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Abstract:

Fully differential cross sections are calculated for the ionization of helium by negatively charged fast pro-

jectiles using a semiclassical model developed previously for the ionization of atoms by positive projectiles.
The method is tested in the case of 1 keV electron and 500 keV antiproton projectiles. The semiclassical
results show reasonable agreement with the experiments and other theories. The origin of the obtained
structures has been investigated by a partial wave analysis.
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1. Introduction

In impact ionization of atoms, differential cross sections
for production of secondary electrons ejected during ion-
ization are of immense importance in different fields such
as radiation physics, quantum chemistry, atmospheric and
plasma physics. From the purely theoretical point of view,
it is of great importance for understanding many-body
problems, for understanding the different interactions,
mechanisms and correlations between participant parti-
cles. Nowadays, after the development of the so-called re-
action microscopes [1], interest is focused on the in-detail
analysis of the electron ejection from atomic or molec-
ular targets [2-4]. These analyzes may be performed
by measuring and calculating fully differential ionization

*E-mail: ferencjarai@phys.ubbcluj.ro

cross sections which give us the most complete information
about an ionization process describing the entire energy
and angular distribution of the ionized electron, residual
ion and projectile.

On the experimental side, a few years ago the group of
Schulz reported interesting data for the complete electron
emission pattern in single ionization of helium by the im-
pact of fast C®* ions [5, 6 Then, Diirr et al. reported
absolute measurements of fully differential cross section
(FDCS) for single ionization of helium by 1 keV [7] elec-
tron impact. In both cases the projectile velocity is high
enough and the collision may be considered to be a fast
one. Besides the kinematic conditions, the main difference
between these experiments is the sign of the projectile’s
charge.

On the other hand, many theoretical models have been ap-
plied to explain FDCS measurements of single ionization
of helium by fast C5* ion [8-10] and electron [11] impact.
Moreover, in the last years the theoreticians’ attention
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has been directed to negatively charged antiproton pro-
jectiles [12]. Here, the results are mostly compared with
first-order Born calculations.

Regarding our present work, three theoretical approxima-
tions have to be noted: (1) the perturbative first-order
Born approximation [13], where only the first term of the
Born series is taken into account; (2) the eikonal-type
Glauber approximation (GA) [14], which is supposed to
be more complete than the Born approximation and is
used since 1969 to study a wide variety of atomic col-
lision processes and (3) the nonperturbative convergent
close-coupling model (CCC) [15], which is based on a
close-coupling expansion of the multielectron wavefunc-
tion.

Previously, based on the semiclassical impact-parameter
method, we have constructed a theoretical model to cal-
culate the FDCS for single ionization of light atoms. The
method was tested in the case of positive projectiles in
comparison to the experiments of Schulz et al. [5, 6]
and good agreement was achieved in the scattering plane,
while in the perpendicular plane a structure similar to that
observed experimentally was obtained [16, 17].

The objective of the present work is to apply the semiclas-
sical impact-parameter method to analyze the FDCS for
the single ionization of helium by negatively charged fast
projectile impact in both the scattering and the perpendic-
ular planes. The results of the semiclassical model will be
compared with available experimental and other theoreti-
cal data. A partial wave analysis for different ejection di-
rections is also performed. Our main goal is to explore the
capability of the semiclassical impact-parameter method
for calculating FDCS in case of negative projectiles, too.

2. The semiclassical model

The semiclassical model for calculating fully differential
tonization cross sections is described in detail in our pre-
vious works [16, 17]. In this approximation, the projectile
is treated separately and it moves along a classical trajec-
tory. This implies that only the electron system needs to
be described by a time-dependent Schrodinger equation,
while the projectile follows classical laws throughout.

