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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@lf=2 a.u. Fully resolved fivefold differential cross sections
(FDCS’y 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.
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[. INTRODUCTION ference with the first-order contributions have not yet been

consistently included in theoretical models. One usually tries

The investigation of electron-impact ionization has con-to identify the most important reaction mechanisms and to
tributed considerably to our understanding of the correlatednclude the corresponding matrix elements. Thirdly, a major
fragmentation dynamics of atomic systems. Until recentlychallenge to theory is to describe the final state with four
most of the research performed in this field dealt with singidnteracting particles in the continuum. There are approximate
ionization. This work was initiated by Ehrhardt and collabo- correlated three-particle continuum wave functions that have

: . . , been worked out for€,2e) and (y,2e) [5,6] (for a review
rators.[1,2] wh_o f|rst. realized kinematically complete,@e) see[7]), some of which have been extended to the four-
experiments in which the momentum vectors of all con-__ " -

. ; . article continuuni8-10].
tinuum particles were under full control. These experlmentéj

. . | f the fiel The easiest way to tackle these problems is to consider
gave rise to a rapid development of the field. As a consegq hie jonization by fast electron impact at an incident en-

quence, a profound understanding of the electron-impaciqy of several keV and small momentum transfer. Under
single ionization of atoms has been gairf@. The most  these conditions the projectile-target interaction can be
basic collision processes like electron-impact ionization ofireated in a good approximation to the first order. It is this
hydrogen can now be calculated numerically with high pretegime where most existing calculations have been per-
cision[4]. formed[11,17. Only a litle work has been reported where
The next step toward more “complex” few-body systems higher-order interactions were included by applying the sec-
with more than two electrons in the final continuum state isond Born approximatiofil3] or by employing explicit four-
an investigation of electron-impact double ionization of at-body wave function$8,9].
oms. In comparison to single ionization, several challenging Experimentally, serious obstacles have also to be over-
aspects arise. First, the initial state of the simplest possibleome. The most stringent test for theory is provided by ki-
target, helium, already represents a highly correlated systemematically complete experiments in which the energies and
In principle, its binding energy can be calculated numericallyangles of all participating particles are determined and there-
to an arbitrary accuracy. However, the ground-state correlgfore fully differential cross sections are obtained. In the case
tions can be incorporated into the calculations of double ionef particle-impact-induced double ionization, the final-state
ization to only a limited degree of complexity. Furthermore, four-particle momentum space spans 12 dimensions, of
details of the dynamics are expected to depend sensitively owhich eight are independent. Therefore, at least three par-
specific features of the correlated ground-state wave fundicles have to be detected in coincidence. Furthermore, the
tion, and there is no guarantee that even complicated wav@tal cross section for double ionization is very small, only of
functions, optimized to minimize the binding energy, would the order of 102 or less of the corresponding single-
produce a correct two-electron ionization amplitude. Secionization cross section. The first,@e) experiment was per-
ondly, depending on the projectile velocity, the ionizationformed 12 years ago by Lahmam-Bennani and co-workers
process can go beyond the first order in the projectile-targgtl4] on argon using conventional electron spectroscopy tech-
interaction and higher-order interactions may contribute signiques. The subsequent development of devices that were
nificantly. If the target-electron correlation is neglected,able to detect a certain angular range simultaneously allowed
double ionization is possible only through higher-order col-absolute cross sections to be obtained with sufficient statis-
lisions. Second-order matrix elements as well as their intertics for a more quantitative comparison with the¢hp,16.

1050-2947/2002/683)/0327098)/$20.00 65 032709-1 ©2002 The American Physical Society



A. DORN et al. PHYSICAL REVIEW A 65 032709

Helum Jet

Ekctron

FIG. 1. Schematic view of the “reaction mi-
croscope.”

