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Time-dependent close-coupling studies of the electron-impact ionization of excited-state helium
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The time-dependent close-coupling theory is applied to the study of the electron-impact ionization of helium
from the excited (1s2s) configuration. Calculations are made in an effort to resolve the discrepancy between
theoretical calculations and existing experimental measurements for this cross section. We find good agreement
with the existing convergent close-coupling calculations of Bray and Fursa@J. Phys. B28, L197 ~1995!#, but
are in substantial disagreement with the experimental measurements of this quantity by Dixonet al. @J. Phys.
B 9, 2617~1976!#.
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I. INTRODUCTION

The electron-impact ionization of helium is the seco
most simple electron-atom scattering problem, after
electron-hydrogen problem. Due to its practical experimen
advantages it has been studied extensively by experim
over many years. As well as its importance in the und
standing of fundamental atomic physics, helium is also
important element in fusion plasma devices, where it
been used extensively as a diagnostic in recent years@1#.
This use in fusion physics has demonstrated the need
accurate electron-impact ionization cross sections from
cited states of atoms. The cross sections from all exc
states must be known to accurately estimate the ioniza
balance. Although, of course, the ground state will usually
the most populated, sometimes extremely large cross
tions arising from ionization from excited states countera
this in making these cross sections just as critical. Rece
there has been a joint theoretical study of the electron-imp
ionization of lithium from its ground and first excited stat
where excellent agreement was obtained between three
ing nonperturbative techniques@2#. The extremely large
cross section calculated from the excited state, as well as
very large differences between these calculations and pe
bative distorted-wave theoretical calculations, has hi
lighted the need for further study of electron-impact ioniz
tion from excited states.

With this in mind, we now turn our attention to th
electron-impact ionization of helium from its first excite
state. In recent times, theory has attempted to match the
of experimental study of helium by application of many lea
ing nonperturbative theoretical techniques. The most co
prehensive application of theory to the electron-helium s
tem to date has been by the convergent close-coup
~CCC! method. This method has been used to investig
electron-helium scattering over a wide range of incident e
tron energies@3,4# and has generally given excellent agre
ment with experiment for the total ionization cross sect
from the ground state. A review of earlier calculations us
the CCC method in electron-helium scattering is given
Fursa and Bray@4#, which has been updated recently@5#. In
recent years, the CCC method has also been employe
study the more difficult problem of energy and angular d
ferential cross sections for electron scattering of heli
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@6–8#, and in general, theory is found to be in good agre
ment with experiment. The time-dependent close-coupl
method has also been used to calculate both the total inte
and single differential cross sections for helium@9#; again
very good agreement was found with experiment for b
cases. Also, the semiempirical binary-encounter dip
method has been applied to helium@10#. At very high inci-
dent electron energies~up to 10 keV! good agreement wa
found with experiment.

In this paper, we examine electron-impact ionization
helium from the excited (1s2s) configuration, using the
time-dependent close-coupling method. Our calculations
made in an effort to resolve discrepancies between the
and experiment for electron scattering from the metasta
states of helium. The CCC method, while giving good agr
ment for the total ionization cross section from the grou
state of helium, gives cross sections@4,11# that are almost a
factor of two lower than experimental measurements@12# for
ionization from the 1s2s 1,3S states. This anomaly with ex
periment also extends to studies of electron-impact excita
of helium. Whereas for electron-impact excitation from t
ground state there is good agreement between CCC calc
tions,R matrix with pseudostates~RMPS! @13# calculations,
and experimental measurements; for electron-impact exc
tion from the metastable (1s2s) 3S state of helium, there
are large differences between theory and experiment. For
citation of then52 states from the (1s2s) 3S state, the
CCC and RMPS theories are in very good agreement w
each other, but are up to a factor of two lower than expe
mental measurements@14,15#. This problem remains unre
solved.

