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The DS3C model has been improved by taking into account the final channel screening effects. The triple differential
cross sections for electron impact ionization of helium at an incident energy of 40 eV are considered. The results of the
present DS3C model are compared with the absolute measurements and those of other theoretical models. It has also
been shown in which situation the exchange effects are crucial.
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I. INTRODUCTION

Energy and angle resolved coincidence measure-
ments of two escaping electrons following electron im-
pact ionization of atomic system, so-called (e, 2e) mea-
surements, provide detailed information on the ioniza-
tion mechanism as well as dynamics of three charged
particles moving in the three-body continuum. Re-
cently, there has been considerable experimental and
theoretical effort in the study of (e, 2e) processes in
the case of the helium target. The understanding of
electron impact ionization of helium at high energies
may be considered satisfactory. We therefore wish to
investigate these processes at the low-energy region.

Substantial theoretical progress has been made
recently in the field of electron impact ionization.
Since the work of Brauner, Briggs and Klar!!! (BBK)
there has been a rapid increase in general interest
and variety of theoretical approaches. These in-
clude methods evolved from consideration of the three-
body boundary conditions! ~®!, methods that have ap-
parently inappropriate boundary conditions such as
close-coupling!®—8] and distorted-wavel®) approaches,
and methods that avoid the need for the three-body

10,11]

boundary conditions using time-dependent! and

time-independent™?] techniques.

The BBK model!] should be regarded as a sig-
nificant advance in the theory of (e, 2e) processes,
in which a three-Coulomb (3C) product wavefunction
that satisfies the asymptotic three-body Schrodinger
equation exactly was first used to describe the fi-

nal state. This 3C wavefunction was quite success-
ful in reproducing the triple differential cross sections
(TDCS) for electron impact ionization of hydrogen!!]
and helium!’3 at high and intermediate energies.
However, for low incident energies, the calculated
TDCS using the 3C wavefunction are not in agree-
ment with experiment(®l. The major limitation of the
BBK model lies in the fact that the dynamic screening
of any two-body Coulomb interaction, i.e., the influ-
ence on the strength of the interaction of any two par-
ticles by the presence of the third one, has not been
taken into account. This deficiency was first corrected
by Berakdar and Briggs[?! through the introduction of
new Sommerfeld parameters for the symmetric case in
which the two outgoing electrons have equal energies.
We have extended the work of Berakdar and Briggs
by formulating the effective Sommerfeld parameters
for both symmetric and asymmetric cases!*! and the
results turned out to be in quite good agreement with
the measurements. !4

However, in both the BBK and the DS3C mod-
els, the incident electron is described by a plane wave
and the final state continuum electrons are assumed
to move in a point Coulomb potential in order to fa-
cilitate analytic treatments. Neither of these approxi-
mation is accurate for low energies. Recently, the ev-
idence of the initial state correlation effects has been

demonstrated by Jones and Madison!'3].

In this pa-
per, the DS3C modell*! suggested earlier by us will
be improved by taking into account the final channel

screening effects for electron impact ionization of he-
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lium. In addition, the exchange effects will also be
demonstrated.

I. THEORY

In this section we briefly sketch the theoretical
model. Here we consider a helium target being singly
ionized by the impact of an electron with incident
momentum kg. The TDCS for the simultaneous de-
tection of two continuum electrons escaping with mo-
menta k, and ks and emerging into directions defined
by solid angles 2, and (2, is given by

d’o skika |3 )

d0dndE — M) g (g | [k ke) — g(ki ko) |
1

+ g [ Fka ko) + gk ko) 2], (1)

where f(ki,k2) and g(k1,ks) are the direct and
exchange amplitudes respectively with f(ka,k1) =
g(k1,k2). The direct amplitude is

f(kl,kg) =< w’;hkz | Vi | ¢k, > . (2)
The transition operator is taken as the projectile—

target potential

2 1 1
Vi=——
r1 |’f‘1—7'2|

3)

|r1—r3 |’

where the coordinates ro and r3 refer to the elec-
trons initially bound to helium and r; denotes the
coordinate of the projectile electron with respect to
the nucleus. The initial state wavefunction Pp. is a
product of an incoming plane wave representing the
impinging projectile and a Hartree-Fock type wave-
function given by Byron and Joachain!'®! describing
the ground state of helium (see Ref.[17] for details).
should then be an
eigenfunction of the full four—b(;ély2 Hamiltonian with

The final state wavefunction ¥,

boundary conditions describing one bound and two
outgoing electrons, and can be expressed as

W,;l k2 :(271')736}([)(’“61 -ry + lkz . 7'2)¢f (7‘3)
x [I NV; 1 Fulioy; 15 —i(kjr; + kj - 75)], (4)
J

where j = 1,2,12, and the momentum k;» is defined
as k12 = (k1 — k2)/2 whereas its conjugate coordinate
is given by 712 = 1 — r2. Also, Nj, j € {1,2,12} are
normalization constants which can be given by

N; = exp(a;n/2)['(1 —ic;). (5)

The ground state of He' is described by v (r3) and
aj, j € {1,2,12} being Sommerfeld parameters. The

assumption that the three-body system consists of
three spatially-independent two-body systems leads to
the representation of the Sommerfeld parameters in
the BBK model™ as a; = —Z/k;, ap = —Z/ky and
012 = 1/2k12 where Z is the charge of residual ion.

