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Abstract

Calculated double differential cross sections are presented for the simultaneous ionization and excitation into the 2p state
of the helium atom by fast proton and antiproton impact. We have used the semiclassical impact parameter method and the
transition amplitude was calculated in second-order perturbation approximation. We have investigated the dependence of the
cross sections on the sign of the projectile charge, and have analyzed the influence on the results of the inclusion of electron
correlation in the initial state. q 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

Ionization-excitation of the helium by charged
particle impact have been investigated both experi-

w x w xmentally 1–7 and theoretically 8–13 . Typically
the calculated total cross sections disagree with each

w xother, and only one of the calculations 9 lead to
results in reasonable agreement with the experimen-
tal data. On the other hand, the theoretical cross
sections in the references above are calculated only
for electron projectiles, while one of the most inter-
esting features in the experimental data is, that in a
wide velocity range cross sections for negative pro-

) Corresponding author.
Ž .E-mail address: lnagy@atom.ubblcluj.ro L. Nagy .

jectiles are by a factor of two larger than the cross
sections for equivelocity positive projectiles.

This large difference, observed earlier also for the
Ždouble ionization of the helium, can be explained as

w x.suggested by McGuire 14 by the interference be-
Ž 3tween the first-order and second-order processes Z

.effect . Based on a second-order perturbation approx-
w ximation 15,16 one of us has calculated the ioniza-

tion-excitation cross sections of the helium for pro-
ton and antiproton impact in a wide velocity range.
This calculation has been done, first using a
Hartree–Fock wavefunction for the initial state, tak-
ing into account in the first-order amplitude only the

w xshake-off mechanism 17 , than using a multi-config-
uration description of the ground state, including the

w xground-state correlation mechanism, too 18 . Al-
though we have obtained larger cross sections for
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antiproton projectiles than for protons in qualitative
accordance with the experimental data, none of our
model has reproduced quantitatively the large experi-
mental ratio of the cross sections obtained with
negative and positive projectiles.

In the present Letter we investigate the behavior
of the double-differential cross section of the ioniza-
tion-excitation of the helium. There have been pub-

w x w xlished experimental 6,7 and theoretical 12,13
triple-differential cross sections, but only for electron
projectiles. Our specific aim is to study the depen-
dence of the cross sections on the sign of the charge
of the projectile, and on the correlation interaction in
the initial state.

2. Theory

In our calculations we use the semiclassical im-
pact parameter method, considering the projectile
moving on a linear trajectory and we apply second-
order time-dependent perturbation theory. The first-
order amplitude for the transition from the initial

< : < :state i to the final state f is obtained to be

q`
Ž1. iŽD E . t² < < :a syi dt e f V t qV t i , 1Ž . Ž . Ž .H 1 2

y`

where DEsE yE is the energy transfer to thef i

electron system. The time-dependent perturbation po-
Ž . < Ž . Ž . <tentials V t s yZ r R t y r t , j s 1,2, arej p j

Ž . Ž .evaluated from the position vectors R t and r t ofj

the projectile ion and the active target electrons,
respectively. These projectile-electron interactions
can be developed in multi-pole series

4p r lX

X X- m ) mˆX XV t syZ Y R Y r ,XŽ . Ž . ˆŽ .Ý Xj p l l jl q1
X X 2 l q1 r)l m

2Ž .

� 4 � 4where r smin R,r , r smax R,r , and js1,2.- j ) j

For the second-order amplitude one gets

q`
Ž2. iŽE yE . tf k ² < < :a sy dt e f V t kŽ .ÝH 1

y`k

=
t XX XiŽE yE . tk i ² < < :dt e k V t iŽ .H 2

y`

q`
iŽE yE . tf k ² < < :y dt e f V t kŽ .ÝH 2

y`k

=
t XX XiŽE yE . tk i ² < < :dt e k V t i , 3Ž . Ž .H 1

y`

< :including a sum over the intermediate states k ,
with energies E . The two-electron wavefunctionsk
< : < : < :i , k and f are the same with those used in Ref.
w x18 . Electron correlation is taken into account in the
evaluation of the first-order amplitude, by using the
configuration-interaction wavefunctions of Nesbet

w xand Watson 19 to describe the initial state:

< :i s c f 1 f 2 . 4Ž . Ž . Ž .Ý l i l i l
l

Here f are one-electron orbitals. The final state isi l

written as:

