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Scattering correlation in double ionization of helium by fast antiprotons and protons
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The difference between the double-ionization cross sections of antiprotons and protons colliding
with helium may be explained by the distortion of the two-electron wave function during the col-
lision. The distortion is related to the presence of electron-electron correlations and depends on
the sign of the projectile charge. The proposed correlation effect requires an at-least-partly-
adiabatic behavior for target electrons. The existence of adiabaticity in high-energy large-impact-
parameter collisions is discussed. By building in the efkct of distortion into the center-of-charge
interaction formulation of the independent-particle model, the calculated cross sections are in

agreement arith the experimental values.

I. INTRODUCTION

In the experiment of Andersen et al. ' a marked
difference between the double-ionization cross sections
for 0.5-5-MeV antiprotons and protons colliding with
helium has been found. The cross-section values for an-
tiprotons are approximately a factor of 2 larger than
those for protons. This result indicates the shortcoming
of the independent-particle model (IPM) (Ref. 2) which
has served until now as a reliable tool for the study of
colhsions between charged particles and many-electron
atoms. In the IPM the atom is treated as a collection of
electrons which independently interact with the projec-
tile. The interpretation of data' calls for the refinement
of the IPM by including terms related to the electron-
electron correlations. Corrections to the IPM due to the
efFect of electron correlation have been described by
Ford and Reading and McGuire.

In the recent model of Reading and Ford based on
the coupled-channel method, the collision time is divided
into segmented pieces short enough that the electron-
electron interaction can be neglected during the time
evolution within each time segment. At the end of each
segment the electron-electron interaction is switched on
allowing the system to collapse back into a correlated
eigenstate. The sophisticated calculations have repro-
duced a part of the observed effect and predicted its
disappearance at projectile energies of a few tens of
Me V/amu.

In this paper we describe a simple mechanism to ex-
plain why the antiproton-hehum double-ionization cross
section is larger than that for proton. In the proposed
scheme the projectile interacts with each of the two elec-
trons and the electron-electron correlation affects the
process of the projectile-remote-electron collisions.

II. THE MODEL

Before discussing the correlation elect we investigate
the concept of coHision time in high-energy ion-atom
collisions. Generally the collision time T„ll is taken as
T~ll ——2R/v, where R is the radius of the atomic orbit

and v is the velocity of the projectile. This definition of
T„ii is suitable for low-energy collisions which are close
collisions with impact parameters 8 g R. The definition
of T„„ for high-energy collisions, where the region
8 &I1 gives important contributions (see, for example,
the table of Hansteen et al. ), needs more care. To esti-
mate T» for impact parameters 8 g 8, we calculate the
time development of the momentum-transfer process via
Coulomb interaction between an electron and a proton
moving swiftly by. %e assume that the electron has not
considerably changed its position before the proton
passed by. For a projectile having a straight-line orbit
along the z axis (see Fig. 1), the transversal component
qi of the momentum transfer can be calculated as

1 . 2e 6 oo dz
q~ =e sinOdt =

b 2+ 2
U fo (b 2+z2)3/2
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The momentum transfer q3 (zo) imparted to the electron
in the [—zo, zo] interval is given as

2e 6 o dz 2e ~0
l(zo ) =

o (b +z2) /2 bU ( 2+ b2)i/2 (2)

For example, the electron gets 90% of qi at the limit
zo=2b We estimat. e T„„as the time needed to cover
the 4b distance

4b
Tcoll =

v

This estimate of T„ll is suitable for a large-impact-
parameter collision where E. is small enough compared
to 8. In this case the parameter b could be identified
with the impact-parameter 8, since here the amplitude
of the electron motion inside the atom does not appreci-
ably change the projectile-electron distance along the
projectile path.

According to the table in Ref. 7 for an He atom ion-
ized by 0.5-5-MeV energy protons, more than 80% of
the contributions ta the cross section comes from the
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FIG. 1. Diagram used to calculate the momentum
transferred to an electron via the Coulomb interaction with a
fast projectile. If zo ——2b, covering the [—zo, zo] interval the
electron gets 90% of the whole imparted momentum.

impact-parameter region 8 &Ho with Ro ——aplZ s,
where ao is the Bohr radius and Z« —1.7 is the screened
atomic number of the helium atom. The maximum con-
tribution comes from the impact parameter 8 =2R o.
Regarding the estimate (3), T,o» can be written as

80
~coll

U

The relation of T„» to the time r needed for the orbital
electron to cover a distance as large as the atomic radius
is

0He g

FIG. 2. Owing to the electron-electron correlations„ the
far-side electron moves away from the proton (a) and comes
nearer to the antiproton (b) projectile.

trons. In the center-of-charge interaction approximation
(CCIA) the momentum-transfer q imparted to the atom-
ic electrons is shared in equal amounts among them.
For the helium target the scattering amplitude is written

o Uo Uo
~.Did

=8 =8
Uo

where Uo is the orbital velocity of the electron, This
equation suggests that for projectile velocities U 10vo,
the orbital electron can respond to the motion of the
projectile. %e can say that at large impact parameters
the high-energy ion-atom collisions have some adiabatic
properties.