The ionization probability amplitudes for the ionization of
helium produced by fast projectiles are calculated using
first-order time-dependent perturbation theory. The ini-
tial state of the dielectronic He(1s?) system is described
by Hartree-Fock wavefunction [18], while the final state
of the He™(1s) system is described by a symmetric com-
bination of a hydrogenic and a continuum wavefunction
calculated in the mean field of the final He™ ion. There-

fore, the ionization probability amplitude is reduced to a

one-electron amplitude
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where i and f represent the target system'’s initial and fi-
nal electronic states, while the indices b and c represent
bound and continuum states. Similarly, E; and E; are the
energies of the corresponding (unperturbed) states of the
system and V denotes the time-dependent Coulomb inter-
action between the projectile and the active electron. By
the z = vt relation, the time dependence of this potential
is converted to a z-coordinate dependence. The projec-
tile velocity is denoted by v and the integral is calculated
along its classical trajectory over the z axis considered to
be a straight line. It has to be noted that this approxima-
tion is valid only for fast projectiles where the projectile
scattering angles are very small.

This amplitude is calculated expanding the final
continuum-state wavefunctions into partial waves. As a
result, the amplitudes for transitions to ionized states with
different angular momenta (C’E:an) are obtained.

The fully differential cross section for the electron ejected
into the energy range [E, E 4+ dE] and into the solid angle
dQ). and the projectile scattered into the solid angle dQ),
can be expressed as
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where B is the impact-parameter vector, [; and my are
quantum numbers of the partial waves describing the
ejected electron and 6, is the projectile scattering angle.
The second part of the calculations consists in assigning
impact-parameter values to a certain momentum transfer.
As described in [17] this task may be completed in two
successive steps.

First, the projectile scattering angle is calculated by the
use of the transverse momentum balance [1]. Further we
assume, that the impact parameter is related to the mo-
mentum transfer to the residual ion, and take into account
the projectile-electron interaction separately.

Second, impact-parameter values are assigned to projec-
tile scattering angles. Accordingly, the projectile scatter-
ing will be treated as a classical potential scattering prob-
lem in the field of the target helium system [13]. Therefore,
the scattering angle may be calculated as

epzn—zB/mﬂ( —@—Bj)i?, (3)
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where ry is the distance of closest approach defined by

2
E, r

( Ul(r) BZ)

and U(r) is the scattering potential. The simplest way
to include the effect of the electrons around the target
nucleus is to consider the potential to be a product of the
Coulomb potential and the Bohr-type screening function
[19)

U(l’) _ Zprojftarget 975 ) (4)
Using this potential the integral (3) may be calculated
numerically. Here it has to be noted that this part of the
model includes the charge sign dependence of the FDCS
through the scattering potential U(r) while the ionization
amplitudes do not depend on it.

3. Results and discussion

In order to test the validity of the results of our semiclas-
sical model for the ionization of helium by negative pro-
jectiles, calculated FDCS for fast electron and antiproton
projectile impact are compared with available experimen-
tal and other theoretical data [7, 11, 12]. Then, a partial
wave analysis for different ejection planes is also per-
formed.

In the paper of Diirr et al. [7] absolute measurements of
FDCS for single ionization of helium by 1 keV electron
impact have been reported. These cross sections have
been measured using the “reaction microscope”, which cov-
ers a large fraction of the emission angles for emitted
low-energy electrons and a wide range of projectile scat-
tering angles. The experimental data available is for an
ejected electron energy of £ = 10 eV and for momentum
transfers of 0.5, 0.75 and 1.0 a.u. The authors compare
their experimental results with predictions from several
state-of-the-art theoretical calculations. Other authors
[11] have reported theoretical results based on the Glauber
approximation for this scattering process. In the scattering
plane, the results are in good agreement with the exper-
imental data. In the perpendicular plane, the results for
small momentum transfers are in close agreement with ex-
periment magnitude-wise. For larger momentum transfers
substantial discrepancies are observed.

Using the semiclassical model presented above, we have
performed calculations for this scattering process. The
projectile energy is £, = 1 keV, the momentum transfer is
g = 0.5 a.u. and the ejected electron energy is £ = 10 eV.
For this kinematic situation impact parameters of 0.7 a.u.
and 0.31 a.u. are assigned which correspond to 0.0417 rad
and 0.1583 rad binary and recoil scattering angles.
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Figure 1. FDCS for ionization of helium by 1 keV electron impact as
a function of the ejected electron angle in scattering (top)
and perpendicular (bottom) planes for the ejected elec-
tron energy of E. = 10 eV and the momentum transfer
g = 0.5 a.u. Experimental results of Dirr et al. [7] are
represented by circles, CCC results [7] are represented
by dotted curves, dashed curves show GA calculation re-
sults [11] and the present semiclassical results are drawn
with continuous lines.

