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Double ionization of helium by electron impact in the impulsive regime
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The dynamics of helium double ionization by 2 keV electron impact has been investigated experimentally
and theoretically at large momentum transfer ofuqu52 a.u. Fully resolved fivefold differential cross sections
~FDCS’s! are presented for symmetric and asymmetric energy sharing between the two ejected electrons at
excess energies from 10 to 40 eV, and for the coplanar as well as the out-of-plane scattering geometries.
Experimentally, a multielectron–recoil-ion coincidence technique has been applied and a large part of the
final-state momentum space has been mapped. The presently employed theoretical model treats the interaction
between the two slow ejected electrons nonperturbatively using the convergent close-coupling method,
whereas the projectile-target interaction is described in the first Born approximation. The experimental and
theoretical FDCS’s agree well in shape. The cross section is dominated by two pairs of strong peaks. From this
pattern it can be concluded that the two-step 1 mechanism, which is due to interelectron interaction after a
single ionizing collision, is the dominant ionization process for the present kinematics.

DOI: 10.1103/PhysRevA.65.032709 PACS number~s!: 34.80.Dp
n
te
tly
gl
o

n
nt
se
a

o
re

s
i

at
in
ib
te
ll

el
on
re
y
n
a
ld
ec
on
rg
ig
d
ol
te

en
ies
to

jor
ur
ate
ave

ur-

ider
n-

der
be
is
er-

re
ec-

ver-
ki-
and
re-
se
te
of

par-
the
of
-

ers
ch-
ere

wed
tis-
I. INTRODUCTION

The investigation of electron-impact ionization has co
tributed considerably to our understanding of the correla
fragmentation dynamics of atomic systems. Until recen
most of the research performed in this field dealt with sin
ionization. This work was initiated by Ehrhardt and collab
rators@1,2# who first realized kinematically complete (e,2e)
experiments in which the momentum vectors of all co
tinuum particles were under full control. These experime
gave rise to a rapid development of the field. As a con
quence, a profound understanding of the electron-imp
single ionization of atoms has been gained@3#. The most
basic collision processes like electron-impact ionization
hydrogen can now be calculated numerically with high p
cision @4#.

The next step toward more ‘‘complex’’ few-body system
with more than two electrons in the final continuum state
an investigation of electron-impact double ionization of
oms. In comparison to single ionization, several challeng
aspects arise. First, the initial state of the simplest poss
target, helium, already represents a highly correlated sys
In principle, its binding energy can be calculated numerica
to an arbitrary accuracy. However, the ground-state corr
tions can be incorporated into the calculations of double i
ization to only a limited degree of complexity. Furthermo
details of the dynamics are expected to depend sensitivel
specific features of the correlated ground-state wave fu
tion, and there is no guarantee that even complicated w
functions, optimized to minimize the binding energy, wou
produce a correct two-electron ionization amplitude. S
ondly, depending on the projectile velocity, the ionizati
process can go beyond the first order in the projectile-ta
interaction and higher-order interactions may contribute s
nificantly. If the target-electron correlation is neglecte
double ionization is possible only through higher-order c
lisions. Second-order matrix elements as well as their in
1050-2947/2002/65~3!/032709~8!/$20.00 65 0327
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ference with the first-order contributions have not yet be
consistently included in theoretical models. One usually tr
to identify the most important reaction mechanisms and
include the corresponding matrix elements. Thirdly, a ma
challenge to theory is to describe the final state with fo
interacting particles in the continuum. There are approxim
correlated three-particle continuum wave functions that h
been worked out for (e,2e) and (g,2e) @5,6# ~for a review
see @7#!, some of which have been extended to the fo
particle continuum@8–10#.

The easiest way to tackle these problems is to cons
double ionization by fast electron impact at an incident e
ergy of several keV and small momentum transfer. Un
these conditions the projectile-target interaction can
treated in a good approximation to the first order. It is th
regime where most existing calculations have been p
formed @11,12#. Only a little work has been reported whe
higher-order interactions were included by applying the s
ond Born approximation@13# or by employing explicit four-
body wave functions@8,9#.

