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Mechanisms of double ionization of atoms by electron impact

C. Dal Cappello, R. El Mkhanter, and P. A. Hervieux
Laboratoire de Physique Mole´culaire et des Collisions, Institut de Physique, 1 Rue Arago, Technopoˆle 2000, Universite´ de Metz,

57078 Metz Cedex 03, France
~Received 24 July 1997!

Recent high-energy (e,3e) experiments indicate that the one-step mechanism~shake-off process! is insuf-
ficient. We have performed anab initio calculation that takes into account all the two-step mechanisms of
double ionization. This calculation uses the second Born approximation and correlated wave functions for the
initial bound state. We show that the two-step processes are not negligible and must be added to the one-step
process with the production of interference terms.@S1050-2947~98!51002-5#

PACS number~s!: 34.80.Dp
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I. INTRODUCTION

Double ionization of neutral atoms by electron impact
due to different processes, namely,~i! a direct process con
sisting of the ejection of two electrons without any intern
rearrangement of bound electrons and~ii ! an indirect process
resulting in an ejection of a single inner-shell electron f
lowed by Auger decay. We consider here the direct proc
that involves the so-called shake-off~SO!, two-step 1~TS1!
and two-step 2~TS2! mechanisms@1#. We restrict this study
to the case of high incident energy, which allows us to
scribe the incoming and scattered electrons by plane wa
This restriction corresponds to the kinematic conditions u
in the latest experiments@2,3#. The SO process is a singl
interaction between the incident electron and one target e
tron @1,4#. It leads to a first ejected electron. This first io
ization is followed by a relaxation process due to the sud
change of potential that is responsible for a second eject
This one-step mechanism~because there is only one intera
tion between the incoming electron and the target! can be
described by the first Born approximation@5#. The so-called
TS1 process@1# consists of a first interaction between th
incoming electron and one target electron. It leads to a
ejected electron that interacts with another target elect
This second interaction leads to an ejection of another bo
electron. This TS1 mechanism is described by the sec
Born approximation because two interactions are involv
The so-called TS2 process@1# takes into account two inter
actions between the incoming electron and the target.
first is concerned with the collision of the incoming electr
with one target electron. Then the intermediate scatte
electron interacts with another target electron. These two
teractions can be incorporated in the second Born appr
mation too.

Up to now there has been no calculation that includ
these three mechanisms. Popovet al. @6# have studied the
TS1 mechanism when both ejected electrons have high
ergy. They have used some approximations and a free
rameter in their formalism. They have included interferen
effects by adding the SO and TS1 amplitudes. Very recen
El Mkhanter and Dal Cappello@7,8# have performed anab
initio TS2 calculation without any free parameter. They ha
also considered the interference effects by adding the SO
the TS2 amplitudes. In this work we consider all the thr
571050-2947/98/57~2!/693~4!/$15.00
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mechanisms without any free parameter.

II. THEORY

We investigate the case of the double ionization of heli
where the incoming and scattered electrons are fast~their
energies vary between 1 keV@9# and 5 keV@2,3#! and can be
described by plane waves. The fivefold differential cross s
tion ~FDCS! in the standard Born approximation@4# is writ-
ten as~atomic units are used throughout!

d5s

dE1dE2dVsdV1dV2
5

ksk1k2

ki
uMSO1MTS11MTS2u2,

~1!

where dVs , dV1 , and dV2 denote, respectively, the ele
ments of solid angles for the scattered and the two ejec
electrons. The energy intervals are represented bydE1 and
dE2 . The amplitudesMSO, MTS1, and MTS2 correspond,
respectively, to the SO, TS1, and TS2 processes. The FD
was measured in 1989 in a difficult experiment@10#, where
the three electrons~the scattered and the two ejected! in the
final state were detected in coincidence. These experim
constitute the best way to investigate finer details of
mechanisms of the double ionization. The SO process le
to

MSO52
1

2p K c f
~2 !~kW1 ,kW2 ;rW1 ,rW2!eikWs•rW0U2 2

r 0
1

1

urW01u

1
1

urW02u
Uc i~rW1 ,rW2!eikW i•rW0L , ~2!

wherekW i , kW s , kW1 , andkW2 denote, respectively, the momen
of incident, scattered, the first, and second ejected electr
The initial-state wave function of heliumc i(rW1 ,rW2) is that
of Silvermanet al. @11#, which includes both radial and an
gular correlations. The final-state wave function is the a
proximate Brauner-Briggs-Klar wave function~Dal Cappello
R693 © 1998 The American Physical Society
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et al. @12#!, which describes each ejected electron by a C
lomb wave function and includes the repulsive Gamow f
tor. This Gamow factor takes into account the Coulomb
teraction between each ejected electron. Equation~2! has
o
er

a

-
T
sf
b

t

-
-
-

been studied by several authors~see, for instance, Popo
et al. @6# and El Mkhanteret al. @13#!. The TS1 process
makes use of the second Born approximation~Tweed @4#,
Popovet al. @6#!
on
ree
MTS152S 1

p D(
n
E dkWa

~2p!3@ki
22ka

22ks
222I n#

K c f
~2 !~kW1 ,kW2 ;rW1 ,rW2!U 1

urW12u
Ucn

~1 !~kWa ;rW1 ,rW2!L K cn
~2 !~kWa ;rW1 ,rW2!eikWs•rW0U

2
2

r 0
1

1

urW01u
1

1

urW02u
Uc i~rW1 ,rW2!eikW i•rW0L , ~3!

whereI n represents the energy necessary to eject one target electron leaving the residual ion He1 in its ground state andcn
is a product of an ingoing or outgoing Coulomb wave function~which represents the first intermediate ejected electr!
multiplied by the wave function of the He1 atom. This term is difficult to calculate since it involves the product of th
Coulomb waves. It needs a long time, even on a fast computer~it is a six-dimensional numerical integration!, and so only the
casen51 case is investigated. The TS2 process leads to@8#

MTS252S 1

p D(
n
E dkWb

~2p!3@ki
22kb

22k1
222I n#

K c f
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with

w~ ukW12kW2u!5epj12G~12 i j12! ~5!

and

j125
1

ukW12kW2u
. ~6!

