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Excitation of Ar 3 p54s-3p54p transitions by electron impact
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Electron-impact excitation of argon from the 3p54s (J50,2) metastable states to the 3p54p (J50,1,2,3)
manifold has been investigated in the semirelativistic first-order distorted-wave and plane-wave Born approxi-
mations. The results are compared with recent experimental data of Boffardet al. @Phys. Rev. A59, 2749
~1999!# andR-matrix predictions by Bartschat and Zeman@Phys. Rev. A59, R2552~1999!#. In cases for which
perturbative approaches are expected to be valid, the plane-wave Born approximation is found to be suffi-
ciently accurate and thus allows for an efficient calculation of results over a wide range of collision energies.

PACS number~s!: 34.80.Dp
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I. INTRODUCTION

Electron scattering from noble gases has been a topi
interest since the very beginning of atomic collision physi
While many features ofe-He collisions can be described in
nonrelativistic approximation and are now well understo
theoretically~see, for example, the recent review by Fur
and Bray@1#!, the heavier noble gases~Ne, Ar, Kr, Xe! con-
tinue to represent major challenges to both experimenta
and theorists alike. The theoretical problems are mostly
to the relatively difficult description of the excited targ
spectrum, with a hole in the outermostp-shell of the singly
excitednp5n8l configurations. As a result, the target sta
generally have to be treated in a relativistic coupling sche
and relativistic effects between the projectile electron and
target may be important as well.

In addition to the fundamental challenge posed in the t
oretical description of electron collisions with heavy nob
gases, the results are also of great importance for many p
tical applications, particularly in plasma and discharge ph
ics. Due to the difficulties of the measurements, most exp
mental investigations have concentrated on transitions f
the ground state, including elastic scattering, excitation,
ionization processes.~A partial list of references was given
for example, in our earlier work on excitation from th
ground state@2#.! On the other hand, very few investigation
have been devoted to electron collisions with noble gas
oms in excited states, with the notable exception of work
the metastable members of the (3p54s) manifold in argon.
Data for excitation to various levels in the (3p54p) manifold
from the J52 (1s5 in Paschen notation! and J50 (1s3)
states were reported by Penkin and co-workers@3,4#, and
also in recent work by Boffard and co-workers@5–7#. How-
ever, major differences in both the energy dependence
the magnitude of the cross sections were reported by the
groups. Note that accurate knowledge of these transition
again very important for discharge modeling, due to the lo
lifetimes of the metastable states and the fact that the c
sections for excitation from the metastables can be order
magnitude larger that those for excitation out of the grou
state.

On the theoretical side, results from various semirela
istic Breit-PauliR-matrix ~close-coupling! calculations were
1050-2947/2000/61~2!/022701~5!/$15.00 61 0227
of
.

d

ts
e

s
e,
e

-

c-
-
i-
m
d

t-
n

nd
o
is
g
ss
of
d

-

recently reported by Bartschat and Zeman@8#. For incident
electron energies up to approximately 20 eV on the me
stable initial states, they obtained reasonable agreement
the data of Boffardet al. @7#. On the other hand, some dis
crepancies remained and the calculations were limited to
energy range near threshold, due to the nature of
R-matrix approach used.

The present work is an extension of our earlier study
electron-argon collisions with excitation from the groun
state@2#. It was motivated by several goals, namely,~a! to
extend theR-matrix results to higher energies and thus
provide a comparison with all the experimental data;~b! to
study the accuracy of perturbative methods for the desc
tion of these collisions, in particular to assess the need
using a distorted-wave model rather than a computation
more efficient plane-wave approach; and~c! to assess the
sensitivity of the results on the target description.

II. THEORY

The theoretical approach used here is the semirelativ
first-order distorted-wave approximation of Madison a
Shelton@9# and Bartschat and Madison@10#, which we will
label as SRDW. The details of the theory may be found
the references, so only a brief outline will be presented h
The first-order distorted-waveT matrix for atomic excitation
is given by

Tf i5~n11!^x f
2~r 0!C f~j!uV2U f~r 0!uAC i~j!x i

1~r 0!&.
~1!