Experimentally, serious obstacles have also to be o
come. The most stringent test for theory is provided by
nematically complete experiments in which the energies
angles of all participating particles are determined and the
fore fully differential cross sections are obtained. In the ca
of particle-impact-induced double ionization, the final-sta
four-particle momentum space spans 12 dimensions,
which eight are independent. Therefore, at least three
ticles have to be detected in coincidence. Furthermore,
total cross section for double ionization is very small, only
the order of 1022 or less of the corresponding single
ionization cross section. The first (e,3e) experiment was per-
formed 12 years ago by Lahmam-Bennani and co-work
@14# on argon using conventional electron spectroscopy te
niques. The subsequent development of devices that w
able to detect a certain angular range simultaneously allo
absolute cross sections to be obtained with sufficient sta
tics for a more quantitative comparison with theory@15,16#.
©2002 The American Physical Society09-1
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FIG. 1. Schematic view of the ‘‘reaction mi
croscope.’’
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Nevertheless, for the fundamental helium target, experim
employing conventional electron spectroscopy techniq
are restricted to particular cases with relatively large cr
sections, such as the dipole limit of a small momentum tra
fer @10,12,17#. For larger momentum transfer of sever
atomic units conventional experiments are feasible only
heavier quasi-two-electron targets like magnesium@18#.

In order to overcome these limitations we apply in t
present work a multielectron–recoil-ion coincidence te
nique which has already been demonstrated to enable (e,3e)
experiments on helium@19#. A 2 keV electron impact is con
sidered and the fully differential cross sections are obtai
over the full final-state momentum space. The kinematics
the reaction covers a range of momentum transfer from
optical limit to high values up to 5 a.u., and a large range
relative emission angles and energy partitions of two slo
ejected electrons (Eb,c,30 eV). The results for small mo
mentum transfer have been discussed previously@20#. In this
work the dynamics of double ionization is studied for impu
sive collisions with relatively large momentum transfer
uqu52 a.u.

The rest of the paper is organized as follows. In Sec. II
experimental apparatus is described. In Sec. III the exp
mental results are presented and compared with conver
close-coupling~CCC! calculations for different energies o
the ejected electrons and for the in-plane and out-of-pl
geometries. Finally, we give a summary in Sec. IV.

II. EXPERIMENT

The experiments were performed with a version of o
multielectron recoil-ion momentum spectrometer~‘‘reaction
microscope’’! that is designed to fit the particular requir
ments of electron-scattering experiments. The momen
vectors of two slowly ejected electronskb and kc and the
momentum vector of the recoiling ionkHe21 emitted in an
(e,3e) reaction are measured in coincidence. Therefore n
momentum components, one more than necessary to c
pletely fix the kinematics, are obtained. Applying momentu
conservation, the momentumka of the fast scattered electro
or, equivalently, the momentumq transferred by the scat
tered projectile is determined:

q5k02ka5kb1kc1k ion . ~1!
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Here k0 is the momentum of the incoming projectile. Th
redundant information obtained experimentally can be u
to discriminate against accidental coincidences by examin
for each double ionization event whether energy conse
tion is fulfilled:

E05Ea1Eb1Ec1Ebind.

HereEbind is the double-ionization potential.
Since a detailed description of the working principle

the reaction microscope has been reported earlier@21#, we
give here only a brief outline stressing the particularities
the present setup. A scheme of the apparatus is present
Fig. 1. A conventional electron gun was used to produc
pulsed primary beam with a repetition rate of 500 kHz an
pulse length ofDt'1 ns. The helium target was prepared
a precooled triple-stage supersonic jet. The helium gas
panded through a 30mm aperture which was cooled t
liquid-nitrogen temperature to form a well-localized~2.0 mm
diameter! and dense (1011 atoms/cm3) target at the intersec
tion point with the electron beam. Ions and low-energy el
trons produced in (e,3e) collisions were extracted to oppo
site directions by a uniform 2.7 V/cm electric field applie
along the apparatus axis and were detected by t
dimensional position-sensitive multichannel plates. The
traction field was produced by a voltage gradient along t
ceramic plates with resistive coating above and below
scattering region. A solenoidal magnetic field of 12 Gau
produced by a pair of Helmholtz coils forces the slow ele
trons with nonzero transverse momentum components
spiral trajectories. In this way electrons with energies bel
30 eV and essentially all ions are detected with the full so
angle of 4p. From the times of flight~TOF’s! and the mea-
sured positions on the detectors the trajectories of the
ticles can be reconstructed and their initial longitudinal a
transverse momentum components are obtained. For e
trons the calculation of the initial transverse momentum
not unambiguous if their TOF is an integer number of cyc
tron revolutions~for details, see Ref.@21#!. In the present
experiment the cross section for the corresponding long
dinal momentum vectors was obtained by a second exp
mental run applying a slightly different electric extractio
field and therefore changing the TOF of the electrons. T
80 mm active diameter electron detector is equipped wit
fast delay-line readout and a multihit time-to-digital co
verter. Thus, positions as well as arrival times of both el
9-2



