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Abstract

Cross sections for the simultaneous ionization and excitation to the 2s state of the helium atom by fast proton and

antiproton impact have been calculated. We apply the impact parameter method and use a second-order perturbation

approximation. Electron correlation is taken into account in the initial state but is neglected in the ®nal state. The cross

sections obtained for protons are higher than those obtained for antiproton projectiles, in accordance with the theo-

retical ®ndings of Sidorovich (V.A. Sidorovich, J. Phys. B 30 (1997) 2187). Ó 1999 Elsevier Science B.V. All rights

reserved.
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1. Introduction

The multi-electron transitions have attracted
much interest in the past, both on the theoretical
[1±9] and on the experimental [10±15] side. It has
been made clear that taking into account the
electron correlation is essential for a correct the-
oretical description of these transitions [16].

The less studied two-electron transition in the
helium atom is the ionization±excitation. A few
experimental data are available for the excitation
of the np states [12±14] for proton and electron
projectiles. Similarly to the double ionization, the
cross sections obtained for negative projectiles are

higher than those obtained for equivelocity posi-
tive projectiles. Most of the theoretical calcula-
tions are made only for electrons [2±4] and do not
deal with the dependence of the cross sections on
the sign of the projectile charge. The only pub-
lished study on this dependence [17] qualitatively
reproduces the experimental ®ndings.

The ionization±excitation to an ns ®nal state of
the residual ion has not been investigated experi-
mentally because of the di�culties in measuring
the population of these excited state (ns! 1s is an
optically not allowed transition). Recently Si-
dorovich has published a theoretical study on the
simultaneous ionization and excitation of helium
to the 2s state by fast protons and antiprotons [5].
He has found that the cross sections for protons
are higher than those for antiprotons, opposite
relative to other two-electron transitions. On the
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other hand, his cross sections for antiprotons are
not in agreement with other theoretical results for
equivelocity electrons [2,3].

In this paper we present our calculated cross
sections for the ionization±excitation of the heli-
um to the 2s state induced by fast protons and
antiprotons. We compare our results with other
theoretical data, and investigate the importance
of di�erent mechanisms in the considered transi-
tion.

2. Theory

The framework of our calculation is the im-
pact parameter method. In this model the pro-
jectile moves on a classical straight-line trajectory.
This method is suitable for proton and antiproton
projectiles above 1 a.u. velocity (25 keV), but for
electrons, because of its lower mass, this ap-
proximation gives reliable results only, if the en-
ergy of the projectile is much higher than the
energy transfer. The average energy transfer in
case of the ionization±excitation of the helium is
around 100 eV. The impact parameter approxi-
mation can be taken to be valid for electrons with
velocities above 5 a.u. (350 eV). This is the reason
why direct comparison with other theoretical re-
sults for electrons below 350 eV energy is not
possible.

For the study of the evolution of the two-elec-
tron system we have applied the second-order time
dependent perturbation theory. The method we
use has been described in detail elsewhere [8,9] and
has been applied for the double ionization [9] and
the double excitation [18] of the helium, and also
for the ionization±excitation to the np states
[17,19].

The ®rst-order probability amplitude for the
transition of the electrons can be written as

a�1� � ÿi
Z �1

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

�1�

Here jii and hf j are the initial respective the ®nal
two-electron states, Ei and Ef are the energies of

these states, while V1�t� and V2�t� stand for the
two time-dependent projectile±electron interac-
tions.

The second-order amplitude is obtained to be

a�2� � ÿ
X

k

Z �1

ÿ1
dt ei�EfÿEk�thf j V1�t� j ki

�
Z t

ÿ1
dt0 ei�EkÿEi�t0 hk j V2�t0� j ii

ÿ
X

k

Z �1

ÿ1
dt ei�EfÿEk�thf j V2�t� j ki

�
Z t

ÿ1
dt0 ei�EkÿEi�t0 hk j V1�t0� j ii: �2�

Here we have to sum up over the intermediate
states jki with energies Ek, the in®nite number of
eigenstates of the two-electron unperturbed
Hamiltonian.

For the description of the initial state we have
used con®guration-interaction (CI) wavefunctions
[20], which are written as a sum of products of
one-electron orbitals

jii �
X

l

cljil
1ijil

2i: �3�

The ®nal state is described by a properly
symmetrized product of two one-electron wave-
functions

jf i � 1���
2
p jf 0c�1�ijf 0e�2�i
ÿ � jf 0e�1�ijf 0c�2�i

�
: �4�

Here jf 0ci stands for the state of the ejected elec-
tron, while jf 0ei represents the excited state of the
electron in the residual ion. The wavefunction of
the bound electron is calculated neglecting the ef-
fect of the ejected electron, but the wavefunction
of the free electron is calculated taking into ac-
count the screening potential created by the other
electron.

