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Post-collision interactions and the polarization
effect in (e, 2e) collisions of helium
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A modified distorted-wave Born approximation (DWBA) method is used to calculate the triple differential cross

sections (TDCSs) in a coplanar asymmetric geometry for the electron impact single ionization of a He (1s2) atom at

intermediate and lower energies. The post-collision interaction and the polarization effect in (e, 2e) collisions of helium

are considered in the calculations. The polarization potentials from the damping method and density functional theory

(DFT) are compared. Theoretical results are compared with the recent experimental data.
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1. Introduction

The (e, 2e) experiments have revealed a wealth
of new information about the single ionization (SI)
of atoms and molecules in a very wide energy range
from threshold up to the relativistic regime.[!=3! It has
become a well-established, powerful tool for investi-
gating very fine details both of the target structure
and of the dynamics of the ionization process.[*~¢
Therefore, in recent years, numerous studies have
been performed on (e, 2e) electron-impact ionization
processes.[”9 The most detailed possible information
about the mechanism of ionization reactions or about
the structure of the target is provided by the triple
differential cross sections (TDCS) obtained by angu-
lar correlation (e, 2¢) experiments.[10~12]

Surprisingly, Lahmam-Bennanil'?!

reported on
the experimental TDCS results for low-energy elec-
tron impact ionization of He(1s?) in coplanar asym-
metric geometry. The theoretical TDCS results do
not give an entirely satisfactory description of the
experimental results in the overall shape and mag-
nitude of the TDCS. It is seen that the theory be-
haves less and less well as energy decreases. The dis-
crepancy between the standard distorted wave Born
approximation (DWBA) and the experimental data
is probably due to the neglecting of the higher-order
electron—electron correlations.'415] Recently Diirr et
al.'% studied single ionization of helium by 102 eV
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electron impact with an advanced reaction micro-
scope, fully differential cross sections for asymmetric
scattering geometry obtained covering a large range
of emission angles. Theoretical predictions from a
three-Coulomb (3C) wavefunction model, a conver-
gent close-coupling (CCC) calculation and the time-
dependent close-coupling (TDCC)[N] approach were
used to calculate the cross sections, and different de-
grees of agreement were obtained with the experimen-
tal data, which suggested a strong sensitivity to the
details of the models. However, none of these methods
could reproduce the experimental data completely.

The three primary physical effects that are likely
to cause the disagreement between experiment and
theory are post-collision interactions (PCI), charge
cloud polarization, and electron exchange. At inter-
mediate and low incident energies, the description of
the ionization process becomes very complex, as it in-
volves short- and long-range interactions, including
polarization, capture, and exchange processes. All
of these differences imply that there are some other
mechanisms that have not been treated in these (e,
2¢) reactions. Thus accurate theoretical calculations
are necessary in order to understand the interaction
and collision process correctly.

In this paper we extend the model proposed by
Whelan et al.l'¥! and add another potential Vp via
the density functional theory (DFT) for He. The best
currently available method of treating PCI in a first-
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order calculation is realized through the Gamow factor
Neo.') We aim at showing the influences of the PCI
and polarization potential on the calculated TDCS of
He(1s?) target. In order to test the validity of our
model, we calculate the TDCS with the incident en-
ergies of 50 eV and 102 eV for a He atom in an asym-
metric geometry. The calculated results are compared
with those obtained by the standard DWBA and the
experimental data.

2. Theory

The TDCS in the DWBA including the Gamow
factor Nec is given by

d?c B
dd,dE,

kfks 2
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(1)

The notation ) represents a sum over the final states

NCC(QW)4

and average oa;;/er the initial magnetic and spine de-
generacy states. In our calculations, atomic units
(h =me=e=1) are used.

The T-matrix element which represents the ion-
ization amplitude is conveniently written in terms of

distorted waves as:
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where vg is the interaction potential between the fast

X ko)), X (Rer))
and ’x(’)(ks)> are the distorted waves in different

electron and the slow electron,

asymptotic conditions. The superscripts “+” and “-”
refer to the incident and outgoing wave, respectively.