Here n is the number of electrons in the atom,r 0 is the
coordinate of the incident electron,C i ( f ) is the initial ~final!
wave function for the atom withj representing then atomic
coordinates,A is the antisymmetrizing operator for the (n
11) electrons in the problem,U f is the final-state distorting
potential, andV is the full interaction between the projectil
electron and the atom. The initial-state distorted wavex i

1

satisfies an asymptotic outgoing wave boundary condit
and the final-state distorted wavex f

2 satisfies an asymptotic
incoming-wave boundary condition. The final-state distor
wavex f

2 is a solution of Schro¨dinger’s equation
©2000 The American Physical Society01-1
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~K1U f2Ef !x f
250. ~2!

Here K is the kinetic-energy operator,Ef the energy of the
final-state electron and the distorting potentialU f that con-
tains relativistic effects

U f5gVf2
1
4 ~aVf !

22
~ j 11!

r

h8

h
1

3

4 S h8

h D 2

2
1

2

h9

h8
,

~3!

where

g5A11a2Ef ,

h511g2 1
2 a2Vf . ~4!

HereVf is the sum of the spherically symmetric approxim
tion for V and the local approximation of Furness and M
Carthy @11# for exchange distortion,a is the fine-structure
constant,j takes on the values of eitherl or (2 l 21), where
l is the orbital angular momentum of a particular part
wave, and the primes indicate radial derivatives. The init
state distorted wavex i

1 is obtained similarly using the
initial-state distorting potentialUi and incident energyEi .
For the present work, we have adopted the practice of u
the final-state distorting potential for calculating both t
initial-state and final-state distorted waves.

III. RESULTS

We have calculated integral cross sections for elect
collisions with an argon atom that has been excited t
metastable state in the 3p54s manifold that corresponds t
the 1s manifold in the Paschen designation. The two me
stable states in this manifold are designated as 1s5 (J52)
and 1s3 (J50), respectively. We have calculated cross s
tions for exciting seven states withJ50,1,2,3 in the 3p54p
manifold, which corresponds to the 2p manifold in the Pas-
chen designation. In performing these calculations, it has
come apparent that a key component for obtaining relia
cross sections is the description of the target. To illustr
this point, we show results obtained from two different s
of atomic wave functions. In our intermediate couplin
scheme, a given atomic state is represented as a sum o
ferent electronic configurations; for a given configurati
then, a linear combination of all possible contributingLS
terms are taken.

The first set of wave functions used corresponds to
applied in the 15-stateR-matrix calculation of Bartschat an
Zeman@8#. The orbitals and mixing coefficients were gene
ated from the structure codeCIV3 of Hibbert@12#. Since mix-
ing effects with the additional target configurations includ
in the 31-state and 41-state models of Bartschat and Ze
@8# are generally small, and the results of all those mod
become very similar at higher energies, the simplification
using the 15-state orbitals seemed appropriate for the pre
work. The 15-state model corresponds to representing ths
manifold by a single configuration (3p54s) and the 2p
manifold by a single configuration (3p54p). Additional evi-
02270
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dence supporting a single configuration representation
these states may be found in our previous distorted-w
calculation for excitation of argon from the ground state@2#.
In that work, two configurations (3p54p and 3p55p) were
used to represent the 2p manifold and it was found that the
5p configuration did not affect the cross-section results s
nificantly. In terms ofLS states, the nine physical states
interest are expressed in Paschen notation as

1s55~3p54s!3P2 ,

1s35~3p54s!3P0 ,

2p95~3p54p!3D3 ,

2p850.827 687 1~3p54p!3D210.549 204 6~3p54p!1D2

20.115 362 1~3p54p!3P2 ,

2p650.374 685 1~3p54p!3D220.693 850 0~3p54p!1D2

20.614 966 1~3p54p!3P2 ,

2p550.976~3p54p!3P020.220~3p54p!1S0 ,

2p450.514 325 4~3p54p!3D110.487 189 5~3p54p!3P1

10.705 767 4~3p54p!1P110.002 832 4~3p54p!3S1 ,

2p350.417 786 2~3p54p!3D220.465 775 0~3p54p!1D2

10.780 069 5~3p54p!3P2 ,

2p250.012 513 9~3p54p!3D110.808 419 2~3p54p!3P1

20.567 789 8~3p54p!1P110.154 649 8~3p54p!3S1 .