Introducing the initial and ®nal state wave-
functions into the ®rst-order amplitude (1), one
gets a sum of products of overlap integrals and
one-electron transition amplitudes

296 J.Zs. Mezei, L. Nagy / Nucl. Instr. and Meth. in Phys. Res. B 154 (1999) 295±299



a�1� � ÿi
1���
2
p

X
l

cl

� hf 0e�2�jil
2i
Z �1

ÿ1
dt ei�EfÿEi�thf 0c�1�jV1�t�jil

1i
�
� hf 0e�1�jil

1i
Z �1

ÿ1
dt ei�EfÿEi�thf 0c�2�jV2�t�jil

2i

� hf 0c�2�jil
2i
Z �1

ÿ1
dt ei�EfÿEi�thf 0e�1�jV1�t�jil

1i

� hf 0c�1�jil
1i
Z �1

ÿ1
dt ei�EfÿEi�thf 0e�2�jV2�t�jil

2i
�
:
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The ®rst two terms can be interpreted as the shake-
up, and the last two as the shake-o� contributions
to the ®rst-order amplitude.

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 have reached the ®nal state.
Because in the case of the second-order amplitude
the correlation is only a small correction (while the
®rst-order amplitude of the two-electron transition
is nonzero only because of the electron±electron
interaction), in the calculation of the second-order
amplitude we have taken into account only the
basic, 1s2 � ji1

1iji1
2i con®guration for the descrip-

tion of the initial state. In this approximation one
obtains for the second-order amplitude

a�2� � ÿ 1���
2
p hf 0e�2�jfe�2�ihi01ji1

1i
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Here Eie stands for the energy of the intermediate
state when one electron is in the ji01i (unscreened)
initial state and the other one in the jfe�2�i excited
state, while Eic represents the energy of the inter-
mediate state described by the ji01 > jfc�2�i con-
®guration. 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 [21]) is taken into
account.

3. Results

Cross sections for the ionization of the helium
with the simultaneous excitation of the 2s state as
a function of the projectile velocity are represented
in Fig. 1. We have made our calculations in a wide
velocity range between 1 and 80 a.u. Above 2 a.u.
projectile velocity the cross sections obtained for
protons are higher than those for antiprotons. The
di�erence reaches almost a factor of 2 between 5
and 8 a.u. At very high velocities this di�erence
becomes negligible.

The ionization±excitation to the 2s state is the
®rst two-electron transition, where higher cross
sections are predicted for the positive projectiles
than for the negative ones. Unfortunately, there are
no experimental data for this transition, but our
conclusion agrees with the ®ndings of Sidorovich
[5]. Furthermore, the agreement between these two
theoretical calculations is also quantitatively good
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below 7 a.u. projectile velocity. At higher velocities
our cross sections are larger. In the same Fig. 1 we
have plotted the electron impact cross sections of
Rudge [2] and of Raeker et al. [3]. The direct
comparison of our results with these calculations is
di�cult, because electrons behave identically with
equivelocity antiprotons only at high velocities,
where these authors did not make calculations.

The ®rst- and second-order contributions to
the cross section are plotted in Fig. 2. As expected,
at low velocities the second-order term, and at
high velocities the ®rst-order term dominates.
Since the dependence of the cross section on the
sign of the projectile charge is due to the inter-
ference of the ®rst- and second-order amplitudes,
at low and high velocities, where one of the two
terms dominates, the interference e�ect is negligi-
ble. This is the reason why we have obtained for
these extreme velocities similar cross sections for
protons and antiprotons. Comparing our ®rst-
and second-order contributions with those ob-

tained by Sidorovich [5], one observes that his
data decrease more rapidly with the increasing
velocity. The di�erence in behavior is more strik-
ing for the ®rst-order contribution, where our data
decrease very slowly.

The ®rst-order amplitude (5) is a sum of two
di�erent types of terms. The shake-up contribution
is due to the ionization of the target by a projec-
tile±electron interaction, and the excitation of the
other electron by electron±electron interaction. In
case of the shake-o� the projectile excites one
electron, and the other leaves the atom due to the
interaction with the ®rst one. In order to investi-
gate, why the ®rst-order amplitude decreases so
slowly, we have separated the shake-o� and the
shake-up contributions (Fig. 3). In this ®gure one
can see, that the shake-o� mechanism is responsi-
ble for the peculiar velocity behavior of the ®rst-
order contribution. The shake-o� term increases
up to 20 a.u. projectile velocity, and begin to de-
crease only above this.