In our calculations, we use a configuration-average
proximation for the 1s2s configuration and resolve our ion
ization cross sections from the1S or 3S states using the
corresponding branching ratios, as used in previo
configuration-average time-dependent calculations@16#. In
this case, the branching ratios to both states are the same
equal to 1, so that the configuration-average approxima
employed here predicts the same cross section for both
ization from the1S and 3S states. We present total ionizatio
cross sections over a range of incident electron energies
ing a Fourier-transform method which has been recently
plied to electron-impact ionization of Li21 @17#. This allows
©2002 The American Physical Society07-1
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us to calculate ionization cross sections over a wide rang
incident electron energies.

In the following paragraphs, we briefly describe the tim
dependent close-coupling theory used to calculate elec
scattering from helium. We then present our results for
total ionization cross section and compare to other theo
cal and experimental results. We conclude with a brief su
mary.

II. THEORY

In considering electron scattering from helium, we fi
make the ‘‘frozen-core’’ approximation employed in prev
ous time-dependent calculations@9# and in the CCC calcula
tions discussed earlier, where we freeze the 1s electron. This
is a good approximation in the energy range considered h

We first calculate the 1s hydrogenic ground state of He1.
A complete set of radial orbitalsPnl(r ) for helium are then
obtained by diagonalization of the single-particle Ham
tonian

h~r !52
1

2

]2

]r 2
1

l ~ l 11!

2r 2
2

Z

r
1VD~r !1VX~r !, ~1!

where the ‘‘direct’’ potential terms are given by

VD~r !5E
0

` P̄1s
2 ~r 1!

max~r 1 ,r !
dr1 ~2!

and act to shield the outer active electrons from the full C
lomb potential of the nucleus. TheP̄1s(r 1) radial orbital is
the exact 1s orbital of He1. The local ‘‘exchange’’ potential
is given by

VX~r !52aS 24r̄1s~r !

p
D 1/3

, ~3!

wherer̄1s(r ) is the radial probability density for the 1s or-
bital of He1. In this equation,a is a parameter which ma
be adjusted so that the single-particle energies for each
gular momentum are in good agreement with
configuration-average experimental spectrum. For exam
the ionization potential of the ground state of helium, ma
up of the exact 1s He1 orbital and a 1s orbital obtained from
diagonalization of the Hamiltonian in Eq.~1!, is found to be
24.58 eV, using a suitable value fora, in excellent agree-
ment with the exact experimental value. The ionization p
tential of the 1s2s configuration~again, made up from the
exact 1s He1 orbital and a 2s orbital obtained from diago-
nalization! is found to be 4.34 eV, in good agreement w
the configuration-average experimental value.

The two-electron wave functions are constructed follo
ing previous time-dependent calculations@9# as antisymme-
trized products of a radial wave packet and theP2s(r ) radial
orbital. From projection onto the time-dependent Sch¨-
dinger equation a set of time-dependent close-coupled pa
differential equations is obtained
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]Pl 1l 2

LS ~r 1 ,r 2 ,t !

]t
5Tl 1l 2

~r 1 ,r 2!Pl 1l 2
LS ~r 1 ,r 2 ,t !

1 (
l 18 ,l 28

Ul 1l 2 ,l
18 l

28
L

~r 1 ,r 2!Pl
18 l

28
LS

~r 1 ,r 2 ,t !,

~4!

whereTl 1l 2
(r 1 ,r 2) contains kinetic energy, centrifugal ba

rier, nuclear, direct Hartree, and local exchange operat
and Ul 1l 2 ,l

18 l
28

L
(r 1 ,r 2) couples the various (l 1l 2) scattering

channels. These are then propagated in time for eachLS
symmetry as previously. Following our previous work o
Li21 @17#, we propagate two time-dependent wave functio
at energies of 40 and 140 eV, and after propagation, ext
wave functions at many energies using the Fourier-transf
approach as shown in detail in Ref.@17#.

As in our previous time-dependent calculations, the clo
coupled equations are solved on a lattice of uniform m
spacing, in this caseDr 50.2 a.u., with 512 points. After the
time propagation, the probabilities and cross sections for i
ization may be extracted by the usual projections onto pr
ucts of bound and continuum radial orbitals for helium, o
tained in the initial diagonalization.

