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Abstract:

The dynamics of helium double ionization by 2 keV eledron impad has been investigated
experimentally and theoreticdly at large momentum transfer of |g| = 2 a.u. Fully resolved
fivefold dfferential cross ®dions (FDCS) are presented for symmetric and asymmetric
energy sharing between the two geded eledrons at excessenergies from 10 eV to 40 eV, and
for the coplanar as well as the out-of-plane scattering geometries. Experimentally, a multi-
eledron — reaoil-ion coincidence technique has been applied and a large part of the final-state
momentum-space has been mapped. The presently employed theoreticd model treds the
interadion between the two dow geded eledrons nonperturbatively using the convergent
close mupling (CCQO method, whereas the projectile-target interadion is described in the first
Born approximation. The experimental and theoreticd FDCS agree well in shape. The aoss
sedion is dominated by two pairs of strong pedks. From this pattern it can be mncluded that
the two-step 1 medianism which is due to intereledron interadion after a single ionizing

collision is the dominant ionisation processfor the present kinematics.



1. Introduction

The investigation of eledron impad ionizaion has contributed considerably to our
understanding of the crrelated fragmentation dynamics of atomic systems. Until recantly,
most of the reseach performed in this field dedt with single ionizaion. This work was
initiated by Erhardt and collaborators [1, 2] who first redized kinematicaly complete (e,2€)
experiments in which the momenta of al continuum particles were under full control. These
experiments gave rise to a rapid development of the field. As a consequence, a profound
understanding of the dedron impad single ionizaion of atoms has been gained [3]. The most
basic oollision processs like dedron impad ionizaion of hydrogen can now be cdculated
numericaly exadly [4].

The next step towards more “complex” few-body-systems with more than two eledrons
in the final continuum state is an investigation of eledron impad double ionisation of atoms.
In comparison to single ionizaion, several new and chalenging aspeds arise. Firstly, the
initial state of the smplest possble target, helium, arealy represents a highly correlated
system. In principle, its binding energy can be cdculated numericdly to an arbitrary acarracy.
However, the ground state crrelations can only be incorporated into the caculations of
double ionization to a limited degree of complexity. Furthermore, details of the dynamics are
expeded to sendtively depend on spedfic fedures of the wrrelated ground state wave
function and there is no guarantee that even complicaed wave functions, optimized to
minimize the binding energy, would produce a orred two-eledron ionization amplitude.
Seoondly, depending on the projedile velocity, the ionizaion process can go beyond the first
order in the projedile-target interadion and higher order interadions may contribute
significantly. If the target-eledron correlation is negleded, double ionization is only possble
through higher order collisions. Second order matrix elements as well as their interference
with the first order contributions have not yet been consistently included in theoreticd

models. One usually tries to identify the most important reac¢ion medianisms and to include
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the corresponding matrix elements. Thirdly, a mgor chalenge to theory is to describe the
final state with four interading perticles in the @ntinuum. There ae gproximate rrelated
threeparticle continuum wave functions which have been worked out for (e,2e) and (y,2e) [5,
6] (for areview see[7]) part of which have been extended to the four-particle @mntinuum [8-
10].

The eaiest way to tadle these problems is to consider double ionisation by fast eledron
impad at an incident energy of several keV and smal momentum transfer. Under these
conditions the projedile-target interadion can be treaed in a good approximation to the first
order. It is this regime where most existing cdculations have been performed upto now [11,
12]. Only few works have been reported where higher order interadions were included by
applying the second Born approximation [13] or by employing explicit four-body wave
functions[8, 9].

