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Abstract. Theoretical and experimental cross sections are presented for single and double
ionization of He differential in the projectile scattering angle and the transverse energy of
the outgoing recoil ion. A dynamical four-body classical trajectory Monte Carlo method that
includes radial electron correlation is utilized to caleulate total and differential cross sections for
300 and 500 keV protons and antiprotons in itnpact collisions with He. The azimuthal emission
characteristics of electrons, recoil fon and projectile relative to each other are anelysed to provide
detailed information on the dynamical differences between single and double ionization and
between proton and antiproton impact.

1. Introduction

In recent years, experiments and theoretical calculations have provided information on the
effect of electron correlation in ionization processes. Several interesting results have been
realized (see, for example, the review articles by Cocke and Olson 1991, Schultz et af
1991). Of these, Andersen ef al (1986) showed that the cross section for double ionization
of He by fast (v ~ 10 au) protons and antiprotons depended wvpon the sign of the charge.
This was partially explained by classical trajectory Monte Carlo (CTMC) calculations (Olson
1987) as an effect of the transient destabilization of the helium atom due to the difference
in screening by the proton or antiproton. These calculations also indicated that a theoretical
madel, which includes ali the four-body interactions, must be used to explain the enhanced
double ionization cross section for antiprotons relative to that of protons. With the forced-
impulse method that allows direct electron—electron interaction during short time segments,
guantitative agreement with the experimental findings were first obtained for the ratio of
double to single ionization cross sections (Ford and Reading 1988, Reading and Ford 1987).

Further, cross sections differential in the projectile scattering angle have been
investigated by Giese and Horsdal (1988) and a peak near 1.0 mrad was found in the
angular dependence of the ratio of double ionization to single-plus-double ionization cross
section (the so called charge-state fraction, F = ot /(o +07*)). The aCTMC calculations
by Olson er al (1989) and Born approximation calculations by Salin (1989, 1991) both
indicate that the experimental observations are compatible with the independent electron
model (McGuire and Weaver 1977}, and that the peak in the charge-state fraction is due to
incoherent scattering of the proton off both electrons of He. Although the latter calculations
provide a correct angular dependence of the charge-state fraction on the projectile polar
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scattering angle, the magnitude given by these calculations is two to three times higher than
that of experiment. :

Based on the forced-impulse method, Reading e al (1989) suggested that the peak
structure is caused by two incoherent collisions of the proton with the target electron that
produce slow and fast electrons, and found a peak near 0.5 mrad for a proton energy of
1 MeV. In the more recent publication of Fang and Reading (1991), different peak positions
of the charge state fraction with angle are obtained depending on the relative strength of
the two soft electron, shake off, and two hard hit mechanisms, and it is found that such a
combination of the individual mechanisms does not display a peak in the right place and at
the correct height. However, a peak in the ratio is obtained at an angle of ~ 1.0 mrad in
the two hard hit mechanism for the MeV impact range.

A newly developed recoil-ion coincidence technique has led Dormner et af (1989) to
study the complete three-body transverse momentum exchange between the projectile, target
nucleus, and electron in p + He single-ionization collisions at 500 keV. These authors
showed that the recoil-ion energy distribution as a function of the projectile scattering
angle strongly deviates from that given by a two-body interaction and demonstrated that
the coupling of electronic and nuclear degrees of motion must be included for an accurate
description of the collision dynamics. Moreover, it is shown that the CTMC method provides
a convenient framework to understand the dynamics of ionization involving all four bodies
in the collisions of protons and antiprotons with He.

In search of a method that can more accurately accommodate the experimental
observations and theoretical predictions, we employ in this work the dynamical classical
trajectory Monte Carlo method (4CTMC) as proposed by Montemayor and Schiwietz (1989)
and summarized below in section 2. The dCTMC method includes radial correlation between
electrons.

‘We note that the independent-event model used in the works by Crothers and McCarroll
{1987) and Deb and Crothers (1990, 1991) provides good agreement with experiment for
the total cross section of double ionization of helium by protons. However, this method has
not been applied to differential measurements which give an increased understanding of the
possible collision mechanisms.

In section 3, we have used the dCTMC method to analyse total and differential cross
sections, charge-state fractions and recoil-ion energy distributions as a function of the
laboratory projectile polar scattering angle 8, for single and double ionization processes.
Both 300 and 500 keV proton and antiproton impact collisions are considered. Experimental
results of Dirner and collaborators are compared to our calculations along with those of
other authors. Furthermore, we give the ionization cross sections differential in the azimuthal
angle between the outgoing particles for 500 keV protons. This analysis helps provide a clear
picture of the ionization mechanisms. Atomic units are used unless otherwise indicated.