d
e
a
th

ec
o
ra
n

Th
e

t i
re
ro
is
ac
ll
ts

in
in
to
a
e
ic
he
t
on

t
am
ns

o
n

y
it

ou

um
m

rin
ia
io

-

t
tile
um

ng
ode:

the
n of
ari-
ron
lli-

of
un-

ell
ile
so-
ake
n-

he
er-
ents

irect
e
-
of

ld
is

tes
e.
-off

get
ary
ld
of
0°.
tile-

the
uen-
is a
t to
he
ical
n-

al-
that
are
ent
in-
n in
tion

ter-
et
the

DOUBLE IONIZATION OF HELIUM BY ELECTRON . . . PHYSICAL REVIEW A65 032709
trons emitted in a double-ionization event are determine
their flight-time difference exceeds the detectors dead tim
about 15 ns. This results in a small loss of momentum sp
in the final state for electrons having similar momenta in
longitudinal direction toward the electron detector.

The electron and ion momentum resolution of the sp
trometer depends mainly on the size of the interaction v
ume and the magnitude of the electric and magnetic ext
tion fields applied. The ion momentum resolutio
additionally relies on the temperature of the target gas.
effect of the longitudinal extension of the interaction volum
on the TOF is eliminated by a time-focusing arrangemen
which the lengths of the acceleration region and a drift
gion are matched. Therefore it is favorable to align the p
jectile beam along the longitudinal direction. In this way it
possible to combine a relatively large length of the inter
tion volume~2 mm! and thus high signal intensity with sti
good resolution for the longitudinal momentum componen
The transverse extension of the interaction volume is m
mized by focusing the projectile beam into the target us
the solenoidal magnetic field. The electron gun, ion detec
helium target, and electron detector are equally spaced
distance of 33 cm from each other. Except for the ion det
tor, they are aligned on the axis of the apparatus, wh
coincides with the axis of the magnetic field. The TOF of t
primary electrons (E052 keV) from the gun to the targe
interaction point is equal to the electron cyclotron revoluti
time in the magnetic field (tc526 ns). Therefore the
magnetic-lens effect images an electron-beam focus at
exit of the electron gun into the helium jet where the be
diameter is below 0.5 mm. The superimposed initial tra
verse momentum component results in an offset of 7 cm
the electron beam from the apparatus axis at the positio
the ion detector~flight time tc/2! and at the position of the
electron detector~flight time 3tc/2!. In this way the projectile
beam passes both detectors and is deposited in a Farada
next to the electron detector. The momentum resolution w
the present extraction fields is aboutuDkcu'0.05 a.u. for
electrons anduDkHeu'0.3 a.u. for the doubly charged helium
ions. The resulting angular resolution for electrons is ab
65° for 5 eV electrons.

III. RESULTS

Experimentally, the square of the four-particle moment
wave function in the final-state continuum is obtained fro
which differential cross sections can be extracted, in p
ciple, for arbitrary coordinates which seem to be appropr
to study the process. Here we present cross sect
d5s/dVadVbdVcdEbdEc differential with respect to the
energiesEb,c and solid anglesVb,c of the two slowly ejected
electrons and in the solid angleVa of the fast emitted elec
tron.