Detector
Ekctron
Detector

™~ Helmholtz Coils —

Nevertheless, for the fundamental helium target, experimentsere k, is the momentum of the incoming projectile. The
employing conventional electron spectroscopy techniquesedundant information obtained experimentally can be used
are restricted to particular cases with relatively large crosso discriminate against accidental coincidences by examining
sections, such as the dipole limit of a small momentum transfor each double ionization event whether energy conserva-
fer [10,12,17. For larger momentum transfer of several tion is fulfilled:
atomic units conventional experiments are feasible only for
heavier quasi-two-electron targets like magnesjasj. Eo=Ea+Ep+Ect Eping-
In order to overcome these limitations we apply in the ) o ]
present work a multielectron—recoil-ion coincidence tech-HereEping is the double-ionization potential. o
nique which has already been demonstrated to enake)( Since a detailed description of the working principle of
experiments on heliurfiL9]. A 2 keV electron impact is con- the reaction microscope has been reported ediig], we
sidered and the fully differential cross sections are obtainedive here only a brief outline stressing the particularities of
over the full final-state momentum space. The kinematics ofh€ present setup. A scheme of the apparatus is presented in
the reaction covers a range of momentum transfer from th&ig- 1. A conventional electron gun was used to produce a
optical limit to high values up to 5 a.u., and a large range ofPulsed primary beam with a repetition rate of 500 kHz and a
relative emission angles and energy partitions of two slowlyPulse length ofAt~1 ns. The helium target was prepared in
ejected electronsH, .<30 eV). The results for small mo- @ precooled triple-stage supersonic jet. The helium gas ex-
mentum transfer have been discussed prevididy In this ~ Panded through a 3G:m aperture which was cooled to
work the dynamics of double ionization is studied for impul- liquid-nitrogen temperature to form a well-localiz&i0 mm
sive collisions with relatively large momentum transfer of diametey and dense (16 atoms/cr) target at the intersec-
lg|=2 a.u. tion point with th_e electron l_:)gam. lons and low-energy elec-
The rest of the paper is organized as follows. In Sec. Il thdrons produced ing,3e) collisions were extracted to oppo-
experimental apparatus is described. In Sec. Ill the experiSite directions by a uniform 2.7 Vicm electric field applied
mental results are presented and compared with convergedlong the apparatus axis and were detected by two-
C|Ose_coup|ing(ccc) calculations for different energies of dimensional pOSItlon—SenSItlve multichannel plates. The ex-

the ejected electrons and for the in-plane and out-of-plan&action field was produced by a voltage gradient along two
geometries. Finally, we give a summary in Sec. IV. ceramic plates with resistive coating above and below the

scattering region. A solenoidal magnetic field of 12 Gauss
produced by a pair of Helmholtz coils forces the slow elec-
Il. EXPERIMENT trons with nonzero transverse momentum components into
spiral trajectories. In this way electrons with energies below
The experiments were performed with a version of our30 eV and essentially all ions are detected with the full solid
multielectron recoil-ion momentum spectromet&eaction  angle of 4r. From the times of flight TOF’s) and the mea-
microscope’) that is designed to fit the particular require- sured positions on the detectors the trajectories of the par-
ments of electron-scattering experiments. The momenturticles can be reconstructed and their initial longitudinal and
vectors of two slowly ejected electrorkg, and k. and the transverse momentum components are obtained. For elec-
momentum vector of the recoiling ioky2+ emitted in an  trons the calculation of the initial transverse momentum is
(e,3e) reaction are measured in coincidence. Therefore nin@ot unambiguous if their TOF is an integer number of cyclo-
momentum components, one more than necessary to cortron revolutions(for details, see Ref(21]). In the present
pletely fix the kinematics, are obtained. Applying momentumexperiment the cross section for the corresponding longitu-
conservation, the momentuky of the fast scattered electron dinal momentum vectors was obtained by a second experi-
or, equivalently, the momenturg transferred by the scat- mental run applying a slightly different electric extraction
tered projectile is determined: field and therefore changing the TOF of the electrons. The
80 mm active diameter electron detector is equipped with a
fast delay-line readout and a multihit time-to-digital con-
g=ko—ka=kp+ke+Kion - (1)  verter. Thus, positions as well as arrival times of both elec-
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trons emitted in a double-ionization event are determined ifq| transferred to the target is determined. In the following
their flight-time difference exceeds the detectors dead time ahe cross sections are presented in the angle scanning mode:
about 15 ns. This results in a small loss of momentum spacfr a given momentum transfer and for fixed energies of the
in the final state for electrons having similar momenta in theejected electrons the cross section is plotted as a function of
longitudinal direction toward the electron detector. the ejected-electron emission angles. Thus a direct compari-
The electron and ion momentum resolution of the specson with data obtained by conventional electrostatic electron

trometer depends mainly on the size of the interaction volspectrometers is possible. In this work we investigate colli-
ume and the magnitude of the electric and magnetic extracsions  with fairly large momentum transfer dfg|=2