2. Theory

The classical trajectory Monte Carlo (CTMC) method, as used in the present work, was
developed by Abrines and Percival (1966}, Percival and Richards {1975) and Olson and
Salop (1977). Reinhold and Falcén (1986) provided a procedure for generating initial
conditions for collisions with the helium atom; this procedure is employed in our work,
in a four-body, three-dimensional collision context. Further, the screening parameters of
the target electrons are varied during the collision according to their binding energy in an
attempt to incorporate radial correlation directly into the time evolution of each collision
(Montemayor and Schiwietz 1989).
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The interaction between the four particles involved in the collision, namely, the
projectile, the target nucleus, and the two target electrons are treated exactly as the sum of
two-body Coulomb interactions. The Hamiltonian of the collision system has the form

_ pi P§ p} P3 ZyZ Zy Zy Zy Zy
H=Fog o B P - - - -
2m, 2'mp 2m.  2m, Irp -1 |- rp’ ir2 — rpl Ity —7| Ira—m
+ Via(r1, 1) (1

where pg, o, pi, 7p ™1, and 7y, i = 1, 2, are the momenta and coordinates of the projectile,
the target nucleus and the target electrons, respectively. The charges of the projectile and
the target nucleus are Z; and Z,, respectively. The Coulomb potential between the two
electrons, Vy3, can be approximated by a sum of potentials of each individual electron due
to the screening of the target nucleus by the other electron,

V=W +VW )
with
1 — (14 x| —w)) exp(—2Xair — 7
Uy = Vi = Lo dalrt = i exp(=2alry — 1) Ga)
[r — 7
- — —22 -
Uy = Vi) = Lo hlr = D exp2alrs = ) )

|rg — 1|

In equations (3a) and (3b), A; and A, represent the screening of the target nucleus by
electrons 1 and 2, respectively.

Substituting equation (3) into equation (1) gives a model potential Hamiltonian equation
that we use for the collision systems under consideration. Initially, A; and A, are set equal
and take a value of A;; = 1.68753, as given by variational! calculations of the ground-state
binding energy of the helium atom. During the course of the collisions, the values of A
and A vary linearly with the binding energy, E;, j = 1,2, of electron 1 and 2 as follows
(Montemayor and Schiwietz 1989)

0 for E; > 0
A
=17 E  forEe<E<0  j=12 )
1s
Alg for B; < Eys

By varying the screening parameters A, and A, when one electron is ionized, the other
electron will be bound more tightly to the nucleus than prior to the collision. The initial
binding energy, Ei;, of each electron on He, takes the value of 0.896 au. The method is
termed dCTMC for dynamical CTMC.

Omne tool we use to elucidate the dynamics of single and double ionization is the
calculation of polar and azimuthal angular differential cross sections for the various outgoing
reaction products. The differential cross section for the projectile scattering angle 6p is
calculated as

do _ .o NG

aa;'_“ maxNTAGP (5)



3390 L Meng et al

whcre N(6,) is the number of reaction events for a specific final state in a scattering angle of
& +1 328y, and by, is the impact parameter beyond which the probability for this reaction
is neghglble, while Nt is the total number of trajectories integrated.

If we define the impact direction as that of the z-axis and the azimuthal angle of a
vector, ¢, as the angle between the projection onto the x—y plane of the vector and the
x-axis, then a doubly differential cross section can be written as

do, N(9, 6;)
= b2 ' VP

dpds, | "= NIAGAG, ©
where N(p,8;) is the number of events associated w1th an azimuothal scattering angle
L 2A¢ and a polar projectile scattering angle 8, & AG In this work, ¢ represents
the post-colhsmnal azimuthal angle between outgoing partlcles in the plane perpendicular
to the initial velocity vector of the projectile.