Under the present conditions of a fast projectile (E0
52 keV) and two slow final-state electrons (Eb,c,30 eV),
exchange processes can be neglected. Therefore the fas
going electron can be identified with the scattered projec
and by fixing the scattering angle the amount of moment
03270
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uqu transferred to the target is determined. In the followi
the cross sections are presented in the angle scanning m
for a given momentum transfer and for fixed energies of
ejected electrons the cross section is plotted as a functio
the ejected-electron emission angles. Thus a direct comp
son with data obtained by conventional electrostatic elect
spectrometers is possible. In this work we investigate co
sions with fairly large momentum transfer ofuqu52
60.4 a.u., far from the optical limit. The question arises
how the double-ionization dynamics can be characterized
der this condition. From (e,2e) studies at high momentum
transfer it is known that single ionization can be very w
described as a binary knock-out collision of the project
with a target electron. The cross section peaks for the
called Bethe kinematics where the residual ion does not t
part in the collision and carries away only a small mome
tum. The ionized electron is emitted into the direction of t
momentum transfer. In the case of double ionization, diff
ent reaction mechanisms and corresponding matrix elem
are usually considered: the shake-off, the two-step 1~TS1!,
and the two-step 2~TS2! processes@22,23#. In the shake-off
process only one target electron takes momentum in a d
ionizing collision with the projectile and is emitted into th
direction ofq. The second electron is ‘‘shaken’’ into the con
tinuum, i.e., it is emitted due to the subsequent relaxation
the singly charged ionic core. From first principles, it shou
not be emitted into a particular direction and furthermore
expected at a low energy since its momentum origina
from the Compton profile of the initial atomic ground stat
The recoiling ion balances the momentum of the shake
electron.

In the TS1 process the incident electron strikes a tar
electron which in turn ionizes the second electron in a bin
collision on its way out of the atom. The residual ion shou
have a small recoil momentum. In the limit of high energy
the two ejected electrons their relative angle should be 9

Both these processes are of the first order in the projec
target interaction and show axial symmetry with respect toq.
In contrast, the TS2 is a second-order process in which
projectile interacts and ionizes each target electron seq
tially. A signature of second- or higher-order processes
breakup of the symmetry of the cross section with respec
q. One has to bear in mind the following complications. T
‘‘mechanisms’’ discussed above are quantum-mechan
matrix elements which interfere if several amplitudes co
tribute with similar magnitudes to the same point in the fin
state momentum space. Furthermore, the strict directions
are expected for ejected electrons with high energies
modified for lower energies as in the present experim
since the electron-electron repulsion in the continuum
creases their relative angle and the momentum distributio
the initial target ground state smears out the cross-sec
maxima.

We first investigate the cross section for coplanar scat
ing geometry which is illustrated in Fig. 2. Here both targ
electrons are ejected in the scattering plane defined by
incoming and scattered projectile. In Fig. 3~a! the data for
9-3
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symmetric energy sharingEb5Ec55 eV are presented in
density plot which allows us to show the cross section for
full angular range ofub and uc and to visualize the overal
structure of the cross section with nodal lines and inher
symmetries. The angular range that is not affected by
electron detector dead time is inside the circular solid lin
The cross-section pattern consists of four maxima of wh
the two in the lower right part are equivalent to those in
upper left part. Since for equal energy sharingEb5Ec both
electrons are interchangeable the cross section is symm
with respect to the diagonal lineub5uc .

A similar four-maximum cross section is observed in t
(g,2e) reaction @24# and the low momentum transfe
(uqu,1 a.u.) (e,3e) reaction @20#. In both these cases th
four peaks emerge as ‘‘islands’’ between the nodal lin
formed due to the dipole symmetry and the interelectron
pulsion. For the equal-energy-sharing (g,2e) reaction all
four peaks are identical in shape and magnitude. They
respond to both electrons leaving at about660° with respect
to the polarization vector direction6e and having a relative
angle ofuub-ucu>120°. In the case of the low-q (e,3e) re-
action, due to the nonequivalence of the6q directions, the
four peaks split into two pairs. Those two peaks in whi
both electrons leave at about660° with respect to the1q
direction become more pronounced.

As the momentum transfer becomes large~uqu52 a.u. in
the present case! the four-peak cross-section pattern und
goes a further transformation. The most prominent cro
section maximum~marked B in Fig. 3! corresponds to a
configuration where one electron is emitted roughly in
direction of the momentum transferq and the second on
leaves in the opposite direction2q ~back-to-back emission!.
This is the well-known configuration of collinear Wanni
escape. In the (g,2e) reaction on ground-state He this esca
is dominant in the vicinity of the ion core~the so-called
Coulomb zone!. However, outside the Coulomb zone th
Wannier escape is suppressed due to the dipole selection
@11,25#. As uqu becomes large, the dipole selection rule
laxes and Wannier escape becomes possible to
asymptotic region of large distances where it can be
served experimentally.