1
X X X X< :f s f 1 f 2 qf 1 f 2 , 5Ž . Ž . Ž . Ž . Ž .c 2p 2p c'2

where f
X stand for the bound electron in the final2p

2p excited state. The ejected electron is described by
a numerically evaluated wavefunction, developed into
partial waves:

X l f iŽs l qd l . X m f ) ˆ m ff ff k ,r s i e R r Y k Y r ,Ž . Ž . Ž .Ž . ˆÝc k l l lf f f
l mf f

6Ž .
X Ž .where R r is the radial function normalized withk l f

respect to the momentum, s is a Coulomb phase-l f

shift, and d is the phase shift arising from the shortl f X Ž .range potential. The R r wavefunction is calcu-k l f

lated in the field of the nucleus and of the bound
electron. Electron-electron interaction in the final

Fig. 1. Double-differential cross sections for the ionization-excitation of the helium to the 2p state, for E s1 MeV projectile energy andp
Ž . Ž . Ž . Ž . Ž .E s10 eV a , 25 eV b , 40 eV c , 75 eV d and 200 eV e ejected electron energies, as a function of the ejection angle of the electron.e

Solid lines stand for proton projectiles and long-dashed lines for antiproton projectiles, while thick lines represent the results using
multi-configuration wavefunctions for the initial state and thin lines the results obtained with single-configuration wavefunctions.



( )Z. OsÕath, L. NagyrPhysics Letters A 271 2000 385–390´ 387



( )Z. OsÕath, L. NagyrPhysics Letters A 271 2000 385–390´388

state is taken into account only as a mean-field
effect, correlation is neglected. This approximation is
justified if the outgoing electron is fast, but may
introduce some errors, if the electron leaves the atom
with low velocity.

Ž . Ž .Substituting 4 and 5 into the expression of the
Ž .first-order amplitude 1 , and performing the inte-

grals on the matrix elements, one gets:

aŽ1. k ,bŽ .

1
1r2 l yiŽs qd .f l lf fs 4p yi eŽ . Ž .Ý Ý Ý

X Xlml m l m m sy1f f e

=
2 lq1

l 0 l mf f fX X XC CX l0 l 0 lm l m( 2 l q1 2 l q1Ž . Ž .f

=
q` Xm ) iŽE yE . t m )f f iˆ ˆXY k dt e Y RŽ . Ž .Hl lf

y`

= 2p l 2p lf fX XM A qA M , 7Ž .l l l l l l

where Al f , A2p, M X
2p and M X

l f are radial integralsl l l l l l

Al f s RX r R r r 2dr sA d ,Ž . Ž .Hl k l 1 i l 1 1 1 l l lf f

r lX

-X2p 2
XM s R r R r r drXŽ . Ž .Hl l 2p 2 i l 2 2 2l q1r)

A2p s RX r R r r 2dr sA d ,Ž . Ž .Hl 2p 2 i l 2 2 2 2p 1 l

r lX

-Xl 2fXM s R r R r r dr . 8XŽ . Ž . Ž .Hl l k l 1 i l 1 1 1l q1f r)

The terms R and RX stand for the radial part ofi l 2p

the wavefunctions f and f
X , respectively, and thei l 2p

overlap integrals Al f and A2p are non-zero onlyl l

when the quantum number l equals l or l equals 1,f
Ž .respectively. In expression 7 we have considered

that the first electron is ejected and the second is
excited. For the reverse case one can write a similar
expression.

In case of the second-order amplitude, the elec-
w xtron correlation is not so significant 15 , thus we use

Ž . Ž .only the basic f 1 f 2 configuration to describei0 i0

< :the initial state. The intermediate states k are
eigenstates of the two-electron unperturbed Hamilto-
nian, and we have kept only the most important
ones, considering an intermediate state as a two-elec-
tron state, where one electron is in its initial state,
and the other is in its final state. Following this
approximation, the sum over the intermediate states
reduces to two terms.