Experimentally, serious obstades are dso to be overcome. The most stringent test for
theory is provided by kinematicdly complete experiments in which energies and angles of all
participating perticles are determined and therefore fully differential cross dions are
obtained. In case of particle impad induced double ionizaion, the final state four-particle
momentum space spans twelve dimensions from which eight are independent. Therefore, at

least three particles have to be deteded in coincidence. Furthermore, the total cross gdion for

double ionization is very small, only of the order of 102 or lessof the @rresponding single
ionization cross ®dion. The first (e,3e) experiment has been performed 12 yeas ago by
Lahmam-Bennani and co-workers [14] on argon using conventional eledron spedroscopy
techniques. The following development of devices, which where @le to deted a cetan
anguar range smultaneously alowed to obtain absolute aoss ®dions with sufficient
statistics for a more quantitative comparison with theory [15, 16]. Nevertheless for the
fundamental helium target the experiments employing conventional eledron spedroscopy
tedhniques are redtricted to particular cases with relatively large aoss dions siuch as the
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dipole limit of a small momentum transfer [10, 12, 17]. For larger momentum transfer of
several atomic units conventional experiments are feasible only for heavier quasi-two-eledron
targets like magnesum [18].

In order to overcome these limitations we gply in the present work a multi-eledron —
rewil-ion coincidence technique which hes arealy been demonstrated to enable the (e,3e)
experiments on helium [19]. A 2 keV eledron impad is considered and the fully differential
cross edions are obtained over the full final state momentum space The kinematics of the
readion covers a range of momentum transfer from the opticd limit to high values up to 5
au., and alarge range of relative amisson angles and energy partitions of two sowly geded

eledrons (Eb < 30 eV). The results for smal momentum transfer have been discussd
,C

previously [26]. In this work the dynamics of double ionizaion is guded for impulsive
collisions with relatively large momentum transfer of || = 2 a.u..

The rest of the paper is organized as follows. In sedion 2 the experimental apparatus is
described. In sedion 3 the experimental results are presented and compared with the
convergent close aupling (CCQ cdculations for different energies of the geded eledrons

and for the in-plane and out-of-plane geometries. Finally we give asummary in sedion 4.

2. Experiment
The experiments were performed with a new version of our multi-eledron reail-ion
momentum spedrometer (“readion-microscope”) which has been designed to fit the

particular requirements of eledron scdtering experiments. The momentum vedors of two
dowly ejeded eedrons kp and k¢ and the momentum vedor of the remiling ion kHet™

emitted in an (e3e)-readion are measured in coincidence Therefore nine momentum
components, one more than recessry to completely fix the kinematics, are obtained.

Applying momentum conservation the momentum kg of the fast scatered eledron or

respedively the momentum q transferred by the scattered projedile is determined



q=ko-ka= kp+kc+Kion- )
Here kg is the momentum of the incoming projedile. The redundant information obtained

experimentally can be used to discriminate against acddental coincidences by examining for

ead double ionizaion event whether energy conservation is fulfill ed:

Eo= Ea+ Ep+ Ec+ Ebind.
Here Eping is the double ionizaion potential.

Since adetailed description of the working principle of the readion microscope has been
reported ealier [20], we give here only a brief outline stressng the particularities of the
present set-up. A scheme of the gparatus is presented in figure 1. A conventional eledron
gun was used to produce apulsed primary bean with a repetition rate of 500 KHz and a pulse
length of At = 1 ns. The helium target was prepared in a pre-cooled triple-stage supersonic

jet. The helium gas expanded through a 30 pm aperture which was cooled to the liquid

nitrogen temperature to form a well locdized (2.0 mm diameter) and dense (1011 atoms/cmd)
target at the intersedion point with the dedron beam. lons and low energy eledrons produced
in (g,3e) collisions were extraded to opposite diredions by an uniform 2.7 V/cm eledric field
applied aong the gparatus axis and were deteded by two-dimensional postion senstive
multichannel plates. The extradion field was produced by a voltage gradient aong two
ceramic plates with resistive mating above axd below the scatering region. A solenoidal
magnetic field produced by a pair of Helmholtz ooils is forcing the dow eledrons with
nonzero transverse momenta to spiral trgedories. In this way eledrons with energies below
30 eV and esentidly all ions are deteded with the full solid angle of 41t From the times-of-
flight (TOF) and the measured positions on the detedors the trajedories of the particles can
be rewmnstructed and their initial longitudina and transverse momentum components are
obtained. For eledrons the cdculation of the initial transverse momentum is not unambiguous