Now we discuss an effect of the electron-electron in-
teraction which may explain the enhanced double ioniza-
tion of helium by antiprotons. Since the 0.5-5-MeV
projectile energy region the relation U 5 100» fulfills, we
can assume the existence of the response motion of the
atomic electrons. Due to their mutual repulsion the two
electrons of the helium atom favor positions on opposite
sides of the nucleus. Considering the polarization of the
initial two-electron wave function of helium, the two
projectile-electron interactions cannot be treated in-
dependently. The proton attracts the near-side electron
stronger than the far-side one, which, due to the
electron-electron interaction, moves away from the pro-
jectile [see Fig. 2(a)]. For antiprotons, due to the repul-
sive interaction, the near-side electron moves away and
the far-side electron comes nearer to the projectile [see
Fig. 2(b)]. ~e can say that the initial state and, there-
fore, the ejection probability of the far-side electron de-
pends on the sign of the projectile charge.

Our aim is to build the proposed correlation e8'ect
into the framework of the IPM. Regarding the high in-
cident energies, we can choose the center-of-charge in-
teraction formulation of the IPM. In this model, which
offers a good approximation for the description of dis-
tant collisions, the scattering amplitude of the mul-
tielectron transitions is calculated as the 5rst Born ma-
trix element of the (Coulomb interaction acting between
the projectile and the center of charge of the target elec-
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FIG. 3. The measured and calculated double-ionization
cross sections for the helium target. The experimental curve
and data points are taken from Andersen et al. (Ref. 1).

where Z is the projectile charge and ri, r2 are the coordi-
nates of the target electrons measured from the target
nucleus. P, and (t}I denote the ground and final states of
the helium atom, respectively. The total cross section of
the double-ionization process for helium atom has the
form

r2
Ze0.
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where f (q) is given by the elastic form factor of the is
single-electron state q~ =A'/(B +bB)=q

%e choose the limit of integration as

and for antiprotons due to the e6'ective decrease of b we
obtain

2
&min =~+ ~2U& q max

= q min + 2(r )
q' =A/(B bB)—=q

f'(q) f (q)f (q'» (10)

where q' is chosen as follows, The characteristic impact
parameter for the momentum transfer q is B =trt/q. For
incident protons the effective increase of the impact pa-
rameter by bB results in the value of q' as

where AE is the sum of the total binding energy of the
helium atom and the average kinetic energies of the two
ionized electrons. The latter term is taken as if the elec-
trons were ejected at velocities half of the orbit velocity.
(r ) is the radial expectation value of the helium atom.
The choice of q,„ is suggested by the uncertainty prin-
ciple. ' For values q ~q,„ the collision cannot be treat-
ed as a distant one and the CCIA becomes invalid.

The proposed correlation effect may be simulated by a
shift in the impact parameter of the projectile-far-side-
electron collision. To take into account this effect, in
the integral in Eq. (7) we make the following
modl6catlon:

For the helium atom the value of the b8 shift may have
the order of the atomic radius. For the calculations we
have used, screened hydrogenic wave functions" and the
results with the optimum value b B =0.8 ( r ) are
presented in Fig. 3. The satisfactory agreement between
the experimental and theoretical values suggests that the
proposed correlation elect could describe the di8'erence
between the antiproton and proton cross sections. Since
the discussed correlation effect is less expressed for
atoms containing more electrons, our model predicts
that the difference between the antiprotonic and protonic
multi-ionization cross sections should decrease with the
increase of the atomic number of the target.

The possibility of electron response motion decreases
with increasing projectile energy, see Eq. (5); therefore,
the model incorporates the decrease of the effect with in-
creasing projectile energy in accordance with the predic-
tion.

L. H. Andersen, P. Hvelplund, H. Knudsen„S. P. Miler„K.
Elsener, K.-G. Rensfelt, and E. Uggerhgfj, Phys. Rev. Lett.
57, 2147 (1986).

2J. H. McGuire and L. %'eaver, Phys. Rev. A 16, 41 (1977).
3R. L. Becker, A. L. Ford, and J. F. Reading, Phys. Rev. A 29,

3111 (1984).
4A. L. Ford and J. F. Reading, Nucl. Instrum. Methods

810411, 12 (1985).
5J. H. McGuire, Nucl. Instrum. Methods 810411, 17 (1985).
J. F. Reading and A. L. Ford, Phys. Rev. Lett. 58, 543 (1987);
J. Phys. B 20, 3747 (1987).

7J. M. Hansteen, O. M. Johnsen, and L. Kocbach, At. Data
Nucl. Data Tables 15, 305 (1975).

8L. Vegh, Phys. Rev. A 32, 199 (1985).
9J. H. McGuire, Phys. Rev. Lett. 49, 1153 (1982),
'oq;„and q,„di8'er from the limits used in the original paper

of the CCIA in Ref. 8. In Ref. 8 the kinetic energies for the
lower limit and the choice of q,„were fixed by classical ar-
guments based on the kinematics of the Rutherford scatter-
ing. The present choice given in Eq. {9}better suits the
quantum-mechanical treatment.

~~J. C. Slater, Phys. Rev. 36, 57 (1930).