tion fields applied. The ion momentum resolution . g4 4 far from the optical limit. The question arises of

additionally re”e$ on the temperature of _the target gas. Thﬂow the double-ionization dynamics can be characterized un-
effect of the longitudinal extension of the interaction volumeder this condition. Fromd,2e) studies at high momentum

on the TOF is eliminated by a time-focusing arrangement Ir][ransfer it is known that single ionization can be very well

which the lengths of the acceleration region and a drift re-

gion are matched. Therefore it is favorable to align the pro_descnbed as a binary knock-out collision of the projectile

jectile beam along the longitudinal direction. In this way it is With @ target electron. The cross section peaks for the so-
possible to combine a relatively large length of the interac.called Bethe kinematics where the residual ion does not take

tion volume (2 mm) and thus high signal intensity with still Part in the collision and carries away only a small momen-
good resolution for the longitudinal momentum componentstum- The ionized electron is emitted into the direction of the
The transverse extension of the interaction volume is minimomentum transfer. In the case of double ionization, differ-
mized by focusing the projectile beam into the target usingent reaction mechanisms and corresponding matrix elements
the solenoidal magnetic field. The electron gun, ion detecto@re usually considered: the shake-off, the two-stefi91),
helium target, and electron detector are equally spaced atand the two-step 2TS2) processe$22,23. In the shake-off
distance of 33 cm from each other. Except for the ion detecprocess only one target electron takes momentum in a direct
tor, they are aligned on the axis of the apparatus, whichonizing collision with the projectile and is emitted into the
coincides with the axis of the magnetic field. The TOF of thedirection ofg. The second electron is “shaken” into the con-
primary electrons Ey,=2 keV) from the gun to the target tinuum, i.e., itis emitted due to the subsequent relaxation of
interaction point is equal to the electron cyclotron revolutionthe singly charged ionic core. From first principles, it should
time in the magnetic field t{t=26ns). Therefore the not be emitted into a particular direction and furthermore is
magnetic-lens effect images an electron-beam focus at th@xpected at a low energy since its momentum originates
exit of the electron gun into the helium jet where the beanfrom the Compton profile of the initial atomic ground state.
diameter is below 0.5 mm. The superimposed initial trans-The recoiling ion balances the momentum of the shake-off
verse momentum component results in an offset of 7 cm oglectron.
the electron beam from the apparatus axis at the position of In the TS1 process the incident electron strikes a target
the ion detectokflight time t./2) and at the position of the €lectron which in turn ionizes the second electron in a binary
electron detectofflight time 3t./2). In this way the projectile ~ collision on its way out of the atom. The residual ion should
beam passes both detectors and is deposited in a Faraday digve a small recoil momentum. In the limit of high energy of
next to the electron detector. The momentum resolution wittihe two ejected electrons their relative angle should be 90°.
the present extraction fields is abolutk~0.05 a.u. for Both these processes are of the first order in the projectile-
electrons andiA k| ~0.3 a.u. for the doubly charged helium target interaction and show axial symmetry with respect.to
ions. The resulting angular resolution for electrons is aboutn contrast, the TS2 is a second-order process in which the
+5° for 5 eV electrons. projectile interacts and ionizes each target electron sequen-
tially. A signature of second- or higher-order processes is a
IIl. RESULTS breakup of the symmetry of the cross section with respect to
d. One has to bear in mind the following complications. The
Experimentally, the square of the four-particle momentum‘mechanisms” discussed above are quantum-mechanical
wave function in the final-state continuum is obtained frommatrix elements which interfere if several amplitudes con-
which differential cross sections can be extracted, in printribute with similar magnitudes to the same point in the final-
ciple, for arbitrary coordinates which seem to be appropriatatate momentum space. Furthermore, the strict directions that
to study the process. Here we present cross sectiorsre expected for ejected electrons with high energies are
d®c/dQ,d0,dQdELdE, differential with respect to the modified for lower energies as in the present experiment
energiesE,, . and solid angle$),, . of the two slowly ejected since the electron-electron repulsion in the continuum in-
electrons and in the solid ang{e, of the fast emitted elec- creases their relative angle and the momentum distribution in

tron. the initial target ground state smears out the cross-section
Under the present conditions of a fast projectile,( maxima.
=2 keV) and two slow final-state electronEy,<30 eV), We first investigate the cross section for coplanar scatter-