if their TOF is an integer number of cyclotron revolutions (for details seref. [20]). In the



present experiment the aoss ®dion for the rresponding longitudinal momenta was
obtained by a second experimental run applying a dightly different eledric extradion field
and therefore dhanging the TOF of the dedrons. The 80 mm adive diameter eledron detedor
Is equipped with a fast delay-line read out and a multi-hit time-to-digital converter. Thus,
positions as well as arriva times of both eledrons emitted in a double ionizaion event are
determined if their flight-time difference exceeals the detedors dead-time of about 15 ns. This
results in a small loss of momentum space in the fina state for eledrons having smilar
momentain the longitudinal diredion towards the dedron detedor.

The dedron and ion momentum resolution of the spedrometer depends mainly on the
size of the interadion volume and the magnitude of the dedric and magnetic extradion fields
applied. The ion momentum resolution additionally relies on the temperature of the target gas.
The dfed of the longitudinal extension of the interadion volume on the TOF is eliminated by
a time focusing arrangement in which the lengths of the accéeration region and a drift region
are matched. Therefore it is favourable to aign the projedile beam aong the longitudinal
diredion. In this way it is possble to combine arelatively large length of the interadion
volume (2 mm) and thus high signal intensity with still good resolution for the longitudinal
momentum components. The transverse extension of the interadion volume is minimized by
focusing the projedile beam into the target using the solenoidal magnetic field of 12 G.
Eledron gun as well as ion detedor, helium target and eledron detedor are equaly spaced
with a distance of 33 cm from ead other. Except of the ion detedor, they are digned on axis
of the gparatus which coincides with the ais of the magnetic field. The primary eledrons
(Ep = 2 keV) TOF from the gun to the target interadion point is equal the dedrons cyclotron
revolution time in the magnetic field (tc = 26 ns). Therefore the magnetic lens effed images
an eledron bean focus at the eit of the dedron gun into the helium jet where the bean
diameter is below 0.5 mm. A superimposed initial transverse momentum component results in
an offset of 7 cm of the dedron bean from the gparatus axis at the position of the ion
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detedor (flight time tc/2) and at the position of the dedron detedor (flight time 3tc/2). In this
way the projedile beam passes both detedors and is dumped in a Faraday cup next to the

eledron detedor. The momentum resolution with the present extradion fields is about Ak =
0.05 au. for eledrons and Ak, = 0.3 au. for the doubly charged helium ions. The resulting

angular resolution for eledronsis about £5° for 5 eV eledrons.

3. Results

Experimentally, the square of the four-particle momentum wave function in the final state
continuum is obtained from which differential cross gdions can be extraded, in principle, for
arbitrary coordinates which seem to be gpropriate to study the process Here we present cross

sedions differentia with resped to the energies Ep ¢ and solid angles Qp, ¢ of the two slowly
gjeded eledrons and in the solid angle Qg of the fast emitted eledron:
d°c

FDCS = )
dQ,dQ,dQ dE,dE.

Under the present conditions of a fast projedile (Eg = 2 keV) and two dow final state
eledrons (Ep,c < 30 eV) exchange processes can ke negleded. Therefore the fast outgoing

eledron can be identified with the scatered projedile, and by fixing the scatering angle the
amount of momentum |q| transferred to the target is determined. In the following the aoss
sedions are presented in the angle scanning mode: for a given momentum transfer and for
fixed energies of the geded eledrons the aosssedion is plotted as a function of the geded
eledrons emisson angles. Thus a dired comparison with data obtained by conventional
eledrostatic dedron spedrometers is possble. In this work we investigate @llisions with

fairly large momentum transfer of |g| = 2 £ 0.4 au., far off the opticd limit. The question