3. Experiment

The experiment was performed at the 2.5 MeV Van de Graaff accelerator of the Institut
fir Kernphysik, Universitit Frankfurt. The incoming proton beam was collimated to a
divergence of less than 0.1 mrad, passed through the gas cell (10~! hPa) of the recoil-ion
momentum spectrometer (RIMS) and was detected 2.7 m downstream by a two-dimensional
position sensitive channel plate detector. Recoil ions, produced in the cylindrical cell of
10 mm in diameter and 40 mun long, drift from the beam axis to the wall of the cylinder.
Upon exiting the cylinder through a slit {1 mm x 20 mm}, they are post-accelerated, charge
state analysed in a magnetic field and focused onto a two-dimensional position sensitive
channel plate detector. The coincidence with the signal of the scattered projectiles yields
the recoil-ion drift time in the cylinder. Since the drift length perpendicular to the beam is
known (typically 2-5 mm) the recoil-ion transverse momentum or energy can be calculated.
In order to reduce the influence of thermal motion, the target gas was cooled to 35 K. From
systematic test experiments the accuracy of the energy determination in the spectrometer for
small energies is estimated to be £5 meV. A detailed description of the mechanical set-up,
calculations on the solid angle and azimuthal anguvlar acceptance as well as estimations on
the influence of fringe fields in the spectrometer can be found in Ullrich ef al (1991) and
Dérner et al (1993).

4. Results

4.1. Total cross sections

The improvement obtained by incorporating a dynamical correlation in the CTMC method
can be clearly seen from the results for total cross sections of helium single and double
ionization in collisions with protons and antiprotons (table 1). The proton impact double
ionization cross sections lie slightly below the earlier calculations by Montemayor and
Schiwietz (1989), perhaps because of statistical error. The total cross sections for proton
impact given by the dCTMC method for double ionization at 300 and 500 keV are 5 to 6.6
times closer to experiment than the four-body CTMC results employing independent electrons
with initial binding energies of —0.896 au and the model potential given by equation (3)
with A; and A; held constant at the value 1.6875. Even so, the absolute magitude of
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double ionization by protons as obtained using the dCTMC method is still two to three
times larger than the experimental data. The slight difference in single ionization cross
sections between the two CTMC calculations as listed in table 1 is due to the difference
in the double ionization cross sections. When the radial correlation is implemented, as
expressed in equations (2) and (3), it decreases the probability of simultaneous ionization of
two electrons by changing the screening factor which in turn increases the binding energy
of one of the two electrons. On the other hand, when one electron is becoming more tightly
bound than the initial state, the other electron sees no change in screening of the target
nucleus and its ionization probability undergoes ne change. Therefore, the decrease in the
double ionization probability approximately adds up to the increase in the single ionization
probability.

Table 1, Total cross sections {in units of 10~!7 cm?) for single (51) and double (p1) ionization
in 300 and 500 keV p, § + He collisions.

crMC  dcTMC Expt

Shah and Gilbody (1985)
300 keV s1 372 4.04 5.40
p+He o 0332 00731 00348

500 kev st 277 2.93 310
p+He ot 0245 00415 00172

Andersen et al (1986)
300 keV s 307 3.27
P+ He ot 0308 0.0510

500 keV  s1 236 2.51 255
p+He ot Q177 Q0265 0025

‘We note that both single and double ionization total cross sections obtained by the dCTMC
calculation for antiprotons colliding with He at 500 keV correctly predict the experimental
results. However, since the dCTMC method overestimates the double ionization cross sections
for proton impact, the latger ratio of double to single ionization by antiprotons as compared
to the ratio using protons (Andersen et af 1986) does not emerge from the dCTMC calculation.
The dCTMC calculation does provide a larger cross section for proton impact single ionization
as compared to antiproton impact, the same result as given by Olson (1987). The latter
calculation, in which the Bohr helium-atom model was employed and the explicit electron—
electron interaction was included, predicts correct ratios of double to single ionization for
both proton and antiproton impact, but the absolute double ionization cross section as a
function of the impact energy decreases much faster than experiment as the energy increases.
The difference in the two methods is that the dCTMC does not inciude the full correlation,
i.e. the radial and angular correlation, between the electrons, whereas the Bohr helium-atom
model does.

4.2, Differential cross sections for p + He collisions

4.2.1. Differential in projectile scattering angle. In figure 1, we compare the dCTMC results
of single and double ionization cross sections differential in the projectile scattering angle
with different sets of experimental data. Plotted for 500 keV impact are data of Giese and
Horsdal (1988) for single and double ionization, Dirner et al (1989) for single ionization,
and new results by Dérner and collaborators for donble ionization. Data from Giese and
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Horsdal (1988), Dbrner ez al (1989}, Dérner (1991) for 300 keV impact are also plotted.
At both energies, the 3CTMC method produces an angular dependence on the projectile
scattering angle &, that agrees with experiment over most of the experimental range for
both single and double ionization. The total cross section for single ionization given by the
dCTMC method is smaller than that of Shah and Gilbody (1985), and for double ionization
the dCTMC result is about a factor of 2.4 too large. The differential cross section for single
ionization given by the dCTMC method agrees with the data of Ddrner and coliaborators
(1989), but lies above those of Giese and Horsdal (1988), and of Kristensen and Horsdal-
Pedersen (1990) (not plotted). Such a discrepancy could be attributed to possible strong
differences in the differential cross sections at small angies below 8, & 0.25 mrad. As
mentioned by Kristensen and Horsdal-Pedersen, the data of Giese and Horsdal need to be
adjusted upwards by 10% to 26%.