exchange processes can be neglected. Therefore the fast oimg geometry which is illustrated in Fig. 2. Here both target
going electron can be identified with the scattered projectileglectrons are ejected in the scattering plane defined by the
and by fixing the scattering angle the amount of momentunincoming and scattered projectile. In FigiaBthe data for
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FIG. 2. Coplanar scattering geometry. Both ejected electrons
with momentak,, andk, move in the plane defined by the incoming

and scattered projectile with momeritgandk,, respectively. The
momentum transfer is defined gsko—K, .
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symmetric energy sharing,=E.=5 eV are presented in a
density plot which allows us to show the cross section for the

full angular range ofj, and 6. and to visualize the overall
structure of the cross section with nodal lines and inherent b)

315

symmetries. The angular range that is not affected by the 90 r';DCSt)
electron detector dead time is inside the circular solid lines. =F07 farb. units
The cross-section pattern consists of four maxima of which 2254 g . 34-38
the two in the lower right part are equivalent to those in the 180] — = 3;:3;‘
upper left part. Since for equal energy sharkag=E. both B 26-28
electrons are interchangeable the cross section is symmetric = 22
with respect to the diagonal lin@&,= 6. . 5901 B 15-19

A similar four-maximum cross section is observed in the q 45‘.-" - 12-15
(y,2e) reaction [24] and the low momentum transfer e 13:}3
(lg/<1a.u.) €,3e) reaction[20]. In both these cases the 9 3-7
four peaks emerge as “islands” between the nodal lines L A e 0-3
formed due to the dipole symmetry and the interelectron re- 0 45 90 135 180 225 270 315
pulsion. For the equal-energy-sharing,?e) reaction all
four peaks are identical in shape and magnitude. They cor- FDCS
respond to both electrons leaving at aba@0° with respect (arb. units)
to the polarization vector directiofr e and having a relative = 22'5: 335
angle of| 6,-6//=120°. In the case of the log-(e,3e) re- Bl 225- 25
action, due to the nonequivalence of the directions, the = e o
four peaks split into two pairs. Those two peaks in which Bl 15 - 175
both electrons leave at abott60° with respect to therq B 125- 15
direction become more pronounced. — 13,5: 135

As the momentum transfer becomes latgg=2 a.u. in 5 - 175
the present cageahe four-peak cross-section pattern under- ‘3'5: g P
goes a further transformation. The most prominent cross- '
section maximum(marked B in Fig. 3 corresponds to a 315

configuration where one electron is emitted roughly in the b w8 A0 15 0 =2 S0 0ie
direction of the momentum transfey and the second one
leaves in the opposite directiong (back-to-back emissign ] _ _ _
This is the well-known configuration of collinear Wannier _FIG. 3. Fivefold differential cross sections féi, =2 keV and
escape. In thex,2e) reaction on ground-state He this escapeldl=2 @u. in coplanar scattering geometsge Fig. 2 In all dia-

is dominant in the vicinity of the ion coréhe so-called grams dashed lines mark angular combinations for which the rela-

Coulomb zong However, outside the Coulomb zone the tive electrgn emission anglf |ls9°b— 6| =180° and dott_ed_ lines
. . . . ark relative angle$6,— 6./=90°. The angular range inside the
Wannier escape is suppressed due to the dipole selection rult

- . sglid circular lines is not affected by the detector dead tifag.
[11,25. As |q| becomes large, the dipole selection rule re'Experimental cross section f&,=E. =5 eV. The direction of the

laxes and Wannier escape becomes possible to g, enwm transfeyis marked by arrows and the solid circle in the
asymptotic region of large distances where it can be 0bgjagram: its diameter indicates the experimental angular resolution.

served experimentally. o ~ (b) E,=5eV andE, =25 eV. (¢) E,=E,=20 eV.

The second pair of peak®\), which is of lower magni-
tude, is observed at about the same electron angles asdghe change of the relative magnitudes of the maxima. For asym-
dipolelike peak in the lowg (e,3e) reaction(i.e., for both  metric energy sharing witlE,=5 eV andE.=25 eV [Fig.
electrons at angles of about 60° with the momentum transfed(b)] the reflection symmetry with respect to the lirg
directiong and having a relative angle pf,— 6.|=120°). If =6, is broken. The peaB is most dominant, corresponding
the energies of the ejected electrons are increased the struo-the fast electron going tq and the slow electron being
ture of the cross section is maintained but there is a profoundmitted in the opposite direction, while the reverse configu-