Fig. 2. The contributions of the ®rst- and second-order am-

plitudes to the ionization±excitation cross section of the helium

by proton or antiproton impact. The solid and the dotted line

represent the second- and the ®rst-order contributions calcu-

lated in the present work, respectively. The short-dashed and

the long-dashed line stand for the same quantities computed by

Sidorovich [5].

Fig. 1. Cross sections for the ionization±excitation to the 2s

state of the helium by proton and antiproton impact as a

function of the projectile velocity. Our results (curves 1) are

compared with the cross sections computed by Sidorovich [5]

(curves 2), and the cross sections for electron projectiles of

Rudge [2] (curve 3) and of Raeker et al. [3] (curve 4). The solid

and the dashed lines stand for proton and antiproton (or elec-

tron) projectiles, respectively.
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4. Conclusion

We have performed second-order perturbation
theory calculations for the ionization±excitation of
the helium to the 2s state induced by proton and
antiproton impact. The cross sections obtained for
protons are higher than those obtained for anti-
protons in a wide projectile velocity range, in ac-
cordance with the results of Sidorovich [5]. The
quantitative agreement between these two calcu-
lations is not very good, mainly because of the
shake-o� mechanism taken into account by us.

References

[1] A.L. Ford, J.F. Reading, J. Phys. B 27 (1994) 4215.

[2] M.R.H. Rudge, J. Phys. B 21 (1988) 1887.

[3] A. Raeker, K. Bartschat, R.H.G. Reid, J. Phys. B 27

(1994) 3129.

[4] A. Franz, P.L. Altick, J. Phys. B 28 (1995) 4639.

[5] V.A. Sidorovich, J. Phys. B 30 (1997) 2187.

[6] F. Mart�õn, A Salin, J. Phys. B 28 (1995) 639.

[7] A.L. Godunov, V.A. Schipakov, P. Moretto-Capelle, D.

Bordenave-Montesquieu, M. Benhenni, A. Bordenave-

Montesquieu, J. Phys. B 30 (1997) 5451.

[8] L. Nagy, Nucl. Instr. and Meth B 124 (1997) 271.

[9] L. Nagy, J.H. McGuire, L. V�egh, B. Sulik, N. Stolterfoht,

J. Phys. B 30 (1997) 1239.

[10] L.H. Andersen, P. Hvelplund, H. Knudsen, S.P. Mùller,

J.O.P. Pedersen, S. Tang-Petersen, E. Uggerhùj, K. Elsner,

E. Morenzoni, Phys. Rev. A 40 (1989) 7366.

[11] P. Hvelplund, H. Knudsen, U. Mikkelsen, E. Morenzoni,

S.P. Mùller, E. Uggerhùj, T. Worm, J. Phys. B 27 (1994)

925.

[12] J.O.P. Pedersen, F. Folkmann, J. Phys. B 23 (1990) 441.

[13] S. F�ulling, R. Bruch, E.A. Rauscher, P.A. Neil, E. Tr�abert,

P.H. Heckmann, J.H. McGuire, Phys. Rev. Lett. 68 (1992)

3152.

[14] M. Bayley, R. Bruch, E. Rausher, S. Bliman, J. Phys. B 28

(1995) 2655.

[15] P. Moretto-Capelle, D. Bordenave-Montesquieu, A.

Bordenave-Montesquieu, A.L. Godunov, V.A. Schipakov,

Phys. Rev. Lett. 79 (1997) 5230.

[16] J.H. McGuire, Electron Correlation Dynamics in Atomic

Collisions, Cambridge Univ. Press, Cambridge, UK, 1997.

[17] L. Nagy, J. Wang, J.C. Straton, J.H. McGuire, Phys. Rev.

A 52 (1995) R902.

[18] D. Bodea, A. Orb�an, D. Ristoiu, L. Nagy, J. Phys. B 31

(1998) L745.

[19] L. Nagy, J.Zs. Mezei, unpublished..

[20] R.K. Nesbet, R.E. Watson, Phys. Rev. 110 (1958) 1073.

[21] N. Stolterfoht, Phys. Rev. A 48 (1993) 2980.

Fig. 3. The two di�erent mechanisms leading to the ®rst-order

cross section. Shake-up: short-dashed line; shake-o�: long-da-

shed line; total ®rst-order cross section: solid line.
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