The second set of wave functions was generated using
SUPERSTRUCTURE~SS! program of Eissner, Jones, and Nus
baumer@13#. The major difference in theSS calculation, as
compared to the target description in theCIV3 calculation,
lies in the fact that the 3p orbital, generated to give the be
possible description of the ground state and the 3p54s states,
was kept frozen in the optimization of the 4p orbital for the
members of the 3p54p configuration. In theCIV3 case, on the
other hand, several iterations were performed for the 3p and
4p orbitals to ensure that the 3p orbital was also optimized
on the 3p54p configuration. The effect of this change will b
seen below, but we note already at this point that~a! the
presentSS description is expected to be inferior to that fro
CIV3 because of the above change, and~b! if CIV3 and
SUPERSTRUCTUREwere run with the same optimization cr
teria, the results would be very similar. In the aboveSS

model, we obtained

1s55~3p54s!3P2 ,

1s35~3p54s!3P0 ,

2p95~3p54p!3D3 ,
1-2
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2p850.829 19~3p54p!3D210.534 99~3p54p!1D2

20.161 97~3p54p!3P2 ,

2p6520.252 06~3p54p!3D210.616 51~3p54p!1D2

10.745 91~3p54p!3P2 ,

2p550.986 05~3p54p!3P010.166 38~3p54p!1S0

20.005 37~3p6!1S0 ,

2p450.656 90~3p54p!3D110.419 58~3p54p!3P1

10.626 45~3p54p!1P110.000 50~3p54p!3S1 ,

2p3520.498 90~3p54p!3D210.577 68~3p54p!1D2

20.646 05~3p54p!3P2 ,

2p250.018 90~3p54p!3D110.804 63~3p54p!3P1

20.558 89~3p54p!1P110.199 63~3p54p!3S1 .

We have included the expressions for 2p8 and 2p2 for com-
pleteness~we performed calculations for all the above sta
but do not present 2p8 and 2p2 results in the figures to
conserve space!. One of the tests for the quality of a wav
function is the value it predicts for the optical oscillat
strength. One of the experimental methods for obtaining
cillator strengths is to measure cross sections for h
enough energy that the Born approximation is valid. In
Born approximation, the high-energy cross sections are
portional to ln(E)/E, whereE in the incident energy and th
constant of proportionality contains the optical oscilla
strength @14#. We have obtained the theoretical oscillat
strengths in a similar manner, i.e., we calculated high-ene
plane-wave Born~PWBA! results using the wave function
and then found the oscillator strengths from the known hi
energy Born behavior. Note that this method neglects
effect of cascading, which, however, is not expected
strongly affect the results of these dominant, optically
lowed transitions@7#.

In 1989, Wieseet al. @15# critically examined all the os-
cillator measurements performed for argon and reco
mended values for many transitions. Table I compares
results of Wieseet al. @15# with our oscillator strengths ob
tained as described above. Boffardet al. @7# measured cross
sections for several transitions from the metastable state
the 1s manifold to the 2p manifold. Most of these measure
ments were at low energies where a first-order perturba
model would not be expected to be valid. Three transitio

TABLE I. Experimental and theoretical oscillator strengths f
transitions out of the 1s5 and 1s3 initial states.

Transition Wieseet al. @15# Boffard et al. @7# CIV3 SS

1s5→2p9 0.4660.04 0.3960.10 0.46 0.62
1s5→2p6 0.21460.017 0.2160.05 0.18 0.29
1s3→2p4 0.5360.04 0.3860.05 0.44 0.73
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were investigated for higher energies: 1s5→2p9 (J52
→3); 1s5→2p6 (J52→2); and 1s3→2p4 (J50→1).
Table I also contains the oscillator strengths of Boffardet al.
@7# for these transitions. From the table, it is seen that
CIV3 oscillator strengths are in better agreement with b
sets of experiments than theSS predictions. For the 1s5
→2p9 transition, theCIV3 oscillator strength is in excellen
agreement with the results of Wieseet al. @15# For the 1s5
→2p6 transition, on the other hand, the two experimen
results are in excellent agreement, while theCIV3 results lie
within the error bars of the results of Boffardet al. @7# but
not the results of Wieseet al. @15#. For the 1s3→2p4 tran-
sition, theCIV3 oscillator strength is between the two expe
mental values and outside the error bars of both meas
ments~but closer to that of Boffardet al. @7#!. TheSSresults,
on the other hand, do not lie within the error bars for any
the transitions.

