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Abstract

For the theoretical description of the multi-electron processes induced by charged particle impact we use a relatively

simple perturbative method. The second-order approximation is valid for protons and antiprotons of moderate and

high velocities. Electron correlation is taken into account by the use of con®guration-interaction wavefunctions. The

agreement with the available experimental data for some two-electron processes in the helium depends on the quality of

the wavefunctions used. Ó 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

The theoretical description of the multi-electron
processes induced by charged particle impact is far
from routine, even for the simplest two-electron
processes in the helium target, such as double
ionization, ionization-excitation or double excita-
tion. Typically the di�erent theoretical approxi-
mations do not agree with each other, and only a
few theoretical results are in reasonable agreement
with the experimental data.

It is clear, that for the description of the multi-
electron processes the independent-electron ap-
proximation is not valid, and special interest has to
be given to the electron correlations [1]. Correla-
tion e�ects are essential in the calculation of the

cross sections at high impact velocities, where the
®rst-order term dominates, and the transition of
the second electron is caused by electron±electron
interaction. Correlation is responsible for the ex-
perimentally observed e�ect, that in a large ve-
locity range cross sections for negative projectiles
are di�erent (usually higher) relative to the cross
sections obtained with the same velocity positive
projectiles.

Experimentally the most studied two-electron
process is the double ionization of the helium
[2±9]. There have been elaborated some qualitative
models in explaining the velocity dependence of
the cross sections, and mostly the fact, that cross
sections for antiproton projectiles are signi®cantly
higher, than those obtained with proton projectiles
[10±12].

The most elaborated and successful theoretical
description of the double ionization is that of
Reading and Ford [13]. Their forced impulse
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method divides the collision time into sequential
short segments such that an impulse approxima-
tion is forced to be valid. Electron correlation is
taken into account at the end of each segment, but
electrons propagate independently during each
segment. Practically the authors use two time-
segments, and the correlation is taken into account
three times during the collision. In order to des-
cribe correlation they have to solve a large set of
coupled equations. Their ®rst results [13] were only
in qualitative agreement with the experiment, but
later Ford and Reading have performed the cal-
culations with an enlarged basis set, obtaining very
good agreement with the experimental data [14]
above 300 keV/amu projectile energy. Recently,
the same group has proved, that using more time
intervals, and taking into account the electron
correlations several times during the collision, they
can obtain good results for lower projectile ener-
gies, too [15].

Other theoretical approaches, like the dynami-
cal classical trajectory Monte Carlo calculations of
Meng et al. [16] and the independent event model
of Marshall et al. [17] does not lead to cross sec-
tions consistent with the results of Ford and
Reading [14] or the experimental data. The recent
two-coupled-channel plane wave Born approxi-
mation calculations of Das and Malik [18] are in
reasonable agreement with the experimental data,
but cross sections for high energies (especially for
single ionization) have a peculiar behavior, e.g. at
50 MeV/amu projectile energy, where the ®rst
Born approximation should be valid (leading to
the same cross sections for protons and antipro-
tons), their cross sections for antiprotons are ®ve
times larger than for protons.

Regarding the other interesting two-electron
processes, the situation is worse. For the ioniza-
tion-excitation of the helium, calculations have
been made by Rudge [19], Raeker et al. [20], Franz
and Altick [21], Nagy et al. [22], Sidorovich [23].
The results of these calculations do not agree with
each other, and all underestimate the experimental
data [24±28]. Excepting our previous work [22] for
the excitation of the 2p state, and Sidorovich [23]
for the excitation of the 2s state, nobody has made
an attempt to compare theoretical cross sections
for same velocity positive and negative projectiles,

the other calculations being only for electrons.
Experimental data show the same interesting fea-
ture as for the double ionization: cross sections for
electrons are obtained to be higher than for equi-
velocity proton projectiles in a wide velocity range.

The experimental measurement of the cross
sections is more complicated for the double exci-
tation of the helium. The di�culty of the problem
arises from the nature of the doubly excited states
of the helium atom, which all are autoionizing
states, their energy lying above the single ioniza-
tion limit. Under these conditions information
about the population of the doubly excited states
can be obtained by the analysis of the energy
spectra of the ejected electron, the di�erent auto-
ionizing states appearing as resonances. The the-
oretical interpretation of these experimental
spectra is di�cult, because of the interference of
the direct and resonant ionization processes, and
the three-body Coulomb interaction in the ®nal
state between the scattered projectile, ejected
electron and the residual ion [29].