In order to analyze in detail the obtained results, cross
section values for scattering plane (top) and perpendicular
plane (bottom) are plotted separately on Figure 1.

In the scattering plane determined by the momentum of the
scattered projectile and the momentum transfer vectors,
the semiclassical model reproduces well the double-peak
structure of the electron ejection pattern with a binary
peak (where most of the momentum transfer is taken by
the electron) and a smaller recoil peak (where most of
the momentum transfer is taken by the target nucleus).
In absolute value, the magnitudes of these peaks are in
agreement with the experimental data, however a small
shift of about 5° of the binary peak and a grater shift of
about 20° of the recoil peak may be detected. One may
also observe, that the semiclassical binary peak is slightly
wider than the experimental one.

In the perpendicular plane, the magnitude of the theoreti-
cal FDCS is the same as in the experiments, but the struc-
ture shows some discrepancies. While the theory produces
three maxima at 72°, 180° and 288°, in the experimental
data the central maximum is missing (probably only be-
cause of the dead angle of the detector), and the positions
of the other two maxima is not clear.

Compared to other theoretical results included in Fig. 1,
like CCC calculations [7] or the recent GA calculation
with post-collision interactions included [11], the present
semiclassical results show worst agreement with the ex-
periments in the scattering plane. This may be under-
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stood by taking into account that the present calculations
have been made by an approximation which separates the
behavior of the projectile and the target atomic system.
However, in the perpendicular plane the predicted struc-
ture differs from those predicted by other theories, which
lead only to one maximum at 180°, because we reproduce
the experimentally observed maxima at 75° and 285°. In
this plane the present results are closer to the experimen-
tal observations.
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Figure 2. Multipole contributions to the ionization cross sections in
scattering (top) and perpendicular (bottom) planes for the
same case as Fig. 1 in comparison with the FDCS values
of the present theory (solid line). Cross sections for dif-
ferent transition mechanisms are drawn separately (see
text).

In order to clarify which type of transitions are respon-
sible for the obtained structures, a partial wave analysis
has been performed. Cross sections corresponding to dif-
ferent terms of the multipole expansion series are shown
in Figure 2. The top panel of the figure shows the situa-
tion in the scattering plane. Here, the main contribution
to the cross section (solid line) has the [ =1 dipole term.
Moreover, this term gives a large contribution in the case
of a recoil peak, which is reduced by the destructive in-
terferences with the monopole term ([ = 0). Terms with
[ > 2 have negligible contribution to the fully differential
cross section values in the scattering plane.

In contrast, in the case of a perpendicular plane (bot-
tom panel of Fig. 2) all [ < 2 terms are responsible for
the shape of the electron emission pattern. Here, the
[ = 2 term produces the three maxima at 6 = 90°, 180°
and 270°. Two of them are shifted to 75° and 285° ap-
proximately, due to the interferences with other multipole
terms. Terms with [ > 3 have negligible contribution to
the FDCS values in the perpendicular plane, too.

2 T — T T T T T I
Scattering plane

o Experiment
—— SC Theory

FDCS [a.u.]

Electron ejection angle 6
1 T T N I ! 1

- T -
Scattering plane

o Experiment
—— SC Theory

FDCS [a.u.]

=
(]

0.1

120° 180° 240
Electron ejection angle 6

Figure 3. Same as Fig. 1 but for the momentum transfer ¢ =
0.75 a.u. (top) and ¢ = 1.0 a.u. (bottom), respectively.
The ejected electron energy is E. = 10 eV in both cases.

In Figure 3 semiclassical FDCS results are shown for mo-
mentum transfers of ¢ = 0.75 a.u. and ¢ = 1.0 a.u,, re-
spectively. The ejected electron energy remains the same
as in previous case. In the scattering planes, the semi-
classical model describes well the collision processes with
higher momentum transfers. As in the previous case, the
magnitudes of binary and recoil peaks are in agreement
with the experiments. In contrast, in the perpendicular
plane, as the momentum transfer grows, the semiclassical
FDCS becomes systematically greater than the measured
ones.