arises of how the double ionization dynamics can be daraderized under this condition. From
(e,2e) studies at high momentum transfer it is known that single ionization can be very well
described as a binary knock-out collision of the projedile with a target eledron. The aoss
sedion pe&ks for the so-cdled Bethe kinematics where the residual ion does not take part in
the ollison and caries away only a small momentum. The ionized eledron is emitted into
the diredion of the momentum transfer. In case of double ionization, different readion
medanisms and corresponding matrix elements are usually considered: the shake-off, the
two-step 1 (TS1) and the two-step 2 (TS2) processes [24, 29]. In the shake-off processonly
one target eledron takes momentum in a dired ionizing collision with the projedile and is
emitted into the diredion of . The seand eledron is “shaken” into the continuum, i.e. it is
emitted dwe to the subsequent relaxation of the singly charged ionic core. From first
principles, it should not be emitted into a particular diredion and furthermore is expeded at a
low energy since its momentum originates from the Compton profile of the initial atomic
ground state. The reaoiling ion balances the momentum of the shake-off eledron.

In the TS1 processthe incident eledron strikes a target eledron which in turn ionizes the
seoond eledron in a binary collision on its way out of the @om. The residual ion should have
a small reail momentum. In the limit of high energy of the two gjeded eledrons their relative
angle should be 90°.

Both these processs are of the first order in the projedile-target interadion and show
axial symmetry with resped to g. In contrast, the TS2 is a second order processin which the
projedile interads and ionizes ead target eledron sequentialy. A signature of a seand or
higher order processes is a break up of the symmetry of the aoss £dion with resped to g.
One has to bea in mind the following complicaions. The “medianisms’ discussd above ae
quantum mechanicd matrix elements which interfere if severa amplitudes contribute with
similar magnitudes to the same point in the final state momentum space Furthermore, the

strict diredions which are expeded for geded eledrons with high energies are modified for



lower energies as in the present experiment since the dedron-eledron repulsion in the
continuum increases their relative angle and the momentum distribution in the initial target
ground state smeas out the aoss gdion maxima.

We first investigate the aoss ®dion for coplanar scatering geometry which is ill ustrated
in figure 2. Here both target eledrons are geded in the scatering plane defined by the
incoming and scatered projedile. In figure 3a the data for symmetric energy sharing Ep = E¢
= 5 eV are presented in a density plot which alows to show the adoss €dion for the full
angular range of Bp and B¢ and to visuadize the overall structure of the aoss fdion with
nodal lines and inherent symmetries. The axgular range which is not affeded by the dedron
detedors dead-time is inside the drcular solid lines. The doss ®dion pattern consists of four
maxima from which the two in the lower right part are equivalent to those in the upper left

part. Since for equal energy sharing Ep = Ec both eledrons are interchangeale the aoss
sedion is ymmetric with resped to the diagonal line 6 = 6..

A smilar four-maxima @osssedion is observed in the (y,2e) readion and the low
momentum transfer (g < 1 a.u.) (e,3e) reacion [27]. In both these cases the four pegks emerge
as “idands’ between the nodal lines formed due to the dipole symmetry and the inter-eledron
repulsion. For the equal energy sharing (y,2e) readion all four peéks are identicd in shape and
magnitude. They correspond to both eledrons going a about +60° with resped to the

polarization vedor diredion e and having a relative angle of |8p-6¢| [0 12C. In the cae of

the low-q (e,3e) reacion, due to nonequivalence of the £q diredions, the four pegs $lit into
two pairs. Those two pe&ks in which both eledrons go at about +60° with resped to the +q
diredion become more prononunced.

As the momentum transfer becomes large (q = 2 a.u. in the present case) the four-pek
crosssedion pattern undergoes a further transformation. The most prominent cross £dion

maximum [marked (B) in Fig. 3] correspond to a configuration where one dedron is emitted



roughly in the diredion of the momentum transfer q and the second one is going into the
opposite diredion -q (badk-to-badk emisgon). This is a well-known configuration of the
collinea Wannier escape. In the (y,2€) readion on the ground state He this escgpe is dominant
in the vicinity of the ion core (the c-cdled Coulomb zone). However, outside the Coulomb
zone the Wannier escgpe is suppressed due to the dipole seledion rule [11,23]. As g becomes
large, the dipole sedledion rule relaxes and the Wannier escgpe beammes possble to
asymptotic region of large distances where it can be observed experimentally.