As for the calculation of the double excitation
cross section, basically this should represent a
simpler case. Correlation e�ects in the initial and
®nal discrete states can be taken into account more
easily than for the continuum states. Di�erent
coupled channel and perturbative calculations
have been performed to obtain double excitation
cross sections [30±34]. In spite of the relative sim-
plicity of the process when neglecting the inter-
ference with direct ionization, the results of these
calculations did not agree with each other. In or-
der to clarify the problem, one should compare
these results to the experimental data. But the
extraction of the cross sections from the experi-
mental spectra is di�cult, and needs not only a
careful analysis of the involved phenomena, but a
good energy resolution of the spectrometer in or-
der to separate the peaks associated with di�erent
doubly excited states and to obtain information
about the structure of these peaks. First Pedersen
and Hvelplund [35], then Giese et al. [36] have
reported experimental double excitation cross
sections for high velocity projectiles. But because
of the insu�cient energy resolution of their spec-
trometer and the lack of measurements for back-
ward ejection angles, the results, as stated by the
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authors, are not accurate enough. These experi-
mental data have not been able to really test the
theoretical calculations.

Very recently, the complete theoretical de-
scription of the resonant ionization processes at
intermediate projectile energies (100 keV/amu)
performed by Godunov et al. [29] made possible
for Moretto-Capelle et al. [37] to extract double
excitation cross sections from their experimental
spectra of the ejected electron, obtained with a
high-resolution spectrometer. These cross sec-
tions not only complete the experimental data of
Giese et al. [36] to lower energies, but are stated
to be more exact, making sense for the compar-
ison of di�erent theoretical results with the ex-
periment.

As one can see, many aspects of the multi-
electron transitions are not yet clari®ed, and only
some of the experimental data could be repro-
duced theoretically, so further work is needed. In
the present paper we describe our impact-param-
eter perturbative method for the calculation of the
cross sections of di�erent two-electron transitions.
The applied second-order approximation is suit-
able for proton and antiproton projectiles with
energies above 50 keV/amu. Electron correlation is
taken into account by the use of con®guration-
interaction (CI) wavefunctions. Results are pre-
sented for the ionization-excitation and the double
excitation of the helium.

2. Theory

We have used the impact parameter method
for the description of the collision process. This
approximation is valid only for fast collisions, if
the associated wavelength of the projectile is less
than the atomic dimension, and the energy
transfer to the electrons is negligible compare to
the energy of the projectile. Under these condi-
tions the projectile can be considered as moving
on a classical straight-line trajectory with constant
velocity.

The cross section for a given process can be
obtained by integrating the transition probability
(the square of the modulus of the probability
amplitude) over the impact parameter

r �
Z

d2Bja�B�j2: �1�

We calculate the probability amplitude by time-
dependent perturbation theory, as described in
Ref. [38], where the perturbation is taken to be the
sum of the projectile±electron interactions. For a
two-electron system (V1�t� and V2�t� being the in-
teraction potentials of the two electrons with the
projectile), the ®rst and the second-order ampli-
tude can be written as

a�1� � ÿi
Z �1

ÿ1
dt ei�EfÿEi�thf j �V1�t� � V2�t�� j ii �2�

and

a�2� � ÿ
X

k

Z �1

ÿ1
dt ei�EfÿEk�thf j �V1�t� � V2�t�� j ki

�
Z t

ÿ1
dt0 ei�EkÿEi�t0 hk j �V1�t0� � V2�t0�� j ii: �3�

Here jii, jf i and jki stand for the initial, ®nal and
the intermediate state of the electron system with
the energies Ei, Ef and Ek, respectively. The above
expressions contain electron correlations through
the wavefunctions in the initial, ®nal and interme-
diate states. As described in Ref. [39], we neglect in
further calculations the terms in �V1�2 and �V2�2.