Table II compares theCIV3 oscillator strengths with the
results of Wieseet al. @15# for the other transitions measure
by Boffardet al. @7#. ~There are no oscillator strengths liste
for Boffard et al. @7# since their measurements for these tra
sitions were for low energy.! It is seen that while theCIV3

results are in reasonable agreement with the experimen
the two stronger transitions (1s3→2p2 and 1s5→2p8), the
agreement is much less satisfactory for the weaker tra
tions.

The present SRDW results for the energy-dependent i
grated cross sections for argon are compared with the h
energy measurements of Boffardet al. @7# in Fig. 1. Similar
to the comparisons with the optical oscillator strengths,
SRDW results using theCIV3 wave functions are in bette
agreement with the experiment than results obtained u
the SS wave functions. Not surprisingly, the cross-secti
results mirror those for the optical oscillator strengths if o
compares theory with the oscillator strengths of Boffa
et al. @7#. For theSS wave functions, the oscillator strength
are larger than the experiment for all three transitions sim
to the cross-section results. TheCIV3 oscillator strengths, on
the other hand, are within the experimental error bars for
1s5→2p6 transition and slightly larger than the experime
for the other two transitions—just like the cross-section
sults. If the oscillator strengths recommended by Wieseet al.
@15# are the more accurate, the high-energy experime
cross sections for the 1s5→2p9 and 1s3→2p4 are some-
what too small.

In Fig. 2, the SRDW results for the integrated cross s
tions are compared with nonrelativistic PWBA results. It
seen that the two theories yield essentially the same i

TABLE II. Experimental and theoretical oscillator strengths f
transitions out of the 1s5 and 1s3 initial states.

Transition Wieseet al. @15# CIV3

1s5→2p8 0.08960.007 0.0894
1s5→2p4 0.002 8860.000 23 0.0113
1s5→2p3 0.028560.0023 0.0846
1s5→2p2 0.027860.0014 0.0378
1s3→2p2 0.31460.016 0.290
1-3
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grated cross sections above an incident energy of abou
eV. Since this was not the case for excitations from
ground state@2#, effects of distortion, electron exchange, et
clearly play a less significant role for excitations out of t

FIG. 1. Integral cross sections for electron-impact excitation
three states in the 2p manifold of argon from the metastable stat
in the 1s manifold as a function of incident electron energy. T
experimental data are those of Boffardet al. @7#. The theoretical
SRDW results areSS wave functions~dashed curve! andCIV3 wave
functions~solid curve!.

FIG. 2. Integral cross sections for electron-impact excitation
three states in the 2p manifold of argon from the metastable stat
in the 1s manifold as a function of incident electron energy. T
experimental data are those of Boffardet al. @7#. The theoretical
results are PWBA~dashed curve!; 15-stateR-matrix results~long-
short dash!; and SRDW withCIV3 wave functions~solid curve!.
02270
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metastable excited states. In fact, it could be argued
there is little reason to perform a more sophisticated fi
order calculation than the PWBA since it is known th
second- and higher-order terms are important for ener
less than about 20–30 eV. As a result, in the energy ra
where there is a difference between the SRDW and PWB
the SRDW would most likely be invalid anyhow. As note
above, the Born cross sections are proportional to the op
oscillator strength for high energy. Consequently, in the
ergy range where the theory is expected to be valid,
quality of the theory depends on the quality of the oscilla
strengths, which means the primary theoretical problem
duces to an accurate calculation of the atomic wave fu
tions.

Also shown in Fig. 2 are 15-stateR-matrix results. They
were obtained by pushing the original calculation of Ba
schat and Zeman@8#, which uses the same target descripti
as the CIV3 calculation, to higher energies. In order
achieve these results, partial waves up to a total orbital
gular momentumL530 were calculated numerically befor
a geometric series extrapolation was used to estimate
contributions from the higher-L values. We note some differ
ences between the present 15-state results and those
lished by Bartschat and Zeman@8# due to using a different
number of numerical partial waves before extrapolation, a
we judge the present results to be more reliable.