The second pair of peaks~A!, which is of lower magni-
tude, is observed at about the same electron angles as th1q
dipolelike peak in the low-q (e,3e) reaction~i.e., for both
electrons at angles of about 60° with the momentum tran
directionq and having a relative angle ofuub2ucu>120°!. If
the energies of the ejected electrons are increased the s
ture of the cross section is maintained but there is a profo

FIG. 2. Coplanar scattering geometry. Both ejected electr
with momentakb andkc move in the plane defined by the incomin
and scattered projectile with momentak0 andka , respectively. The
momentum transfer is defined asq5k02ka .
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change of the relative magnitudes of the maxima. For as
metric energy sharing withEb55 eV andEc525 eV @Fig.
3~b!# the reflection symmetry with respect to the lineub
5uc is broken. The peakB is most dominant, correspondin
to the fast electron going toq and the slow electron being
emitted in the opposite direction, while the reverse config

s

FIG. 3. Fivefold differential cross sections forE052 keV and
uqu52 a.u. in coplanar scattering geometry~see Fig. 2!. In all dia-
grams dashed lines mark angular combinations for which the r
tive electron emission angle isuub2ucu5180° and dotted lines
mark relative anglesuub2ucu590°. The angular range inside th
solid circular lines is not affected by the detector dead time.~a!
Experimental cross section forEb5Ec55 eV. The direction of the
momentum transferq is marked by arrows and the solid circle in th
diagram; its diameter indicates the experimental angular resolu
~b! Eb55 eV andEc525 eV. ~c! Eb5Ec520 eV.
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DOUBLE IONIZATION OF HELIUM BY ELECTRON . . . PHYSICAL REVIEW A65 032709
ration is relatively unimportant~peakB8!. The peaksA and
A8 are still similar in magnitude and close in position to t
1q dipolelike peaks. It should be mentioned that for th
asymmetric-energy-sharing case cuts through the cr
section pattern exist that are not affected by the elec
detector dead time. If the fast-electron angle is fixed to
forward or backward direction, the FDCS is obtained
scanning the slow electron over the full angular range fr
0° to 360°. Finally, if both electron energies are increased
Eb5Ec520 eV @Fig. 3~c!# back-to-back emission~peaksB!
becomes relatively unimportant compared to emission
both target electrons into the half plane of the moment
transfer~peaksA!.

In Fig. 4 theoretical cross sections are shown. The ca
lations were performed within the same model as emplo
in @12#. The interaction of the fast projectile with the target
described within the first Born approximation while the i
teraction of the slow ejected electrons is treated nonper
batively using the convergent close-coupling method. T
method is known to yield very reliable quantitative resu
for a related double-photoionization process when the
electrons are ejected from the helium atom by photon imp
@24,26#. The helium ground state is described by a 2
parameter Hylleraas wave function. To test the sensitivity
the model to the ground state we performed some sele
computations with a much simpler four-term multiconfigur
tion Hartree-Fock wave function. The difference between
two kind of calculation was only marginal. Therefore w
conclude that the CCC model is not sensitive to the gro
state for the present kinematics.

The calculations are in good agreement with the exp
mental data concerning the observed cross-section pat
and the evolution of the relative peak intensities in go
from low energies via asymmetric energy sharing to hig
energiesEb,c . The absolute magnitude of the cross section
not determined experimentally but the relative scale of
different cross sections shown in Fig. 3 is fixed. Theore
cally, the equal-energy-sharing FDCS’s are determined f
ab initio and can therefore be compared directly with t
experimental results. The unequal-energy-sharing cas
somewhat more tenuous. Due to unphysical oscillations
the energy-sharing distribution between the two ionized e
trons, an accurate determination of the magnitude of
FDCS requires an additional rescaling procedure@27#. This
procedure has been implemented for double-photoioniza
calculations@28# but not yet for (e,3e). The theory repro-
duces the relative magnitudes fairly well for the equ
energy-sharing case, in particular concerning the height
the peaksA in Figs. 3~a! and 3~c!. However, the relative
magnitude for the unequal-energy-sharing case in Fig. 4~b! is
off by more than a factor of 2. This disagreement might
due to the above-mentioned oscillations in the ener
sharing distribution between the two ionized electro
which can be remedied by an empirical rescaling proced