The two-electron wavefunctions jii, jf i and jki
cannot be calculated exactly. A good approxima-
tion can be reached by the use of con®guration-
interaction (CI) wavefunctions, which are written
as a sum of products of one-electron orbitals

jii �
X

l

cljil
1ijil

2i;

jf i �
X

j

djjf 0j1 ijf 0j2 i; �4�

jki �
X

s

bsjks
1ijks

2i:

We have labeled the ®nal one-electron states
with prime, meaning that the corresponding one-
electron wavefunctions are calculated with the
other electron in the ®nal state. Introducing
the initial and ®nal-state CI wavefunctions into the
®rst-order amplitude (2), one gets a sum of prod-
ucts of overlap integrals and one-electron transi-
tion amplitudes
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a�1� �

ÿ i
X

l

X
j

cld�j hf 0j2 jil
2i
Z �1

ÿ1
dt ei�EfÿEi�thf 0j1 jV1�t�jil

1i

ÿ i
X

l

X
j

cld�j hf 0j1 jil
1i
Z �1

ÿ1
dt ei�EfÿEi�thf 0j2 jV2�t�jil

2i:

�5�
These terms can be interpreted as follows. The

term containing the basic con®gurations both
from the initial and ®nal states (l � 1 and j � 1, c1

and d1 being the largest coe�cients), can be re-
garded as the shake term. If the one-electron or-
bitals from the initial and the ®nal basic
con®gurations have the same symmetry, the
overlap integral hf 01i ji1

i i (for i equals 1 or 2) may be
nonzero, and the shake process contributes to the
transition of the second electron.

The terms with j � 1 and l 6� 1 are responsible
for the initial-state correlation, while those with
j 6� 1 and l � 1 express the ®nal-state correlation.
The terms with j 6� 1 and l 6� 1 contains both
initial and ®nal-state correlation, but usually are
less important, because both coe�cients cl and dj

are small.
Using the CI (4) wavefunctions for the second-

order amplitude (3), one obtains

a�2� � ÿ
X

k

X
j;l

X
r;s

d�j clbrb�s hf 0j2 jkr
2ihks

1jil
1i

�
Z �1

ÿ1
dt ei�EfÿEk�thf 0j1 jV1�t�jkr

1i

�
Z t

ÿ1
dt0 ei�EkÿEi�t0 hks

2jV2�t0�jil
2i

ÿ
X

k

X
j;l

X
r;s

d�j clbrb�s hf 0j1 jkr
1ihks

2jil
2i

�
Z �1

ÿ1
dt ei�EfÿEk�thf 0j2 jV2�t�jkr

2i

�
Z t

ÿ1
dt0 ei�EkÿEi�t0 hks

1jV1�t0�jil
1i: �6�

The evaluation of the second-order amplitude
in this form is practically impossible, because of
the in®nite number of intermediate states. As we
have discussed in a previous paper [39], the closure
approximation (one possible method to eliminate

the in®nite number of the intermediate states)
leads to a second-order amplitude with 90� out of
phase relative to the ®rst-order one. Under these
conditions the cross section calculated with for-
mula (1), using a � a�1� � a�2�, does not depend on
the sign of the projectile charge, and one would
lose one of the most interesting e�ects in the two-
electron transitions.

In order to calculate the second-order ampli-
tude, from the in®nite number of the intermediate
states we keep only the most important ones.
These are assumed to be those reachable from the
initial and the ®nal state by a single-electron
transition. Simpli®ed, in the considered interme-
diate states, one of the electrons is in its initial state
and the other one has reached the ®nal state, with
the proper change in the screening. In other words,
each of the intermediate states is described by a
one-con®guration wavefunction, with one of the
electrons in an initial, and the other in a ®nal
con®guration

jki � ji0r1 ijf s
2 i or jki � ji0r2 ijf s

1 i: �7�
The unprimed one-electron states are calculated
with the other electron in the initial state, while the
primed ones with the other electron in the ®nal
state, so the change in the screening (the relaxation
of the orbitals [40]) is taken into account. Under
these conditions the sum over the intermediate
states and intermediate con®gurations reduces to a
sum over the initial and ®nal con®gurations, and
the second-order amplitude becomes

a�2� � ÿ
X
j;r;s;l

d�j clhf 0j2 jf s
2 ihi0r1 jil

1i

�
Z �1

ÿ1
dt ei�EfÿEs2r1�thf 0j1 jV1�t�ji0r1 i

�
Z t

ÿ1
dt0 ei�Es2r1ÿEi�t0 hf s

2 jV2�t0�jil
2i

ÿ
X
j;r;s;l

d�j clhf 0j1 jf s
1 ihi0r2 jil

2i

�
Z �1

ÿ1
dt ei�EfÿEs1r2�thf 0j2 jV2�t�ji0r2 i

�
Z t

ÿ1
dt0 ei�Es1r2ÿEi�t0 hf s

1 jV1�t0�jil
1i: �8�
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Here Es2r1 stands for the energy of the intermediate
state when one electron is in the ji0r1 i state and the
other one in the jf s