It has to be noted that the shoulder structure appearing
in the scattering plane around 6 = 150°-180° for all mo-
mentum transfers may be explained by the partial wave
analysis. As one may observe in Fig. 2 the [ = 2 term has
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a maximum in this range. The contribution of this term be-
comes more significant in case of higher momentum trans-
fers producing more visible shoulders in the semiclassical
FDCS data.
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Figure 4. FDCS for ionization of helium by 500 keV antiproton im-
pact as a function of the ejected electron angle in scat-
tering plane for the ejected electron energy of E, = 5 eV
and the momentum transfer ¢ = 0.4 a.u. First Born and
CP calculations results of McGovern et al. [12] are repre-
sented by dotted and dashed lines respectively, while our
semiclassical results are drawn with continuous lines.

In the last years the theoreticians’ attention has been di-
rected to negatively charged antiproton projectiles [12]. In
order to show the limits of the semiclassical approxima-
tion, FDCS for ionization produced by 500 keV antiproton
projectiles are calculated and compared with the theoret-
ical data of McGovern et al. [12]. The velocity of this
projectile is almost half of the previous electron projec-
tile velocity. Figure 4 shows this comparison only in the
scattering plane. In absolute value, the magnitudes of the
binary and recoil peaks are accurately reproduced by the
semiclassical calculations. However large angular shift of
the positions of these maxima compared to the first Born
and coupled pseudostate (CP) formalism calculations may
be observed.
Our model takes into account explicitly the
projectile-target nucleus interaction, but lacks a precise
description of the post-collision interactions of the
ejected electron with the projectile. As a consequence, in
comparison with other theories, our model does not bring
improvement in the scattering plane for the presented
moderate velocity collisions. As it was shown in our
previous paper [16], for high energy collisions our model
leads to good results also in this plane. However, also
for the present moderate velocity projectiles, we can
reproduce the structures observed in the perpendicular
plane, unexplained by the other theories. By the present
calculations we have shown once again, that the experi-

mentally observed structures in the perpendicular plane

may be reproduced theoretically, and are partly caused
by the projectile-nucleus interaction.

4. Conclusions

The theoretical model based on the first-order semiclas-
sical impact-parameter approximation for calculating fully
differential single ionization cross sections of helium, mea-
sured by coincidence experiments, has been applied to
negatively charged fast projectiles. The method has been
tested in the case of 1 keV electron and 500 keV antipro-
ton projectiles. The origin of the obtained structures has
been analyzed by means of partial waves and it was con-
cluded that interferences between the multipole expansion
terms are important to understand the exact structure of
the electron emission patterns.

In case of the faster electron projectiles, except for a small
angular shift in the peaks’ positions, the obtained scatter-
ing plane results show good agreement with the experi-
ments [7] and other theories [7, 11]. At the same time,
the scattering plane results obtained for slower antipro-
ton projectiles show larger shifts of the binary and recoil
peaks in comparison with other theories [12]. In the per-
pendicular plane, for small momentum transfers the mag-
nitude of the semiclassical FDCS is the same as in exper-
iments, and the predicted structure seems to be closer to
the experiment than that predicted by other theories. The
semiclassical theory shows that the projectile-target nu-
cleus scattering included into the model may be partially
responsible for the FDCS structures in the perpendicular
plane.
between experiments and theory grows.

For higher momentum transfers the discrepancy

One of the advantages of our semiclassical model rela-
tive to other theories is its simplicity and low computer
time requirement. Because it does not take into account
the post-collision interactions, for the presented moderate
velocity collisions our results in the scattering plane do
not reproduce exactly the experiments. However, the main
advantage of our method is revealed in the perpendicular
plane, where the experimentally observed structures are
reproduced only by our model.

Therefore, by these calculations it was evidenced that the
semiclassical model is able to treat complex many-body
problems in the case of negatively charged projectiles, too.
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