Another deviation that is significant within the prese
experimental statistics is a shift of the peaksB with respect
to the experimental cross sections. The theoretical res
which are of first order in the projectile-target interactio
must show complete axial symmetry with respect to the m
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mentum transfer direction. Therefore the cross section is
variant for reflection of both momentum vectors in the dire
tion of q. In the diagrams of Fig. 4 this corresponds to
inversion at the points where both electron emission ang
are equal or opposite to the angle ofq or at points where one
angle is equal while the other is opposite to the angle oq.
The cross-section peakB of the theoretical result satisfie
this symmetry. Its maximum occurs for a configuratio
where one electron leaves exactly parallel toq and the other
is emitted perfectly opposite. In the experiment@Fig. 3~c!#
the peakB is shifted along the dashed diagonal line
smaller angles for both electrons. Such a deviation from
axial symmetry with respect toq is a signature of second- o
higher-order projectile-target interactions. This effect h

FIG. 4. Theoretical FDCS’s for the same conditions as in Fig
calculated using the convergent close-coupling method to trea
interaction of the slow ejected electrons nonperturbatively. The
perimentally accessible angular range is indicated and lies wi
the solid circular lines~see also Fig. 3!. ~a! Eb5Ec55 eV. ~b! Eb

55 eV andEc525 eV. ~c! Eb5Ec520 eV.
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A. DORN et al. PHYSICAL REVIEW A 65 032709
been observed before for low-momentum-transfer collisi
@20# and at energies as high as 5.5 keV@23#. Investigations of
the total double-to-single ionization cross-section ratio a
indicate that double collisions contribute for the present p
mary energy of 2 keV@29#.

In order to understand the evolution of the relati
strengths of the maximaA andB in Figs. 3~a!–3~c! ~experi-
ment! and 4~a!–4~c! ~calculation! it is instructive to consider
the magnitude of the recoil momentum of the ion in the fin
stateukHe21u. The cross section for a clean binary knock-o
collision should peak under the so-called Bethe kinema
where the recoil-ion momentum is small or vanishing. In F
5 ukHe21u is given for Eb5Ec520 eV as a function of the
electron emission anglesub and uc . In the whole range of
angular combinationsub ,uc there are two positions fo
which the recoil-ion momentum vanishes. These are confi
rations where both electrons are emitted symmetrically w
respect toq, each enclosing about a 40° angle with the m
mentum transfer direction and 80° with each other. The cr
section in experiment@Fig. 3~c!# and theory@Fig. 4~c!# peaks
for roughly these angular combinations. This proximity
the Bethe kinematics enhances the strength of the peakA.

If the energy of the ejected electrons is lowered from
down to 5 eV the peaksA become relatively unimportan
features compared to the peaksB. It must be pointed out tha
in this case the kinematics is not favorable for clean bin
knock-out collisions since for all electron ejection angles
residual ion carries away a considerable momentum. The
ergies of the ejected electrons correspond to rather small
menta ofukb,cu50.6 a.u. and thus the Bethe conditionuk ionu
>0, or with Eq. ~1! kb1kc>q, cannot be satisfied even
both electrons leave in the momentum transfer direction.
neither of the peaksA or B is favored by the Bethe kinema
ics.

At the same time, the growing strength of the peakB can
be understood from the dominance of electron repulsion n
the ionization threshold@30#. In a related (e,2e) process at
small excess energies over the threshold an enhanced b
to-back emission is observed with one electron going es
tially to the forward and the other to the backward directi

FIG. 5. Amount of recoil-ion momentumuk ionu5uq2kb2kcu as
a function of the ejected-electron emission anglesub and uc

(uqu52 a.u.) forEb5Ec520 eV.
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with respect to the incoming beam. This is the collinear
cape configuration which gives rise to the well-known Wa
nier threshold law. The recoiling ion carries the full mome
tum transfer, which is equal to the momentum of t
incoming electron.

Concerning the ionization mechanisms responsible
peaksA, we can rule out the TS2 process. This is so beca
our measurement is in agreement with first-order C
theory and demonstrates symmetry with respect to theq vec-
tor. Since it is not a single electron but the ejected elect
pair which carries the momentumq transferred in the colli-
sion, the ionization must occur via electron correlatio
Therefore we assign cross-section maximaA to the TS1 pro-
cess, which is also consistent with the observed rela
emission angle close to 90° and the small recoil-ion mom
tum. The very same TS1 process gives rise to a pair of
polelike 1q peaks in the low-q (e,3e) reaction, which
evolve into the peaksA under the present kinematical cond
tion of a large momentum transfer. We note that there is
counterpart to the Wannier-like peaksB in either the (g,2e)
reaction or the low-q (e,3e) reaction since the Wannier es
cape is strongly suppressed by the dipole symmetry.