2 i, while Es1r2 represents the en-
ergy of the intermediate state described by the
jf s

1 iji0r2 i con®guration. Because of the di�erent
screening hi0r1;2jil

1;2i does not reduce exactly to drl, but
usually can be taken so with a very good approxi-
mation. The situation is di�erent for the ®nal states,
where the change in the screening a�ects strongly
the wavefunctions and the overlap integrals.

In this approximation of the second-order am-
plitude, electron correlation in the intermediate
state is neglected. The e�ect of the correlation in
this case is assumed to be small because of the
following. (1) In the case when one electron is in the
ground state and the other one in an exited state,
the electron±electron interactions can be well de-
scribed by a screening potential created by the in-
ner electron, and correlation is less important than
in the case when both electrons are on the same
shell. (2) In the second-order amplitude two pro-
jectile±electron interactions are involved, causing
the two-electron transition alone; electron corre-
lation in this case leads only to a small correction to
the amplitude (as small as the square of the CI
coe�cients of the neglected con®gurations are rel-
ative to the basic con®guration). This was not the
case for the ®rst-order amplitude, where only
electron±electron interaction can cause the transi-
tion of the second electron. The negligible e�ect of
the intermediate-state correlation for high projec-
tile energies is also discussed by Bronk et al. [15].

The above expression of the second-order am-
plitude (8) takes into account the dependence of
the intermediate-state energy of the order of the
two projectile±electron interactions, and so does
not neglect the time-ordering e�ect, as the closure
approximation [39]. From this fact, it follows that
interference between the ®rst-order and the sec-
ond-order amplitudes is possible, leading to the
dependence of the cross section on the sign of the
projectile charge.

3. Results and discussion

The di�culty in applying the described method
for certain two-electron transitions consists in

®nding good, but relatively simple correlated two-
electron wavefunctions for the initial and the ®nal
states. Up to now we have ful®lled this require-
ment only in case of the double excitation.

When calculating the cross section for the
double ionization of the helium, we have applied
the Hartree±Fock approximation: electron±elec-
tron interactions in the initial, intermediate and
®nal states are taken into account only by a central
screening potential, correlation e�ects have been
neglected. Under these conditions we obtain the
cross section for antiproton projectiles in the en-
ergy range 0.3±2 MeV only 5% higher than those
for protons, instead of the experimental factor-of-
two di�erence [38,39]. Our results for antiprotons
are in very good agreement with the experimental
data and with those calculated by Ford and
Reading [14], but cross sections for protons are too
high. This ®nding is consistent with the discussion
of Bronk et al. about the intermediate-state cor-
relation [15]. They state that correlation plays a
much more important role in collisions with pro-
tons, than with antiprotons, because the proton
pulls the electrons toward itself and each other,
and the antiproton pushes them away. As can be
deduced from our results for the double ionization
of the helium, correlation can be neglected even in
the initial and the ®nal states, but only for negative
projectiles.

We have made calculations with similar un-
correlated wavefunctions for the simultaneous
ionization and excitation of the helium [22], ob-
taining similarly too small di�erences between
cross sections obtained for positive and negative
projectiles. We have assumed, that taking into
account correlation in the initial state, we could
signi®cantly correct our results, because in the ®nal
state, with one bound electron and the other
leaving the atom, correlation should be unimpor-
tant. However, this assumption turned out to be
wrong. The inclusion of the initial-state correlation
in the calculations does not improve the previous
results. Our calculated cross sections for the ion-
ization-excitation of the helium to the 2p state by
proton and antiproton impact are plotted in Fig. 1.
None of the theoretical calculations ®t the exper-
imental data, but ours are the only ones trying to
deal with the dependence on the sign of the
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projectile charge, the other theories being only for
electrons. In order to improve these calculations,
correlation in the ®nal and may be in the inter-
mediate states should be taken into account.