q$ b
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ration is relatively unimportanfpeakB’). The peaksA and
A’ are still similar in magnitude and close in position to the a) (122?3_)
+q dipolelike peaks. It should be mentioned that for this . 9 -0
asymmetric-energy-sharing case cuts through the cross- . 83 -
section pattern exist that are not affected by the electron = é? :?2
detector dead time. If the fast-electron angle is fixed to the . -
forward or backward direction, the FDCS is obtained for = 42 -50
scanning the slow electron over the full angular range from o
0° to 360°. Finally, if both electron energies are increased to 1873: f?
E,=E.=20 eV[Fig. 3(c)] back-to-back emissiofpeaksB) B\ // I 0- 83
becomes relatively unimportant compared to emission of 315315 L 4-:,) 0 135 180 238 270 315
both target electrons into the half plane of the momentum 8b
transfer(peaksA). o FDCS

In Fig. 4 theoretical cross sections are shown. The calcu- b) (10%a.u)
lations were performed within the same model as employed 0,271 72 D) - = gg.s- 225
in [12]. The interaction of the fast projectile with the target is 225 | m 67575
described within the first Born approximation while the in- - NS
teraction of the slow ejected electrons is treated nonpertur- B 45 - 505
batively using the convergent close-coupling method. This [ '-: %'5133_5

method is known to yield very reliable quantitative results q> = fl T 255

for a related double-photoionization process when the two 75- 15
electrons are ejected from the helium atom by photon impact 0-75
[24,26. The helium ground state is described by a 20- I .
parameter Hylleraas wave function. To test the sensitivity of 35 0 45 420 135 180 225 270 315
the model to the ground state we performed some selected . 0,
computations with a much simpler four-term multiconfigura- 6, Hip N\ FDCS
tion Hartree-Fock wave function. The difference betweenthe & “2r0] 2 (10°au)
two kind of calculation was only marginal. Therefore we I 275- 30
conclude that the CCC model is not sensitive to the ground | = 22_5:%5
state for the present kinematics. Bl 20 -225
The calculations are in good agreement with the experi- i = 125253_5
mental data concerning the observed cross-section patterns F 1 B 125- 15
and the evolution of the relative peak intensities in going q “3 . 13_5213'5
from low energies via asymmetric energy sharing to higher / 5 - 75
. . . . B 25- 5
energieE,, .. The absolute magnitude of the cross section is 0 - 25
not determined experimentally but the relative scale of the sl 430 pegnngsnpnnges
different cross sections shown in Fig. 3 is fixed. Theoreti- q 6,

cally, the equal-energy-sharing FDCS's are determined fully
ab initio and can therefore be compared directly with the F|G. 4. Theoretical FDCS's for the same conditions as in Fig. 3
experimental results. The unequal-energy-sharing case igiculated using the convergent close-coupling method to treat the
somewhat more tenuous. Due to unphysical oscillations imnteraction of the slow ejected electrons nonperturbatively. The ex-
the energy-sharing distribution between the two ionized elecperimentally accessible angular range is indicated and lies within
trons, an accurate determination of the magnitude of théhe solid circular linegsee also Fig. B () E,=E.=5eV. (b) E,
FDCS requires an additional rescaling proced@d. This =5eV andE,;=25eV.(c) E,=E,=20eV.
procedure has been implemented for double-photoionization
calculations[28] but not yet for €,3e). The theory repro- mentum transfer direction. Therefore the cross section is in-
duces the relative magnitudes fairly well for the equal-variant for reflection of both momentum vectors in the direc-
energy-sharing case, in particular concerning the heights dfon of g. In the diagrams of Fig. 4 this corresponds to an
the peaksA in Figs. 3a) and 3c). However, the relative inversion at the points where both electron emission angles
magnitude for the unequal-energy-sharing case in Flg.id  are equal or opposite to the anglegpbr at points where one
off by more than a factor of 2. This disagreement might beangle is equal while the other is opposite to the angle.of
due to the above-mentioned oscillations in the energyThe cross-section peaR of the theoretical result satisfies
sharing distribution between the two ionized electronsthis symmetry. Its maximum occurs for a configuration
which can be remedied by an empirical rescaling procedurevhere one electron leaves exactly paralletjtand the other
Another deviation that is significant within the presentis emitted perfectly opposite. In the experiméRig. 3(c)]
experimental statistics is a shift of the pedksvith respect the peakB is shifted along the dashed diagonal line to
to the experimental cross sections. The theoretical resultsmaller angles for both electrons. Such a deviation from the
which are of first order in the projectile-target interaction, axial symmetry with respect tgis a signature of second- or
must show complete axial symmetry with respect to the mohigher-order projectile-target interactions. This effect has
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Recoil lon with respect to the incoming beam. This is the collinear es-
Momentum (a.u.) cape configuration which gives rise to the well-known Wan-
- 45 nier threshold law. The recoiling ion carries the full momen-
- tum transfer, which is equal to the momentum of the
o - 34 incoming electron.
=§§ - gg Concerning the ionization mechanisms responsible for
6,135 o - 23 peaksA, we can rule out the TS2 process. This is so because
% 15 - 1.0 our measurement is in agreement with first-order CCC
q> 5 — ;; - 1‘:’ theory and demonstrates symmetry with respect tajthec-
gg = gi tor. Since it is not a single electron but the ejected electron