As to another possible mechanism of double ionizati
the shake-off process, we rule out it playing an importa
role under the present kinematical conditions. In principle
can give rise to an emission configuration similar to the pe
B with one electron that is ionized in a direct knockout goi
roughly alongq. The angular distribution of the second o
‘‘shake-off’’ electron is not necessarily isotropic but due
the final-state repulsion it is preferentially emitted in the o
posite direction. The typical shake-off emission characte
tics are displayed in the unequal-energy-sharing case il
trated in Fig. 3~b!. Here peakB corresponds to the fas
electron (Ec525 eV) moving alongq and the slow electron
(Eb55 eV) moving in the opposite direction. On the oth
hand, for the shake-off to take place, a sudden change o
atomic potential is required. So the wave function of t
residual electron cannot adapt adiabatically to the ionic
tential. Therefore the velocity of the electron that is knock
out in a binary collision should be considerably higher th
the classical orbital velocity of the remaining bound targ
electron. Since this is not the case for the present experim
we conclude that the cross sections presented here are
sistent with the TS1 process except for minor contributio
of higher order for peakB.

Finally, we study the cross sections for a case of non
planar scattering geometry. As illustrated in Fig. 6, we ha
chosen one electron to be emitted 45° above the scatte
plane (fb545°) and the second going 45° below the sc
tering plane (fc5135°) with energiesEb,c520 eV. This ge-
ometry was used by Fordet al. @16# for the (e,3e) reaction
on the magnesium atom. The authors’ intention was to ob
the two-electron momentum density in analogy to the o
electron momentum density measured with electron mom
tum spectroscopy~EMS! using a binary (e,2e) reaction.
Only recently has the experimental observation of an ato
two-electron momentum distribution been reported@18#.
9-6
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DOUBLE IONIZATION OF HELIUM BY ELECTRON . . . PHYSICAL REVIEW A65 032709
As in the case of the coplanar kinematics, the out-of-pla
experimental@Fig. 7~a!# and theoretical cross sections@Fig.
7~b!# agree very well. For this kinematics the electron m
mentum sumkb1kc always lies in the scattering plane. It
directed parallel toq if the momentum transfer axis is in th
plane spanned bykb andkc or (ub2uq)1(uc2uq)50. This
condition is satisfied along the dashed lines in Fig. 7 wh

FIG. 6. A particular case of noncoplanar scattering geome
The polar angles are chosen to befb545° andfc5135°.

FIG. 7. Fivefold differential cross section for the out-of-pla
geometry given in Fig. 6.~a! Experiment. The momentum transfe
is uqu52.060.4 a.u. and the electron energies areEb5Ec520 eV.
~b! CCC theory. The dashed lines mark angular combinations
which the electron momentum sum is parallel to the momen
transfer direction (kb1kc)iq.
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we see two binary peaks in the cross sections. The recoil
momentum is minimal if the azimuthal angles of both ele
trons are equal to the momentum transfer directionub5uc
5uq . While in the experiment this angular combination
not accessible because of the detector dead time, the th
shows a rather large cross section at this point~marked by a
dot!. This reflects the reduced electron repulsion in t
present out-of-plane geometry compared to the coplanar
ometry since both electrons still enclose the relative an
fc2fb590°. The cross section peaks for anglesub ,uc that
are about 40° offuq and therefore allow for lower electro
repulsion between the ejected electrons.

It is instructive to follow the evolution of the cross
section pattern in the present out-of-plane geometry in go
from the (g,2e) reaction to the low-q (e,3e) reaction and
finally arriving at the present high-q (e,3e) reaction. Al-
though the experimental data are not available for such
analysis, the numerical simulation can easily be perform
In the out-of-plane (g,2e) reaction the cross-section patte
consists of two pairs of equivalent maxima squeezed by r
nodal lines due to the dipole symmetry. As the interelect
repulsion is significantly weakened for the out-of-plane g
ometry, the corresponding nodal lineub5uc is reduced to a
shallow valley, and the two neighboring peaks in the p
merge together. The same pattern remains for the loq
(e,3e) reaction with two stronger maxima in which the ele
trons escape closer to the1q direction and two weaker
maxima for the opposite2q escape direction. At largeuqu the
Bethe condition can be satisfied in the proximity of the1q
peaks and they become the only prominent feature of
cross-section pattern as is seen in Fig. 7.