We neglect spin-orbit coupling and treat the core
as being infinitely massive. The Gamow factor N is
defined as!'”]
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The fundamental form of the short-range correla-
tion plus the long-range polarization potential may be
approximated by means of the DFT and the damping
polarization potential as follows:

VpDFTCP (T), r S 0,

Vp(T) = Vpdamp (r),

(4)

r>Tp.

Here, VpDFTCP[zo] is the correlation polarization po-
tential from DFT (DFTCP), and V*™P is the damp-
ing polarization potential. DFTCP can be nicely con-
nected with Vpdamp[gl] at 7o = 5.6 ag.

3. Results and discussion

We present the Vpdamp for a He atom and compare
it with the correlation polarization potential VpDFTCP
in Fig. 1. One clearly sees from the figure that al-
though Vpdamp provides a good description at large
distances, it markedly overestimates polarization ef-
fects as r,, the distance of the electron from the atomic
nucleus, becomes smaller and diverges near the origin
of the field of forces. Fortunately, the present descrip-
tion of correlation forces modifies the traditional po-
larization potential and describes short-range correla-
tion via an effective, non-adiabatic interaction which
vanishes at the origin of the force field. Thus, the non-
adiabatic correlation effects resulting from the pene-

tration of the electron must be taken into account.
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Fig. 1. Computed correlation polarization potential V},
for He target.

Figures 2 and 3 show the calculated TDCSs of
He(1s?) in an asymmetric geometry. The impact en-
ergy of 50 eV is chosen, and the polar angle of the fast
electron is settled at #; = —20° and 6y = —30°, respec-
tively. The only variable parameter is the polar angle
05 of the ejected electron, which is scanned from 0°
to 360°. We show the TDCSs in coplanar asymmet-
ric geometry with different DWBA approximations:
(a) the standard DWBA calculation; (b) the DWBA1
calculations using N factor and the damping polar-
ization Vpdamp; (c) the DWBA2 calculations using Nee
factor and the correlation polarization V}, from DFT.
The experimental data are not absolute values,['3] so
only shapes can be compared. Hence we normalize
the relative experimental data to the present calcu-
lated results using the standard DWBA. The normal-
ized wave function of the target is approximated by
the Hartree-Fock (HF) independent-electron orbital

model.
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Fig. 2. TDCSs for the He(1s?) ionization, Eo=>50 eV,
Es=10 eV, f; = —20°.
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Fig. 3. The same as Fig. 2 but for Eg=50 eV, Es=10 eV,
0 = —30°.

The calculated TDCSs of He(1s?) in coplanar
asymmetric geometry with the polar angles of the
fast electron settled at —20° are presented in Fig. 2.
The theoretical results calculated using the modified
DWBA and THFA methods are compared with the ex-
perimental data in Ref. [13]. We can see from Fig. 2
that the structures of the angular distribution of the
ejected electrons are composed of two lobes, binary
and recoil. The calculation with the standard DWBA
is hardly satisfactory in reproducing the experimen-
tal findings and gives poor description of the experi-
mental results in the overall shape, magnitude of the
TDCS, and angular position of the binary peak. The
calculated binary lobe and recoil lobe with the stan-
dard DWBA are rather asymmetric with respect to K.
The angular position of binary peak from the theoret-
ical calculation using the standard DWBA is 41.5°,
whereas the angular position of the experimental re-
sult is about 70°.
peak intensity is also poorly predicted by the stan-
dard DWBA.

Calculations by using the DWBA1 give a good

The ratio of the binary-to-recoil

description of the experimental results in the overall

shape. For the binary peak, the calculation by us-
ing the DWBA1 with considering the Gamow factor
N and polarization potential Vl;jamp gives an angu-
lar position of about 66°, which is close to the exper-
imental result 70°. Replacing polarization potential
Vpd?““p with the polarization potential V;,, which con-
tains both the damping polarization potential Vpdamp
and the DFT polarization potential VPDFTCP7 a bet-
ter improvement is achieved. The magnitude of the
binary peak is enhanced while the magnitude of the
recoil peak is reduced, which altogether made the ratio
of the binary to recoil peak much closer to the exper-
imental results. All these improvements indicate that
the Gamow factor N, and polarization potential V},
are quite important for the calculation of the TDCS
of the (e, 2e) collisions of He.