107 1015

10-18 - 10-!6 -
1077 - 1017 i

- —
g 10°18 - g 1018 -

o

o, o
% 1019 4 % 1ot -

k-] b=
1020 - 10020 -
10% = - 108 o

o
o
1022 M Skt taaal N hebld A d 10 M MRS | M PO R
107 10° 10 10 10° 10!
@, (mrad) 6, (mrad)

Figure 1. Cross sections for single and double ionization differential in the projectile scattering
angle for collisions of protons with He at impact energies of (a) 300 keV and (&) 500 keV.
Present calculation: full corve, single jonization; dotted curve, double ionization. Experimentat
resuits of Giese and Horsdal (1989): O, s1; [T, b1, Dérmer et al (1989) at 500 keV and cuorent
work for 300 keV: A, s51; ¥, DL The recent data of Kristensen and Horsdal-Pedersen (1990)
are very close to those of Giese and Horsdal and are not plotted. The broken curves represent
Coulombic #~2 scaling and are normalized to the dCTMC results at large @,

On the other hand, the theoretical double ionization cross section differential in the
projectile scattering angle lies above the experimental data as expected since the integral
cross section is overestimated. This is mainly due to the small angle behaviour of the double
ionization cross section where the calculated rasults are above the experimental values at
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both energies. The experimental cross section decreases for projectile scattering angles
less than 0.5 mrad, whereas the dCTMC cross section reaches a maximuom at about 0.3 mrad.
Above 0.5 mrad, the present experimental results for double ionization agree with the dCTMC
calculation at both energies and show a similar behaviour to that of Giese and Horsdal for
300 keV. The reason for the discrepancy between the experimental double ionization resulis
at 500 keV is unclear,

Both single and double ionization tend to follow a straight line at large angles above
1 mrad (figure 1), which indicates that in this regime, the projectile scattering behaves like
two-body central potential scattering (Rutherford scattering in the laboratory system) times
an ionization probability P(8,) which is nearly constant,

de . do .
EO: = 2 Smw")d_szp = 2m sin(d;)

(Z,Z)?
TTrrrreaCiey @
In equation (7), b is the impact parameter and E is the impact energy of the projectile.
Since the projectile scattering angle 6, is of the order of 1 mrad, do/df, 6, 3, Deviations
from the 6 3 scaling for the differential cross section are clearly seen for 6, < | mrad
for both single and double ionization. This is partly due to an increasing dominance of
the proton—lectron momentum exchange at very small angles, 6, < 0.3 mrad, and to a
decreasing ionization probability combined with increased screening of the target nuclear
charge in the region of &, < 1 mrad.

4.2.2. Charge-state fraction. Notice that in figure 1 the deviations from the 83 scaling are
centred at different projectile scattering angles for the single and double ionization cross
sections. These deviations, though hard to see, lead to a structure discovered by Giese and
Horsdal (1988}, when the charge-state fraction is plotted against projectile scattering angle,
figure 2. Their experimental data and the data of Ddmer and collaborators are shown in
figure 2, together with the dCTMC results whose magnitude is divided by two. This factor is
approximately the same factor that the dCTMC total double ionization cross section is larger
than the experimental cross section (see table 1). The dCTMC results agree very well in
shape with the experimental data, and are closer to the experimental results in their absolute
magnitode than previous calculations with the independent electron approximation (Olson
et al 1989, Salin 1991).