III. RESULTS

The time-dependent close-coupling method was used
generate ionization cross sections over a range of incid
electron energies from 10 to 190 eV. For each angular m
mentum fromL5026, two time-dependent wave function
were propagated at energies of 40 and 140 eV, and su
quent wave functions were extracted, as described, at en
increments of 10 eV. As in previous time-dependent calcu
tions of total ionization cross sections, our results we
‘‘topped up’’ with distorted-wave calculations for high angu
lar momentum aboveL56.

Electron-impact ionization cross sections for the He 1s2s
configuration are presented in Fig. 1. In Fig. 1~a!, we focus
on the peak region of the ionization cross section and in~b!
we present the ionization cross section at higher energies
show the time-dependent close-coupling calculations co
pared with the experimental measurements of Dixonet al.
@12#, as well as distorted-wave calculations. The experim
tal measurements were made with metastable helium at
predominantly in the 1s2s 3S state. Our time-dependent ca
culations are substantially lower than the experimental m
surements over the entire energy range by almost a facto
2. The distorted-wave calculations, which were made usin
previous configuration-average set of programs@18#, are sub-
stantially higher than the time-dependent calculations n
the peak of the cross section~though closer to experiment in
this range!, are still lower than the experimental measur
ments in the higher-energy range by a factor of 2. T
distorted-wave calculations are also in good agreement w
early Born calculations@19# which show the same trends.

In an effort to resolve this discrepancy, we also calcula
the distorted-wave ionization cross section from the 1s shell
7-2
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of He (1s2s). This was found to be almost negligible on th
scale of the 2s ionization cross section. Contributions fro
excitation-autoionization from the 1s were also calculated
and these, too, were found to be a small fraction of thes
ionization. In any case, since both these contributions
thresholds above 40 eV incident electron energy, they co
not affect the region around the peak of the ionization cr
section.

We also show CCC calculations@5,11# made for both the
1s2s 1S and 1s2s 3S states. Near the peak of the cro
section the time-dependent calculations fall between this
of calculations, which is to be expected as we present
configuration-average cross section of these two states
expected, in the higher energy region the time-depend
distorted-wave, and CCC3S calculations are all in very good
agreement with each other, and all consistently lower t

FIG. 1. Electron-impact ionization cross section for He from t
1s2s configuration. The filled circles are the experimental measu
ments of Dixonet al. @12#, the short- and long-dashed lines a
CCC calculations from the1S and 3S states of He 1s2s, respec-
tively @5#, the solid line is the time-dependent close-coupling cal
lation, and the dot-dashed line is the distorted-wave, calcula
(1.0 Mb51.0310218 cm2).
s,
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the experimental measurements. As discussed, the branc
ratios for both of these states (1S and 3S) is in fact 1, so the
configuration-average method predicts the same cross
tion from both the 1s2s 1S and 3S states. The difference
between the CCC results for the1S and 3S states, and be-
tween these and our time-dependent calculations are p
ably due to the different orbitals used in the respective c
culations. As shown by Fischer@20#, there is a degree of term
dependence in the 2s orbital which gives rise to difference
in this orbital when optimized on the1S or 3S state.

IV. SUMMARY

In this Brief Report, we have presented time-depend
calculations of the electron-impact ionization of excited h
lium (1s2s). We have compared our calculations with e
perimental measurements and other nonperturbative calc
tions made using the convergent close-coupling method.
results are also in good agreement with unpublished RM
calculations made by Bartschat@21#.

It is clear that there is a serious discrepancy betw
theory and experiment. The experimental measurements
metastable helium atoms predominantly in the3S state.
However, there exists no agreement between the ti
dependent and CCC theories and experiment for any en
range. New experimental measurements in this area are
quired to further investigate this discrepancy. We hope t
this work will highlight the need for continuing experiment
work in ionization from excited states of light atoms. W
note that our configuration-average approximation
electron-impact ionization of atoms does not take into
count term dependence in bound and continuum orbitals.
are currently working on this nontrivial extension of th
method.
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