The second pair of peaks (A) which is of lower magnitude is observed at about the same
eledron angles as the +q dipole-like pe&k in the low-q (e,3e) readion (i.e. for both eledrons
enclosing about 60° with the momentum transfer diredion q and having a relative angle of

|6p-6c| U 120°). If the energies of the geded eledrons are increased the structure of the aoss

sedion is maintained but there is a profound change of the relative magnitudes of the maxima.

For asymmetric energy sharing with Ep =5 eV and Ec = 25eV (figure 3 b) the refledion
symmetry with resped to the line 6y = 6¢ is broken. The pe&k B is most dominant

corresponding to the fast eledron going to q and the dow eledron being emitted opposite
while the reversed configuration is relatively unimportant (pe&k B'). The pe&ks A and A" are
gtill smilar in magnitude and close in the position to the +q dipole-like pe&ks. It should be
mentioned that for this asymmetric energy sharing case aits through the aoss gdion pattern
exist which are not affeded by the dedron detedor dead-time. If the fast eledron angle is
fixed to the forward or the backward dredion the FDCS is obtained for scanning the slow
eledron over the full angular range from 0° to 36C°. Findly, if both eledrons energies are

increased to Ep = Ec = 20 eV (figure 3c) badk to badk emisgon [pe&ks (B)] becomes

relatively unimportant compared to emisson of both target eledrons into the half-plane of the
momentum transfer [pe&ks (A)].
In figure 4 theoreticd cross ®dions are shown. The cdculations where performed within

the same model as employed in [12]. The interadion of the fast projedile with the target is
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described within the first Born approximation while the interadion of the sow eeded
eledrons is treded nonperturbatively using the cnvergent close wupling (CCC method.
This method is known to yield very reliable quantitative results for a related photo double
ionization processwhen the two eledrons are geded from the helium atom by photon impad
[27, 28]. The cdculations are in excdlent agreement with the experimental data concerning
the observed cross &dion patterns and aso the evolution of the relative pegk intensities in
going from low energies via aymmetric energy sharing to higher energies Eb,c. The only
deviation which is sgnificant within the present experimental statistics is a shift of the pe&ks
(B) with resped to the experimental cross ®dions. The theoretica results which are of first
order in the projedile-target interadtion must show complete aia symmetry with resped to
the momentum transfer diredion. Therefore the aoss gdion isinvariant for refledion of both
momentum vedors at the diredion of g. In the diagrams of figure 4 this corresponds to an
inversion at the points where both eledron’s emisson angles are equal or opposite to the
angle of q or at points where one angle is parallel while the other is opposite to the angle of g.
The aoss ®dion pesk (B) of the theoreticd result satisfies this ymmetry. I1ts maximum
occurs for a @nfiguration where one dedron is going exadly paralel g and the other is
emitted perfedly opposite. In the experiment (figure 3c) the pe&k (B) is difted adong the
dashed dagond line to smaller angles for both eledrons. Such a deviation from the aial
symmetry with resped to g is a signature of second or higher order projedile-target
interadions. This effed has been observed before for low momentum transfer collisions [26]
and at energies as high as 5.5 keV [29]. Investigations of the total double-to-single ionizaion
cross ®dion ratio aso indicae that double ollisions contribute for the present primary
energy of 2 keV [30].