4.2.3.  Transverse momentum transfer. We have further investigated the transverse
momentum transfer associated with jonization for 300 and 500 keV impact energies, figure 3,
The difference between the actual recoil-ion energy distributions and that of two-body
scattering can best be illustrated by plotting the ratio of the average transverse recoil-ion
energy, {Eg, 1}, to that of a two-body collision as a function of projectile scattering angle.
The horizontal broken lines in figure 3 represent a two-body scattering by a central-force
potential calculated from

Ak = k8, (8)

where £, is the impact momentum of the projectile and Ak the transverse momentum transfer
to the projectile. In the figures, the dCTMC results are compared with the experimental data
of Domer et al (1989) and present experimental data for both single and double ionization,
and the eikonal distorted-wave calculation of Fukuda er af (1991} for 500 keV single
ionization. The uncertainty in the experimental data is indicated by the scatter of the data
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300 keV p + He

o Hov+0t) (o)
[ A R © - RN

n

F-S

o 0t) (%)
MW

Bp (mrad)

Figore 2, Charge-state fraction as a function of projectile scattering angle for collisions of
protons with He at (2) 300 and () 500 keV. The full curve represents present calculation divided
by two, Experiment of Giese and Horsdal (1989), @, with error bars. Present experimental
results: M, with error bars,

for different independent measurentents with various target geometries and materials which
are denoted by the different symbols in the figure. The thermal motion of the target gas
which was cooled to 30 K adds an average of kg7 = 2.6 meV to the mean energy of the
recoil ion, (Eg,1). The data of Fukuda et al are plotted with the thermal motion of He
already taken into account. The saturation energy of {Eg 1} obtained from small projectile
scattering angles yields a value of about 3-4 meV for single ionization ag given by the
dCTMC calculation, which includes the thermal energy. This agrees with the CTMC result of
Domer et al (1991). Details of the experiment can be found in Dormner (1991), Disrner et
al (1993) and Ullrich er af (1991).

Deviations from a two-body momentum transfer behaviour can be seen over the entire
range of the projectile scattering angle. At large angles where the single differential cross
sections were found to follow a 67 3 dependence, the scattering is indeed dominated by the
interaction between the projectile and the He nucleus despite the fact that either one or two
electrons are emitted. Between 0.3 and 1.5 mrad, recoil-ion energies are lower compared to
those for two-body scattering. This indicates that in this region, the energy is preferentially
transferred to ionized electrons instead of to the target nucleus. Such a behaviour is found to
be more pronounced at the larger projectile energy. Theoretically as well as experimentally,
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Figure 3. Ratio of the transvesse recoil-ion energy in p + He collisions at (a) 300 and (&) 500 keV
to that in two-body central potential collisions at the same impact energies. Present calculations:
full curve, single ionization; dotted curve, double ionization. Experimental data of Dimer
et af (1989 v, 4, {, O, O, single ionjzation; @, B, double ionization (different symbols
denote results of independent experiments; scatter in the experimental data is due to unavoidable
systematic errors in the determination of meV recoil-ion energies). The broken curves represent
the two-body central-force scattering, Eikonal distorted-wave calculation by Fukuda et af (1991)
for single ionization at 500 keV: +.

the ratios for single and double ionization show their maximum deviations from the two-
body results at different projectile scattering angles, which is reasonable since additional
momentum is transferred either to one or two electrons making a difference in the momentum
balance of the heavy particles.

For projectile scattering angles below 0.2-0.3 mrad at both energies, experiment and
the dCTMC calculations indicate that the recoil ions receive more momentum transfer from
the ionized electrons than from the projectile. This can be seen as an indication that the
interaction between the projectile and the target acts as a small perturbation compared with
the interaction between the ionized electron and the recoiling nucleus. Both theory and
experiment obtain larger recoil-ion energies at small projectile angles for double ionization
versus that for single ionization. This can attributed to the fact that for double ionization an
additional electron interacts with the target nucleus and that the momentum transfer to the
recoil ion from two electrons in double ionization events does not average to zero. There is
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still a considerable discrepancy between the theoretical and experimental values for (Eg 1)
at small 8, where the recoil-ion energy becomes independent of &,. From many independent
experiments at different projectile energies, the measured low angle saturation value is found
to be above theory by about 7 meV. The reason for this is unclear but may still be due
to experimental problems since the discrepancy is very close to the absolute accuracy of
the experiment, which is estimated to be £5 meV. Presently, systematic measurements for
electron impact are being conducted to explore this behaviour.
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Figure 5. Azimuthal angle dependence of the outgoing particles for double fonization in 500 keV
p + He collisions and projectile scaitering angles 8, in terms of cross sections as a function of
the relative azimuthal angles between (2) the fonized electron and recoil ton, (b) the projectile
and recoil ion, {c) the ionized electron and projectile, and (<) the ionized electrons.