However, the Sommerfeld parameter is a measure
of the strength of the Coulomb interaction between
charged particles, and the strength of interaction of
any two particles in the three-body Coulomb system is
affected by the presence of the third one. Having rec-
ognized this, we suggested the DS3C model®! to mod-
ify the 3C wavefunction by formulating the effective
Sommerfeld parameters based on the work of Berak-
dar and Briggs(?!. Here we cite the explicit functional
form of the product charges Z; = «ajk;, j €{1,2,12}
as

ki . 4 | ki — k2 |
hW=—7Z+ — 01— ———
1 + Aors Sin ( 1o (6)
k2 oo | ks — ks |
Ly =—1L +—— 1-—
5 + Ty sin 6( T , (D
. ky — ks |
Zi1s=1—sin?6{1— |7
12 Sin 0( 4k12 )7 (8)

where 6 = (cos™1 ky - 12:2)/2. In our earlier works,
we take Z in (6) and (7) as 1 for both hydrogen and
helium targets.l*! However, it is only correct for hydro-
gen. For a helium target, the effective charge of the
He™-core seen by the escaping electrons is not exactly
1 because the charge of the nucleus is not completely
screened by the bound electron in He™, especially for
slow outgoing electrons. Based on this consideration,
we should replace Z in (6) and (7) by Zlg and Z2g,
respectively. It is reasonable that we demand Ziﬁ
(1 = 1,2) to go to 1 as the energies of the outgoing
electrons tend to infinity in order to satisfy boundary
conditions. Here we take the ansatz of Berakdar and
18]

Briggs('®! for Ziﬂ as

Z!g =1+ aexp(—bE;) (i=1,2), (9)

where the parameters a = 0.5052, b = 2.5496 are de-
termined empirically.

In this work, we apply the present improved DS3C
model to the calculation of TDCS for electron impact
ionization of helium in the asymmetric geometry at
low energy. To our knowledge, the lowest incident en-
ergy measurements available for helium in the asym-
metric geometry are due to Roder et al.l'! which pro-
vide a rigorous test of the current theories.
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II. RESULTS AND DISCUSSION

The TDCS for electron impact ionization of he-
lium at an incident energy of 40 eV in the coplanar
In fig-
ures 1(a), (b), (c) and (d) are shown the present im-
proved DS3C results and those of the original DS3C
model compared with the absolute measurements'?]

asymmetric geometry have been calculated.

for a fixed ejected energy of 4 eV and scattering angles

01 of —20°, —25°, —30° and —35°. The results of the
convergent close-coupling (CCC) method!*®! and those
of the BBK model have also been plotted for compari-
son. In addition, in order to demonstrate the exchange
effects, we compare the corresponding TDCS results
of the present improved DS3C model with the cross
sections generated singly by the direct and exchange
amplitudes in figures 1(a’), (b"), (¢') and (d').

6, =-20°

TDCS/1020cm?2eV —1sr—2

-60 0 60 180
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Fig.1. TDCS for electron impact ionization of helium at an incident energy Eo = 40 eV in the coplanar

asymmetric geometry for an ejected energy of 4 eV. The scattering angle 61 is fixed at (a) §1 = —20°, (b)
01 = —25°, (c) 81 = —30° and (d) 81 = —35°. The circles denote the absolute experimental data of Roder et
al.1'9; the full and the chain curves correspond to the present improved DS3C model and the original DS3C
model, respectively; the dotted curve corresponds to the CCC method of Roder et al.19 and the broken

curve corresponds to the BBK model. The cross sections generated singly by the direct (broken curve)
and exchange (dotted curve) amplitudes in the improved DS3C model corresponding to the calculations in
(a)—(d) are shown in (a')—(d’) compared with the TDCS results (solid curve).
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From figure 1 one may easily deduce that the
original DS3C model shows a large improvement over
the BBK model in obtaining better magnitudes and
shapes of the cross sections compared with the mea-
surements, which has been discussed in our earlier

work[14].