pair which carries the momentumtransferred in the colli-

sion, the ionization must occur via electron correlation.
Therefore we assign cross-section maxin@ the TS1 pro-

b cess, which is also consistent with the observed relative
emission angle close to 90° and the small recoil-ion momen-
tum. The very same TS1 process gives rise to a pair of di-
polelike +q peaks in the lowg (e,3e) reaction, which
evolve into the peaké under the present kinematical condi-

been observed before for low-momentum-transfer collisiond®" of a large momentum tr.ansfer. We note that there is no
[20] and at energies as high as 5.5 K@@]. Investigations of counterpart to the Wannier-like peaksin either the ,2e)
the total double-to-single ionization cross-section ratio alsg€action or the lovg (e,3e) reaction since the Wannier es-
indicate that double collisions contribute for the present pri-C@Pe is strongly suppressed by the dipole symmetry.
mary energy of 2 ke\{29]. As to another possible mechanism of double ionization,
In order to understand the evolution of the relativethe shake-off process, we rule out it playing an important
strengths of the maxima andB in Figs. 3a)—3(c) (experi-  role under the present kinematical conditions. In principle, it
menb and 4a)—4(c) (calculation it is instructive to consider can give rise to an emission configuration similar to the peak
the magnitude of the recoil momentum of the ion in the finalB with one electron that is ionized in a direct knockout going
state|kye2+|. The cross section for a clean binary knock-outroughly alongqg. The angular distribution of the second or
collision should peak under the so-called Bethe kinematic§shake-off” electron is not necessarily isotropic but due to
where the recoil-ion momentum is small or vanishing. In Fig.the final-state repulsion it is preferentially emitted in the op-
5 |kye2+| is given for E,=E.=20eV as a function of the posite direction. The typical shake-off emission characteris-
electron emission angle, and 6.. In the whole range of tics are displayed in the unequal-energy-sharing case illus-
angular combinationssy,, 6. there are two positions for trated in Fig. 8b). Here peakB corresponds to the fast
which the recoil-ion momentum vanishes. These are configuglectron .= 25 eV) moving alongy and the slow electron
rations where both electrons are emitted symmetrically witr‘(Eb:5 eV) moving in the opposite direction. On the other

respect tag, each enclosing about a 40° angle with the mo-panq, for the shake-off to take place, a sudden change of the
mentum transfer direction and 80° with each other. The crosg;,mic potential is required. So the wave function of the

section in experimenFig. 3(c)] and theoryFig. 4(c)] peaks

315 0 45 90 135 180 225 270 315
* oo
q

FIG. 5. Amount of recoil-ion momenturik; | =|q—kp,—k¢| as
a function of the ejected-electron emission angks and 6,
(lg|=2a.u.) forE,=E.=20eV.

f hiv th | binati Thi ity t residual electron cannot adapt adiabatically to the ionic po-
or roughly these anguiar combinations. 1NiS Proximity 10qia Therefore the velocity of the electron that is knocked

the Bethe kinematics enhances the strength of the pkaks : : - . .
If the energy of the ejected electrons is lowered from 20out in a binary collision should be considerably higher than