The calculated TDCSs of He(1s?) with the polar
angle of the fast electron settled at —30° are shown
in Fig. 3. We can see that the calculation with stan-
dard DWBA not only incorrectly reproduces the ex-
perimental findings but also gives a poor description
of the experimental results in the overall shape. The
calculation by using the DWBA1, and considering the
Gamow factor N, and polarization potential Vpdamp
gives the increased magnitude of recoil peak and the
reduced binary peak, presenting an angular shift of
about 17.5°. With the DWBAZ2 calculation, in which
the Gamow factor N, and the polarization potential
V,, are taken into consideration, we obtain more im-
proved theoretical results, which makes not only the
magnitude of the recoil peak lower, but also the mag-
nitude of the binary peak higher. In fact, in the energy
range shown here, the traditional DWBA prediction is
unable to correctly reproduce the experimental data.
Most of the deviations between the theoretical and
the experimental data can be accounted for by taking
the PCI and the polarization into consideration in the
low-energy incident electron (e, 2e) reactions.

Figures 4 and 5 contain the calculated TDCSs of
He(1s?) with chosen impact energy of 102 eV, and
the polar angle of the fast electron set at 6y = —10°
and 0y = —20° respectively. We present the results
of TDCS for He(1s?) versus the scattering angle of
the emitted electron in Fig. 4. We can see that the
recoil peak observed grow while the binary peak ap-
pears to decrease in our calculations when the incident
energy decreases from 102 eV to 50 eV. The standard
DWBA calculation presents an obvious angular shift
towards smaller angles for about 16° in the binary re-
gion. It also gives an unexpected higher binary peak
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and a lower recoil peak, which together induce a ter-
rible binary-to-recoil peak ratio. Since PCI and the
damping polarization potential are taken into consid-
eration, the DWBAT calculation improves the magni-
tude of the recoil peak obviously but underestimates
the binary peak. Surprisingly, we find that the agree-
ment between the DWBA2 calculation and the mea-
surement is generally very good. The binary-to-recoil
peak ratios are 1.04 and 0.93 in DWBAZ2 calculation
and DWBAL1 calculation, respectively, which is 1.08
experimentally.

Ejected electron angle/(°)

Fig. 4. The same as Fig. 2 but for Eg=102 eV, Es=10 ¢V,
0 = —10°.
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Fig. 5. The same as Fig. 2 but for Eg=102 eV, Es=5 eV,
0 = —20°.

The calculated TDCSs for He(1s?) at 6y = —20°
are presented in Fig. 5. The standard DWBA calcu-
lation gives good agreement with experimental results
in the binary region but fails to reproduce the recoil
peak structure. The theoretical results obtained us-
ing the DWBA method do not give an entirely satis-
factory description of the recoil peak structure when
the ejected electron energy decreases from 10 to 5 eV.
The theoretical calculation of TDCS at low energy
regime requires a careful treatment of both initial and

final states. As can be seen from the comparison be-
tween the DWBA1 calculation and the DWBA2 calcu-
lation, the correlation-polarization potential V}, is able
to modify the damping polarization potential Vpda“‘p
successfully.

4. Conclusion

Calculations of the triple differential cross section
for the electron impact ionization of a Helium (1s?)
atom in a coplanar asymmetric geometry, using mod-
ified DWBA, are reported. The present calculations
show that the N, factor and the polarization effect
well predict the most detailed possible information
about the TDCSs for the intermediate and low energy
incident electrons (e, 2e) reactions. The mechanism
of PCI and the relation in the final states in (e, 2e)
reactions are partially included in the Gamow factor
Nee and the polarization potentials. Consequently, in
the intermediate and low energy (e, 2e) reactions, the
Nee factor and the polarization potential must be in-
corporated into the DWBA calculation. Although in
the present work the results of the standard DWBA
calculation are successfully modified, a small discrep-
ancy between these calculations and the experimental
results still exists, which requires further investigation
of (e, 2e) processes on this target. We strongly be-
lieve that the inclusion of PCI, higher-order projectile-
target-core interaction and better treatment of polar-
ization may improve the trends of TDCS.
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