In order to understand the evolution of the relative strength of the maxima (A) and (B) in
figures 3a-c (experiment) and 4a-c (cdculation) it is instructive to consider the magnitude of

the reil momentum of the ion in the final state |ky*|. The aoss edion for a dean hinary
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knock-out collision should pes under the so-cdled Bethe kinematics where the reaoil-ion
momentum is snall or vanishing. In figure 5 kué2'| is given for E, = Ec = 20 eV as a function

of the dedron emisson angles B and 6¢. In the whole range of angular combinations 6y ,8¢

there ae two positions for which the reail ion momentum vanishes. These ae nfigurations
where both eledrons are emitted symmetricdly with resped to g, ead enclosing about 40°
angle with the momentum transfer diredion and 80 with each other. The aoss ®dion in
experiment (figure 2¢) and theory (figure 3c) pe&ks for roughly these angular combinations.
This proximity to the Bethe kinematics enhances the strength of the pegks (A).

If the energy of the geded eledrons is lowered from 20 eV down to 5 eV the pe&ks (A)
are beaoming relatively unimportant feaures compared to the pegs (B). It must be pointed
out that in this case the kinematics is not in favour for clean hinary knock out collisions snce
for al eledron gedion angles the residual ion carries away a mnsiderable momentum. The

energies of the geded eledrons correspond to rather small momenta of |kp,c| = 0.6 a.u. and
thus the Bethe andition [Kjon| [ O or with equation (1): kp + k¢ 1 g, cannot be fulfilled even

if both eledrons are going to the momentum transfer diredion. So neither of the pe&ks (A) or
(B) are favoured by the Bethe kinematics.

At the same time, a growing strength of the pe&k (B) can be ducidated from the
dominance of the dedron repulson rea the ionizaion threshold [31]. In a related (e ,2e)
process a small excess energies over the threshold an enhanced badk-to-badk emisson is
observed with one dedron going esentialy to the forward and the other to the backward
diredion with resped to the incoming bean. This is the mllinea escgpe @nfiguration which
gives rise to the well known Wannier threshold law. The rewmiling ion caries the full
momentum transfer which is equal to the momentum of the incoming eledron.

From a good agreament with the first order CCC theory and from the observed symmetry
with resped to g we rule out that a seaond order collision like the TS2 processcan giveriseto

the pe&ks (A). Because it is not asingle dedron but the geded eledron pair which caries the
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momentum g transferred in the ollision, the ionizaion must occur via dedron correlation.
Therefore we asgn cross ®dion maxima (A) to the TS1 process which is also consistent
with the observed relative amisgon angle dose to 90° and the small reil ion momentum.
The very same TS1 processgives rise to a pair of the dipole-like +q pe&s in the low-q (e,3€)
readion which evolve into the peaks (A) under the present kinematicd condition of a large
momentum transfer. We note that there is no counterpart to the Wannier-like pe&s (B)
neither in the the (y,2e) readion ror the low-q (e,3e) readion since the Wannier escgpe is
strongly suppressd by the dipole symmetry.

As to another possble medhanism of the double ionisation, the shake-off process we rule
out that it plays an important role under the present kinematicd conditions. In principle, it
can give rise to an emisson configuration smilar to the pea (B) with one dedron which is
ionized in a dired knock-out going roughly along g. Due to the final state repulsion the
angular distribution of the shake-off eledron is not necessarily isotropic but it is most
preferentially emitted in the opposite diredion. For the shake-off to take place asudden
change of the @omic potential is required and therefore it should not be important for low
energies but be more prominent at higher energies of the emitted eledrons. This is just the
opposite behaviour as observed in the present results for peaks (B). Therefore the aoss
sedions presented here ae mnsistent with the TS1 process except minor contributions of
higher order contributions for pe&k (B).

Finaly, in figure 7 we present cross sedions for a cae of a non-coplanar scatering
geometry. Asillustrated in figure 6, we have dhosen one dedron to be amitted 45 above the
scatering plane (@p = 45°) and the seaond going 45 below the scatering pane (@c = 135°)
with energies Ep ¢ = 20 eV. This geometry was used by the Maryland group [16] for the
(e,3e) readion on the magnesium atom. The author’s intention was to dbtain the two-eledron

momentum density in analogy to the one-eledron momenty density measured by the dedron

momentum spedroscopy (EMS) using a binary (e,2e) readion. Only recettly has the first
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experimental observation of an atomic two-eledron momentum distribution been reported
[18].