In this approximation the second-order amplitude
Ž .3 , considering the first electron ionized, and the
second excited, becomes

aŽ2. k ,bŽ .
2 14pŽ . l yiŽs qd .f l lf fs yi eŽ .Ý Ý

3 l m m sy1f f e

=
1

Xm )f ˆ ² < :Y k f 2 f 2Ž . Ž .Ž .l 2p 2pf2 l q1f

=
q`

X iŽE yE . tf i e² < :f 1 f 1 dt eŽ . Ž . Hi0 i0
y`

=
t XX Xm ) iŽE yE . tf i e iˆM Y R dt eŽ .Hl lf f

y`

= me ) ˆX X² < :M Y R q f 1 f 1Ž . Ž .Ž .2p 1 c c

=
q`

X iŽE yE . tf i c² < :f 2 f 2 dt eŽ . Ž . Hi0 i0
y`

=
t XX Xm ) iŽE yE . te i c iˆM Y R dt eŽ .H2p 1

y`

=
Xm )f ˆM Y R , 9Ž .Ž .l lf f

where E and E is the energy of the intermediatei e ic
Ž . X Ž . X Ž . Ž . Xstates f 2 f 1 and f 2 f 1 , respectively. f2p i0 i0 c i0

stands for an unscreened initial state, while the other
electron is in the f excited state or in the f2p c

XŽ . Ž .continuum. The f k,r wavefunction 6 is com-c

puted in the potentials of the Heq ion in 1s state
Ž Ž .denoted with f 1 , and corresponding to an inter-c

. Ž XŽ .mediate state , and in 2p state denoted with f 1 inc
.the final wavefunction . So, the change of the screen-

w xing potential 20 is also taken into account. A
similar expression is valid for the other case also,
when the second electron is the ionized one, and the
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first the excited one. The terms denoted with M ,2p

M X , M and M X are:2p l lf f

r- 2M s R r R r r dr ,Ž . Ž .H2p 2p 2 i0 2 2 22r)

r l f
- 2M s R r R r r drŽ . Ž .Hl k l 2 i0 2 2 2l q1f f fr)

r-X X X 2M s R r R r r dr ,Ž . Ž .H2p 2p 1 i0 1 1 12r)

r l f
-X X X 2M s R r R r r dr . 10Ž . Ž . Ž .Hl k l 1 i0 1 1 1l q1f f fr)

Here RX stands for the radial part of the unscreenedi0

initial state f
X , while R is the radial part of thei0 2p

Ž . Ž .wavefunction f . Expression 7 and 9 show the2p

dependence of the first- and second-order amplitudes
on the emission angle, through the spherical harmon-
ics.

The probability of the ionization-excitation pro-
cess, at a given impact parameter can be written as

< Ž1. Ž2. < 2P b s a k ,b qa k ,b . 11Ž . Ž . Ž . Ž .
Integrating over the impact parameter b, we obtain
double differential cross sections for ejection of elec-
trons at given energy and angle:

2
`d s

s2p k P b bdb 12Ž . Ž .H
dEdV 0k

3. Results and discussion

We have calculated double differential cross sec-
tions for the ionization-excitation of the helium to
the 2p state by proton and antiproton impact, using
single-configuration and multi-configuration wave-
functions for the ground state. In Fig. 1 we present

Žour results for 1 MeV projectile proton and antipro-
.ton energy, at different ejected electron energies as

a function of the ejected electron angle.
Ž .At low energy of the ejected electron 10–40 eV

in the forward direction, cross sections are obtained
higher for proton projectiles, while in backward di-
rection are higher for antiprotons. This is valid for

Ž .correlated multi-configuration and uncorrelated
wavefunctions, but correlation reduces overall the

absolute value of the cross sections. Knowing that
experimentally the total cross sections for protons
are by a factor-of-two lower than for negative projec-

w xtiles 4 , our method probably lead to wrong results
for ejection in the forward direction. The problem
could be the neglecting of the dynamic and final-state
correlation between the two electrons.

For higher energies of the ejected electron differ-
ential cross sections have the same shape and magni-
tude for proton and antiproton projectiles, both in
case of correlated and uncorrelated ground-state
wavefunctions. This result suggests that electron cor-
relation and Z3 effects are not important when the
ejected electron energy is above 200 eV. However,
we can note an interesting feature in the differential

Ž .cross section at E s200 eV Fig. 1e . Electrone

correlation introduces a second maximum of the
cross section at 130 degree ejection angle.

4. Conclusions

We have calculated double-differential ioniza-
tion-excitation cross section of the helium in colli-
sions with fast charged projectiles. We have ana-
lyzed for the first time the dependence of these cross
sections on the sign of the projectile charge. Compar-
ing our results with the experimental data for the
total cross sections, we can conclude that our model
might be correct for the description of the electron
ejection in backward direction, while for the correct
description of the forward ejection the inclusion of
dynamic and final-state correlation would be desir-
able. Electron correlation and Z3 effects are more
important for low ejection energies. At 200 eV
ejected electron energy the cross sections for proton
and antiproton projectiles have almost the same value
and behavior.
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