In case of double excitation we have taken into
account both initial and ®nal-state correlation.
Unfortunately, because of the di�culties in ex-
tracting cross sections from the experimental
spectra, we have only one reliable data point to
compare our results with, that of Moretto-Capelle
et al. [37]. Our results for the excitation of the
�2s2p�1P state have been published earlier [34]. As
Fig. 2 shows, we do obtain higher cross sections
for antiprotons than for protons by 10±20% in the
impact energy range between 100 keV and 10
MeV. Our data are in reasonable accordance to
the coupled channel calculation of Fritsch and Lin
[30], and in excellent agreement with the recent
experimental cross sections of Moretto-Capelle
et al. [37] for protons.

The largest di�erence in cross sections for pro-
ton and antiproton impact, up to a factor of 3,

have been obtained for the excitation of the �2s2�1S
state (Fig. 3) [41]. In this case the ®rst-order am-
plitude is purely imaginary. The second-order
amplitude has a real, non-time-ordered part, and
an imaginary part due to the time ordering [39].
The non-time-ordered part roughly means two
independent one-electron transitions from 1s to 2s.
Because this is not a dipole transition, this part of
the amplitude is not large, and the time-ordering
(imaginary) part becomes very important. The
latter gives with the ®rst-order amplitude a large
interference term in the transition probability
proportional to Z3 (Z standing for the charge of
the projectile), leading to a large di�erence in cross
sections for protons and antiprotons. This con-
clusion disagree with the theoretical data of Fri-
tsch and Lin [30] and Straton et al. [33], but is in
accordance with the theoretical description of the
double excitation by Godunov et al. including the

Fig. 1. Cross sections for the ionization-excitation of the heli-

um to the 2p state as a function of the projectile velocity. Solid

line represent our results for antiprotons and long dashed line

for protons. Short-dashed lines stand for other theoretical cross

sections for electron projectiles (1 ± Ref. [19], 2 ± Ref. [20], 3 ±

Ref. [21]), while full and open circles for experimental data

obtained with electron and proton projectiles, respectively [28].

Fig. 2. Cross sections for the double excitation of the helium to

the �2s2p�1P state as a function of the projectile energy by

proton and antiproton (or equivelocity electron) impact. Our

calculated cross sections (solid line: p�, short-dashed line: pÿ)

are compared with the theoretical results of Straton et al. [33]

(dotted line: p�, long-dashed line pÿ), of Fritsch and Lin [30]

(triangles) and with the experiments of Giese et al. [36]

(squares). Experimental data of Moretto-Capelle et al. [37] are

represented by a circle and their theoretical result by a star.

Open symbols stand for proton impact, while closed symbols

for antiproton (equivelocity electron, in case of the experi-

ments) impact.
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``excitation via the adjacent electron continuum''
[42], and con®rms the experimental data of Giese
et al. [36]. Again, very good agreement has been
found with the 100 keV proton data of Moretto-
Capelle et al. [37].

The results for the excitation of the �2p2�1D
state [41] are plotted in Fig. 4. The agreement with
the recent experimental data of Moretto-Capelle
et al. [37] is excellent in this case, too. Here we

have found only weak dependence of the cross
section on the sign of the projectile charge. This is
due to the fact that the non-time-ordered part of
the second-order transition amplitude is a product
of two dipole one-electron amplitudes, and domi-
nates above the time-ordering part. Since only the
time-ordering part interferes with the ®rst-order
amplitude, the interference term in the transition
probability proportional to Z3 will be small. This
conclusion is in agreement with the experimental
data of Giese et al. [36], but disagrees with the
theoretical analysis of Godunov et al. [42]. The
latter have found much larger cross sections for
antiprotons than for protons.

4. Conclusions

The presented perturbative method is suitable
for the calculation of the cross sections for di�er-
ent two-electron transitions induced by charged
particles of intermediate and high energies. In or-
der to obtain results in accordance with the ex-
perimental data one has to take into account the
initial and ®nal-state correlation. We have in-
cluded these correlation e�ects in our calculation
for the double excitation of the helium, but have
neglected the ®nal-state correlation for the double
ionization and ionization-excitation. This is the
reason why our calculations for the last two
transitions do not reproduce the experimental
data.

Our results for the double excitation of the
helium are in very good agreement with the ex-
perimental data of Moretto-Capelle et al. [37], but
in order to make de®nite conclusions upon our
data, further experimental investigation is needed.
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