down to 5 eV the peaks become relatively unimportant the classic_al orbi';al_velocity of the remaining bound ta_rget
features compared to the peaksit must be pointed out that electron. Since this is not the case for the present experiment
in this case the kinematics is not favorable for clean binary’® conclude that the cross sections presented here are con-
knock-out collisions since for all electron ejection angles theSiStent with the TS1 process except for minor contributions
residual ion carries away a considerable momentum. The e@f higher order for pealg. _
ergies of the ejected electrons correspond to rather small mo- Finally, we study the cross sections for a case of nonco-
menta of|ky, | =0.6 a.u. and thus the Bethe conditif,| planar scattering geometry. As illustrated in Fig. 6, we have
=0, or with Eq.(1) k,+k.=q, cannot be satisfied even if chosen one electron to be emitted 45° above the scattering
both electrons leave in the momentum transfer direction. Sglane ($,=45°) and the second going 45° below the scat-
neither of the peaka or B is favored by the Bethe kinemat- tering plane ¢.=135°) with energie&, =20 eV. This ge-
ics. ometry was used by Forelt al. [16] for the (g,3e) reaction

At the same time, the growing strength of the p&é&an  on the magnesium atom. The authors’ intention was to obtain
be understood from the dominance of electron repulsion neahe two-electron momentum density in analogy to the one-
the ionization thresholdi30]. In a related ¢,2e) process at electron momentum density measured with electron momen-
small excess energies over the threshold an enhanced badkm spectroscopfEMS) using a binary €,2e) reaction.
to-back emission is observed with one electron going esser@nly recently has the experimental observation of an atomic
tially to the forward and the other to the backward directiontwo-electron momentum distribution been reporfa#].
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we see two binary peaks in the cross sections. The recoil-ion

b momentum is minimal if the azimuthal angles of both elec-
<§\eb trons are equal to the momentum transfer directigrr 6,

= 6,. While in the experiment this angular combination is

not accessible because of the detector dead time, the theory
shows a rather large cross section at this p@imrked by a
dot). This reflects the reduced electron repulsion in the
present out-of-plane geometry compared to the coplanar ge-
ometry since both electrons still enclose the relative angle
¢:.— $p,=90°. The cross section peaks for anghgs 6. that
are about 40° offg, and therefore allow for lower electron
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 going
from the (y,2e) reaction to the lowg (e,3e) reaction and
finally arriving at the present high-(e,3e) reaction. Al-

As in the case of the coplanar kinematics, the out-of-planéhough the experimental data are not available for such an

: : ! o analysis, the numerical simulation can easily be performed.
experimentalFig. 7(a)] and theoretical cross sectiofisig. . i
o . In the out-of-plane {§,2e) reaction the cross-section pattern
7(b)] agree very well. For this kinematics the electron mo-

o . .~ consists of two pairs of equivalent maxima squeezed by rigid
mentum sunk,+ k. always lies in the scattering plane. It is ; . )
. ; SR nodal lines due to the dipole symmetry. As the interelectron
directed parallel tay if the momentum transfer axis is in the

- P . repulsion is significantly weakened for the out-of-plane ge-

plane spanned bly, andk, or (6~ ) + (6~ fq) = 0. This ometry, the corresponding nodal liig= 6, is reduced to a
condition is satisfied along the dashed lines in Fig. 7 where X . ; .
Shallow valley, and the two neighboring peaks in the pair

merge together. The same pattern remains for the dow-

FIG. 6. A particular case of noncoplanar scattering geometry,
The polar angles are chosen to $g=45° and¢.=135°.

a) (r;P&is) (e,3e) reaction with two stronger. magima in which the elec-
o 16518 trons escape closer to theéq direction and two weaker
Bl 15 -165 maxima for the opposite- q escape direction. At largg| the
= 13-5:12'5 Bethe condition can be satisfied in the proximity of the
B 105-12 peaks and they become the only prominent feature of the
= 35:190-5 cross-section pattern as is seen in Fig. 7.
B 6 -75 The second cross-section maxim@of the Wannier-like
B 3-5: g . escape, which is present in the coplanar geometry and which
15-3 shows signatures of higher-order contributions, is not present
0 -15 in this geometry. This confirms that the noncoplanar geom-
etry was rightly chosen by Foret al. to highlight first-order
315315 RRT AR Ak B g argn § binary knock-out processes where the residual ion carries
A very little momentum. As to the present experimental ar-
q eb FDCS rangement, we are not able to perform EMS studies where
b) a5 T “gf;";g the observed cross section reflects the two-electron momen-
o O& | = %5 _ 075 t_um distrib_ution in_the initial tgrget state. This is because the
P = 53-5: 525 final-state interaction of the ejected electrons cannot be made
2251 - [ mm 175- 20 negligible for low emission energies &, .=20 eV.
180" - st
C 135 ﬂ I F 1(7)'5: ]3‘5 IV. SUMMARY
- 0 | 5 -75 We have presented experimental and theoretical fully dif-
0 e ferential cross sections for double ionization of helium by
451 - ' 2-keV electron impact. The measurements were performed
0. ﬂ A employing our reaction microscope which allows us to detect
RS simultaneously a large part of the final-state momentum
o 0 45 90 135 180 225 270 315 space. These cross sections, obtained in the conventional
eb angle-scanning mode, could therefore be presented as three-