Equation~4! represents well the successive interactions
the incoming electron with two target electrons. The int
mediate scattered electron, described here by a plane w

eikWb•rW0, collides with the last bound electron~1 or 2! after a
first ionization without (n51) or with simultaneous excita
tion. Because of these two successive interactions in the
mechanism, the symmetry around the momentum tran
kW i2kW s is broken. We note that the same result is obtained
using the second Born approximation to describe (e,2e) col-
lisions at low incident energy@14#. The evaluation of the
integral overdkWb or dkWa ~for the TS1 process! needs a grea
amount of care@15# since the integrand is singular whenkWa

2

5kW i
22kW s

222I n , kWb
25kW i

22kW1
222I n , kWb

25kW i
22kW2

222I n , kWa

5kW1 , kWa5kW2 , kWb5kW s in Eqs.~3! and ~4!.
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FIG. 1. The fivefold differential cross section~FDCS! in atomic
units for the (e,3e) double ionization of helium in coplanar geom
etry. The incident, scattered, and ejection energies are 5000, 4
and 10 eV, respectively. The scattering angle is 1°. One ejec
electron is detected along the momentum transfer direction, wh
the other is detected at variable angles. The FDCS is plotted

polar coordinates as a function of the directionk2
W of the second

ejected electron. The incident electron is moving along thex
axis. —, SO mechanism; -•-•-, SO and TS1 mechanisms; -..-..- SO
TS1, and TS2 mechanisms.
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III. RESULTS

To our knowledge, up to now no (e,3e) experiments on
helium have been performed. We use here the same k
matic conditions of Lahmam-Bennaniet al. @2#, who recently
measured the FDCS of the double ionization of noble ga
~argon and neon!. The scattered electron is fast and is d
tected at a low angle. Each ejected electron has low ene
(E15E2510 eV). All of these (e,3e) measurements are co
planar: the scattering plane that contains the vectorskW i andkW s
is characterized by the azimuthal anglefs50. We investi-
gate the case where one ejected electron is detected alon
momentum transfer, while the second ejected electron is
tected at variable angles. This situation is very sensitive
the mechanisms used to describe the double ionization
cause the contributions of SO and TS1 are symmetrical w
regard to the direction of the momentum transfer, where
the contribution of TS2 is not symmetrical. It has bee
shown @2,3# that for noble gases this symmetry around th
momentum transfer is broken for equal energy sharing. W
now find that in the present case of the double ionization
helium this symmetry is broken too, even for unequal ener
sharing.

Figure 1 shows the case of equal energy sharing (E1
5E2510 eV). The symmetry around the momentum trans
is broken and it is not possible here to say that one mec
nism is more important than another. All the mechanism
contribute significantly. This seems to contradict the obs
vation of McGuire@16#, who estimated that the total cros
section in the TS1 and the TS2 mechanisms is negligible
high incident energy (;5 KeV).

Figure 2 exhibits a case of unequal energy sharing (E1
515 eV, E255 eV). The faster ejected electron is detecte
along the momentum transfer direction. We observe that
symmetry is broken too. We notice that interference effe
destroy the amplitude where the slower ejected electron

FIG. 2. Same as Fig. 1 except for the ejected energiesE1

515 eV andE255 eV. The faster ejected electron is detected alo
the momentum transfer direction.
e-

es
-
gy

the
e-
to
e-

th
s

e
f
y

r
a-
s
r-

at

d
e

ts
is

detected opposite the momentum transfer direction. This t
oretical finding is important and could be checked in expe
ments in the near future.

Figure 3 shows another case of unequal energy sha
(E155 eV, E2515 eV). Here the slower ejected electron
detected along the momentum transfer. The symme
around the momentum transfer is broken again but the s
is small. It seems that the SO and TS1 contributions are
most important. We also notice that the TS1 mechanism
important when the direction of the faster ejected electron
antiparallel to that of momentum transfer direction.

IV. CONCLUSION

We have calculated the fivefold differential cross secti
of electron-impact double ionization of helium for high inc
dent and low ejection energies. In this calculation we ha
taken account of all the contributions of one-step and tw
step mechanisms. We have also included the accurate c
lated wave function for the initial state and pairwise Co
lomb interaction between the two ejected electrons and
ion in the final state. We have shown that the TS2 mec
nism is important in the case of equal sharing as has b
observed in recent experiments. We have also found that
TS1 mechanism is the most important process for uneq
energy sharing when the direction of the faster ejected e
tron is opposite that of momentum transfer.
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FIG. 3. Same as Fig. 1 except for the ejected energiesE1

55 eV and E2515 eV. The slower ejected electron is detect
along the momentum transfer direction.
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