The second cross-section maximumB of the Wannier-like
escape, which is present in the coplanar geometry and w
shows signatures of higher-order contributions, is not pres
in this geometry. This confirms that the noncoplanar geo
etry was rightly chosen by Fordet al. to highlight first-order
binary knock-out processes where the residual ion car
very little momentum. As to the present experimental
rangement, we are not able to perform EMS studies wh
the observed cross section reflects the two-electron mom
tum distribution in the initial target state. This is because
final-state interaction of the ejected electrons cannot be m
negligible for low emission energies ofEb,c520 eV.

IV. SUMMARY

We have presented experimental and theoretical fully
ferential cross sections for double ionization of helium
2- keV electron impact. The measurements were perform
employing our reaction microscope which allows us to det
simultaneously a large part of the final-state moment
space. These cross sections, obtained in the convent
angle-scanning mode, could therefore be presented as th
dimensional plots for a large range of the electron emiss
anglesub anduc . This allows us to identify easily the sym
metries and characteristics of the cross sections and to c
pare them with the results of calculations. Furthermore,
large momentum-space acceptance enabled a systemat
vestigation of the double-ionization dynamics for differe
kinematical conditions, i.e., different energies for the ejec

y.
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electrons and the coplanar and out-of-plane scattering ge
etry. The restrictions on the accessible angular range
posed by the electron detector dead time are mainly in
angular range where the cross section is small due to elec
repulsion in the final state.

For the present case of a large momentum transfer
cross-section pattern is formed by two pairs of well-defin
maxima characterized by the ejected-electron emiss
anglesub,c . One pair of maxima~marked in the figures asA!
dominates the cross-section pattern for higher energies o
ejected electrons in the kinematics that satisfies the B
ridge conditionuk ionu>0. It is tempting to call these maxim
binary as they are strongly enhanced under the binary kn
out Bethe ridge condition, especially in the out-of-plane
nematics. However, very similar peaks, albeit not so pro
nent, are seen in the low-q or/and low-E (e,3e) reactions and
the (g,2e) reaction far away from the Bethe ridge. This o
servation can be explained by the dipole symmetry ru
which still play some role in forming the peaksA even at
large momentum transfer.

In the ‘‘binary’’ peaksA the most probable relative elec
tron angle is close to 90° and within the present statistics
cross section is symmetric with respect to the moment
transfer direction. These observations are signatures tha
TS1 mechanism is responsible for the double-ionization p
cess. We drew a similar conclusion in a previous experim
at 3-keV electron impact@19# for cross sections differentia
with respect to the relative emission angle of the ejec
electrons only: The most probable relative emission an
which peaks at 145° for the dipole limit, comes close to 9
for the conditions of a large momentum transfer and a sm
recoil-ion momentum.
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A second pair of peaks in the cross section~markedB!
corresponds to the Wannier configuration with the two e
trons emitted back to back, which is the most favored
figuration for two outgoing electrons with small excess
ergy. There is no counterpart of the peaksB in either the
(g,2e) or the low-q (e,3e) reaction on ground-state H
since the Wannier escape is strongly suppressed by the
symmetry. In the present high-q (e,3e) reaction, higher
multipole transitions contribute to this escape configura

We attribute the origin of both the peaksA and B to the
TS1 double-ionization mechanism. This is confirmed by
generally good agreement between the present experim
results and calculations performed within the CCC m
which treats the projectile-target interaction to first or
However, the observed shift of the peaksB with respect to
the momentum transfer direction~not seen in the calculatio!
indicates that higher-order projectile-target interactions
make some contribution.

Finally, we have presented data for a noncoplanar g
etry where one electron is emitted 45° above and the se
electron 45° below the scattering plane. In this geometr
double-ionization processes occurs with the ion left wi
low recoil momentum. It is therefore ideally suited to res
the double-ionization mechanism to a direct knockou
both target electrons without participation of the nucleu
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