dimensional plots for a large range of the electron emission
FIG. 7. Fivefold differential cross section for the out-of-plane anglesé, and 6. This allows us to identify easily the sym-
geometry given in Fig. 6 Experiment. The momentum transfer Metries and characteristics of the cross sections and to com-
is |q|=2.0+0.4 a.u. and the electron energies Bgg=E,=20eV. pare them with the results of calculations. Furthermore, the
(b) CCC theory. The dashed lines mark angular combinations fofarge momentum-space acceptance enabled a systematic in-
which the electron momentum sum is parallel to the momentunvestigation of the double-ionization dynamics for different
transfer direction K, +k.)llg. kinematical conditions, i.e., different energies for the ejected
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electrons and the coplanar and out-of-plane scattering geom- A second pair of peaks in the cross sectiomarkedB)
etry. The restrictions on the accessible angular range imeorresponds to the Wannier configuration with the two elec-
posed by the electron detector dead time are mainly in atrons emitted back to back, which is the most favored con-
angular range where the cross section is small due to electrdiguration for two outgoing electrons with small excess en-
repulsion in the final state. ergy. There is no counterpart of the pedkdn either the

For the present case of a large momentum transfer they.2e) or the lowq (e,3e) reaction on ground-state He,
cross-section pattern is formed by two pairs of well-definedSince the Wannier escape is strongly suppressed by the dipole
maxima characterized by the ejected-electron emissioYMmetry. In the present high-(e,3e) reaction, higher-
anglesd, .. One pair of maximdmarked in the figures a&) multipole transitions c_ontrlbute to this escape configuration.
dominates the cross-section pattern for higher energies of the WZ attt)r;bqte .the.ongln Orf] bo_th thehper_:lmsanth todtr;e h
ejected electrons in the kinematics that satisfies the BethtS1 double-ionization mechanism. This is confirmed by the
ridge condition| ki, =0. It is tempting to call these maxima generally good agreement between the present experimental
binary as they are strongly enhanced under the binary knoclf—es_ur[S and calculathns'performe'd W'th'r? the C.CC model
out Bethe ridge condition, especially in the out-of-plane I(i_whlch treats the prOjectlle_-target mteractlo_n to first order.
nematics. However, very similar peaks, albeit not so promi_However, the observed th'ft .Of the peaH_ksmth respect to
nent, are seen in the logor/and lowE (e,3e) reactions and the momentum transfer directignot seen in the calculation
the ('y 2e) reaction far away from the B;athe ridge. This ob- indicates that higher-order projectile-target interactions also

servation can be explained by the dipole symmetry ruleénak.e some contribution.
which still play some role in forming the pealseven at Finally, we have presented data for a noncoplanar geom-

large momentum transfer. e;[ry t\/vhezleSL’ort;e Iele<3{tr:0n is tetml_tted 715 atI)O\t/ke]' and the ?ect(;]nd
In the “binary” peaksA the most probable relative elec- electron elow the scattering plane. In this geometry the

tron angle is close to 90° and within the present statistics th oubIe—lqmzatlon processes occurs .W'th the 1on left W'th a
cross section is symmetric with respect to the momentu ow recoil momentum. It is therefore ideally suited to restrict

transfer direction. These observations are signatures that tﬁ%e double-ionization mechanism to a direct knockout of

TS1 mechanism is responsible for the double-ionization propo'[h target electrons without participation of the nucleus.

cess. We drew a s_lmllar conclusion in a previous experiment ACKNOWLEDGMENTS

at 3-keV electron impadtl9] for cross sections differential

with respect to the relative emission angle of the ejected This work was supported by the Deutsche Forschungsge-
electrons only: The most probable relative emission anglemeinschaft within the SFB 276, TP B7, and the Leibniz pro-
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