As mentioned above, at the higher energies of particu
interest for the present work, these 15-state results are
similar to those from the more complex 31-state and 41-s
calculations. For higher energies, theR-matrix results must
also approach the Born approximation and from the figur
is seen that this occurs at about 30 eV~almost exactly the
same energy where the SRDW and PWBA converge!. Since
the R-matrix calculation contains the strong-coupling effec
of all higher terms in a perturbation series calculation~within
the target space included in the close-coupling expansi!,
the difference between theR-matrix and SRDW results indi-
cates the importance of second- and higher-order ter
From Fig. 2, it is seen that higher-order terms are comple
unimportant by 30 eV and only significant for energies b
low 10 eV.

Boffard et al. @7# measured six other transitions from th
metastable states for incident energies up to 12 eV. Altho
these energies are clearly too low for a first-order theory
be valid, it is nevertheless interesting to examine these c
sections. In Fig. 3, theR-matrix, PWBA, and SRDW results
are compared with the experiment for three of the remain
six transitions. The 1s5 level hasJ52 and the three transi
tions in the figure correspond to a final state ofJ50 (2p5),
J51 (2p4), and J52 (2p3). The bottom transition (1s5
→2p5) is optically forbidden and thus there are no PWB
results. Not surprisingly, this cross section is significan
smaller than the optically allowed ones since it results fr
the exchange amplitude only. Whereas the SRDW is
large in the low-energy region for all the optically allowe
transitions, it is too small for the forbidden transition fo
energies above 5 eV. TheR-matrix calculation, on the othe
hand, is in excellent agreement with the experimental d
for the forbidden transition.

f

f

1-4
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From Figs. 2 and 3, it is seen that although the 15-s
R-matrix results tend to be in reasonable agreement with
experimental data for the allowed transitions, they are ty
cally a little larger than the data. The notable exceptions
the 1s5→2p3 and the 1s5→2p2 ~not shown! cases where
the discrepancy is much larger. Apparently, chann
coupling effects are relatively more important for these tr
sitions than for others, as can be seen by the significant
provement achieved by the 31-state and 41-state models@8#.
For all of the allowed transitions~including the ones no
shown!, the R-matrix results converge to the SRDW in th
20–30-eV energy range, which indicates convergence to
first term of the perturbation series for these and higher
ergies.

IV. CONCLUSIONS

We have calculated integrated cross sections for exc
tion of argon from the two metastable states in the 1s mani-

FIG. 3. Same as Fig. 2 except for different atomic states.
t.

t.
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nd
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fold to several states in the 2p manifold. Boffardet al. @7#

have measured high-energy cross sections for three optic
allowed transitions (1s5→2p9 , 1s5→2p6 , and 1s3

→2p4), and it was found that first-order perturbation-theo
calculations are in good agreement with these data for e
gies above about 20–30 eV. Further, it was found that
PWBA and SRDW integrated cross-section results were
sentially the same for energies above 30 eV, so it is unn
essary to perform a first-order calculation more sophistica
than the plane-wave Born approximation. This observatio
in contrast to excitation from the ground state, where dist
tion effects cannot be ignored in this energy range. Since
Born results depend entirely on the target description,
primary theoretical problem for higher energies reduces
the calculation of the atomic wave functions. We examin
two different sets of wave functions and found that the
sults were very sensitive to the choice. TheSS wave func-
tions gave oscillator strengths~and consequently cross se
tions! that were not in good accord with the experime
while the CIV3 wave functions, on the other hand, gave o
cillator strengths and cross sections in reasonably g
agreement with experiment.

Boffard et al. @7# also presented several other measu
ments for energies up to 12 eV, which is too low in ener
for a first-order perturbation-theory calculation to be val
The 15-stateR-matrix calculations of Bartschat and Zema
@8# are in reasonable agreement with the low-energy d
and further improvement can be achieved by increasing
number of coupled channels. Comparing theR-matrix and
SRDW calculations indicates that higher-order terms in
perturbation series are unimportant for energies greater
20–30 eV.
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