4.2.4. Azimuthal angular dependence. In order to understand the coilision dynamics more
folly, we show in figure 4 the azimuthal angle dependence of the ountgoing particles for
single ionization and projectile scattering angles of 0.0-0.1, 0.3-0.4, 0.5-0.6, and 0.8-
0.9 mrad, in terms of the doubly differential cross sections as a function of the relative
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Figure 6. Present acTMC calenlation of charge-state fraction plotted against projectile scattering
angle for (a) 300 keV and () 500 keV § + He collisions,

azimuthal angles between (@) the ionized electron and recoil ion, (P) the projectile and
recoil ion, and (c) the ionized electron and projectile. Figure 4(a) shows that the ionized
electrons are mainly scattered to the opposite azimuthal direction from the recoil ion for
the smaliest projectile scattering angles investigated but become more evenly distributed
for larger projectile scattering angles. Figure 4(b), the scattering of the projectile relative
to the recoil ion, shows an opposite situation to that in figure 4(a). This is consistent with
the fact that larger projectile scattering angles correspond to closer collisions between the
projectile and the target nucleus and therefore result in a central potential collision where
the two nuclei are scattered with opposite momentum vectors. At the smallest projectile
scattering angle, the projectile—recoil-ion azimuthal emission pattern is found to be evenly
distributed which illustrates that in this regime momentum is mainly exchanged between
the emitted electron and its parent nucleus. This is consistent with the cbservation of a
saturation energy for small &,.

Figure 4{c), showing the scattering of electrons relative to the projectile, complements
figures 4(a) and (&). It is interesting to note that the electrons also have a large probability
of being scattered to the opposite azimuthal direction from the projectile. Thus, both the
recoil ion and the electron momenta balance the transverse momentum of the projectile,

The azimuthal angle emission patterns for double ionization are displayed in figure 5.
These patterns are similar to those for single ionization (figure 4) but they do show
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some distinct differences. A broadening in the distribution of ionjzed electrons relative
to the projectile is observed for large scattering angles. Since no shake-off contributions
are included in our classical calculations, double ionization is solely due to consecutive
interactions of the projectile with both electrons. Momentum. is thus balanced between four
outgoing particles which results in the observed broadening in the azimuthal distributions.
It is also observed that ionization for projectile scattering angles of (-0.1 mrad contributes
relatively weakly to the total double ionization cross section compared to the confribution
at larger projectile scattering angles, in agreement with figure 1.

Figure 5(d) shows the double ionization cross sections as a function of relative angles
between the two outgoing electrons. Since no angular correlation is implemented in the
dCTMC calculation, it is not unexpected that a nearly isotropic distribution results. This
implies that the momentum transfer to the recoil ion from the emiited electrons does not
average to zero. Both electrons may in fact be found on the same side opposite from the
projectile. This is still compatible with the familiar picture that electrons repel each other
since their velocities differ from each other. However, the calculations do not directly
include the electron—electron interaction so these predictions probably overemphasize this
effect.
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4.3. Differential cross sections for p + He

The azimuthal angle dependence of the single and double ionization cross sections for
collisions of antiprotons with He are very similar to those of protons, except for single
ionization at small scattering angles. Very surprisingly, for 6, < 0.1 mrad, the electrons
have a slight asymmetry to be scattered in the same direction as the projectile. A reason
for this may be due to negative angle deflections of the antiproton from the Coulomb
attraction with the recoil nucleus. The difference in ionization at small projectile scattering
angle probably leads to the enhancement of single ionization for proton impact fonization
as compared to antiproton impact ionization (see table 1) as well.

In figures 6 and 7, we show the charge-state fraction and the recoil-ion energy
distribution as a function of the projectile scattering angle for 300 and 500 keV antiproton
impact collisions with He. The behaviour is very similar to that obtained in the case
of proton impact. No experiments have been performed as yet for the differential cross
section and recoil-ion energy distribution in the collision of antiprotons with He. However,
theory does indicate that a peak will be present in the angular dependence of the charge
state fraction and strong differences from two-body scattering will appear in the recoil-jon
momentum distribution.

5. Conclusions

In conclusion, the present study has utilized the 4CTMC method, which includes radial
electron cosrelation, to provide detailed information on several aspects of ionization of He,
especially the momentur transfer involved in proton and antiproton coilisions with He.
With the inclusion of radial electron correlation in the two-electron system, the predictions
made by the dCTMC method for single and double ionization total cross sections are close
to experiment, especially for antiproton collisions. The recoil-ion energy distributions are
very similar to those given by the conventional CTMC method. A difference between proton
and antiproton collisions is found in the azimuthal angular dependence for single ionization
at small projectile polar scattering angles.
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