et al.[5] At higher incident energy
above 20 eV, the available theoretical results of McGuire,[17]

Hyman,[16] Ton-That and Flannery[11] are all lower than the
measurement values of Dixon et al.[5] and the maximal devia-
tion is up to 50%. All of the above discrepancies among the ex-
periment data and the theoretical results indicate that more the-
oretical research and experiment investigations are expected.
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Fig. 2. (color online) Electron-impact ionization cross section for
metastable argon. The present results are compared with the experi-
mental data[5] and other theoretical predictions.[8,10,11,16,17]

4. Conclusions
In the present work, an equivalent-local optical potential

approach has been used to study the ionization cross sections
in the electron scattering from metastable rare-gas atoms (Ne∗

and Ar∗) in the energy range from threshold to 200 eV. For
Ne*, present results are in good agreement with the available
experimental data and other theoretical calculations. We be-
lieve that the present method is a useful tool to investigate the
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collision between electrons and metastable atoms. For Ar*,
our calculations agree fairly well with the experimental data,
except for in the case when the collisional energy ranges from
6 eV to 25 eV. Further theoretical studies as well as experi-
mental measurements are much needed.
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