Here, we mainly focus on comparing the
improved DS3C model with the original one. It can
be seen from figure 1 that the improved DS3C model
reproduces higher cross sections in the recoil peak
whereas it yields slightly lower cross sections in the
binary peak than the original DS3C model does, so
that good agreement for a small scattering angle (fig-
ure 1(a)) of §; = —20° and excellent agreement for
large scattering angles of 8; = —25°, —30° and —35°
(figures 1(b)—(d)) with the measured cross sections
in the recoil peak have been achieved. On the other
hand, it should be noted that the location of the bi-
nary peak of experiment is exactly predicted by the
present improved DS3C model while this position is
shifted to a smaller angle by about 10° in the original
DS3C model, although the magnitudes generated by
both the improved and the original theoretical models
are almost the same. In addition, it can be found that
the underestimation of the original DS3C model for
the cross sections in the dip around #2 = 120° on the
right side of the binary peak has also been improved
by the present theoretical model.

Since the CCC method developed recently®® has
been widely applied to various problems in atomic
physics and has proved to be the most generally suc-
cessful and reliable method for the description of elec-
tron scattering on helium and hydrogen-like targets
at all projectile energies, we have illustrated the cor-
responding CCC results!'] for comparison. It can be
seen from figure 1 that the results of the CCC method
are generally in very good agreement with experiment
and in quite good agreement with the present the-
ory, although small quantitative discrepancies remain.
However, it should be noted that we get cross sections
identically zero for #; = 6, which is observed in the
experiment, whereas with the CCC method Roder et
al.l' get a small but nonzero number.

From figure 1(a), it can be seen that for a small
scattering angle §; = —20° the present improved
DS3C model still underestimates the cross sections
in the recoil peak where both electrons are travel-
ling in the backward direction, whereas the results of
the CCC method are in excellent agreement with ex-
periment. This really tests the internal scattering re-
gion rather than the boundary conditions. The CCC

method works well in the internal region, while the the
DS3C works well with correct boundary conditions.

It has been shown in figure 1(a’)—(d’') that the
TDCS are due to an interplay of direct and exchange
scattering and the separate contributions of direct and
exchange amplitudes. However, for the situations con-
sidered here, the momentum transfer k = kg — k; is
small, and hence the TDCS are mainly contributed by
the direct amplitude.!*7]

In figure 2 are shown the TDCS for fixed angles
of 65 = 25° and 147° of the slow electron. It can be
seen that for 8, = 25° the cross sections in the peak
region of —110° < #; < —40° are greatly magnified
and the location of the peak is shifted by about 10°
in the present improved DS3C model compared with
those in the original DS3C model so that the agree-
ment with the experimental measurements could be
considered satisfactory. For the case of §2 = 147°, the
present DS3C model reproduces higher cross sections
in the peak around 6; = 0° as well and the agreement
with experiment and CCC becomes better. However,
it is unfortunate that for the region of §; < —120°
in figure 2(a) the present DS3C yields cross sections
that are even smaller, which results in poorer agree-
ment with experiment. This demonstrates that the
improved DS3C model should not be considered fully
successful.

It has been suggested in our earlier work!'*! that
the exchange effects between two outgoing electrons
cannot be ignored, especially for the case where the
scattering angles of slow electrons are fixed. This
statement is only correct in one aspect. From fig-
ure 2(a’) and (b') it can be seen that for 2 = 25° the
TDCS are mainly contributed by the exchange ampli-
tude whereas for 65 = 147° the contributions from the
exchange amplitude can be ignored. The real reason
for this is that large cross sections correspond to a
small momentum transfer!”l. Even for fixed angles of
01, the exchange effects still become more important
as the angle of #; increases, which has been demon-
strated in figure 2 in Ref.[17]. This is because the
cross sections generated singly by the direct ampli-
tude tend to be smaller as the angles of 6; become
larger and in this case the larger momentum transfer
appears. For the case of §; = 25° in figure 2(a’) the
exchange scattering corresponds to 6; = 25° so that
the momentum transfer is small, which yields large
cross sections. This is why the total TDCS are mainly
contributed by the exchange amplitude. On the other
hand, for the case of §; =147°, the exchange scattering
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corresponds to a

very large momentum transfer and

hence yields cross sections that are very small.
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Fig.2. Same as figure 1 but for fixed angles of 6.
IV. CONCLUSION Generally, the present DS3C calculations result in im-

In this work, we have performed a study of elec-
tron impact ionization of atomic helium at an incident
energy of 40eV in four kinds of theoretical models.
The original DS3C model has been improved by tak-
ing into account the final channel screening effects.

proved agreement with measured cross sections. In
addition, the exchange effects have been considered.
It has been shown in which situation the exchange

effects are crucial.
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