As in the cae of the coplanar kinematics, the out-of-plane experimenta (figure 7 @) and
theoretica cross ®dions (figure 7 b) agree very well. For this kinematics the dedrons aim
momentum Kkptke aways lies in the scatering pane. It is direded pardlel to q if the
momentum transfer axis is in the plane spanned by kp and k¢ or (8p - 8q ) + (B¢ - 6q) = 0.
This condition is stisfied along the dashed line in figure 7 where we seethe two binary pegs
in the doss ®dions. The remil ion momentum is minimal if the azmuthal angles of both
eledrons are egual to the momentum transfer diredion 6p = 8¢ = 8. While in experiment this
angular combination is not accessble by the detedor deal-time, the theory shows a rather
large aoss ®dion at this point (marked by a dot). This refleds the reduced eledron repulsion
in the present out-of-plane geometry compared to the mplanar geometry since both eledrons
il enclose @c-@p = 90° relative angle. The aoss ®dion pe&s for angles Op, B¢ which are
about 40° off Bq and therefore dlow for lower eledron repulsion between the geded
eledrons.

It is instructive to follow the evolution of the dosssedion pattern in the present out-of-
plane geometry going from the (y,2e)-readion to the low-q (e,3€) reacion and finally arriving
to the present high-q (e,3e) readion. Although the experimental data ae not available for such
an anaysis, the numericd smulation can be ealy performed. In the out-of-plane (y,2€)-
readion the aosssedion pattern consists of two pairs of equivalent maxima squeeze by the
rigid nodal lines due to the dipole symmetry. As the inter-eledron repulsion is sgnificantly
weekened for the out-of-plane geometry, the crresponding nodal line 6 = B¢ is reduced to a
shallow valley, and the two neighbouring pe&ks in the pair merge together. The same pattern
remains for the low-q (e,3e) readion with the two stronger maxima in which the dedrons

escgpe doser to the +qg diredion and the two weger maxima for the opposite -q escape
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diredion. At large g the Bethe mndition can be satisfied in the proximity of the +q pe&s and
they become the only prominent feaure of the aosssedion pattern asis e infigure 7.

The second cross &dion maximum (B) of the Wannier-like escape which is present in the
coplanar geometry and which shows sgnatures of higher order contributions is not present in
this geometry. This confirms that the non-coplanar geometry was rightly chosen by the
Maryland group to highlight first order binary knockout processes where the residual ion

caries very little momentum.

4. Summary

We have presented experimental and theoreticd fully differential cross ®dions for the
double ionizaion by 2 keV eledron impad on helium. The measurements have been
performed employing our readion microscope which allows to deted smultaneously a large
part of the final state momentum space These aoss ®dions, obtained in the conventional
angle scanning mode, could therefore be presented as threedimensiona plots for a large

range of the dedron emisson angles Op and 6¢ . This alows us to identify easly the

symmetries and the daraderistics of the adoss ®dions and to compare them with the
cdculations. Furthermore, a large momentum space accptance eabled a systematic
investigation of the double ionization dynamics for different kinematicad conditions, i.e.
different energies for the geded eledrons, the mplanar and out-of-plane scatering geometry.
The restrictions on the acceshle angular range imposed by the dedron detedors dead-time
are mainly in an angular range where the @oss £dion is snall due to eledron repulsion in the
fina state.

For the present case of a large momentum transfer the aoss ®dion pattern is formed by
the two pairs of well defined maxima daraderized by the geded eledrons emisson angles
Bb,c. One pair of maxima (marked in figures A) is dominating the aoss ®dion pattern for

higher energies of the geded eledrons in the kinematics which satisfies the Bethe ridge
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condition [Kjon| O 0. It is tempting to cdl these maxima binary as they are strongly enhanced

under the binary nock-out Bethe ridge condition, espedally in the out-of-plane kinemeatics.
However, very smilar pegs, albeit not so prominent, are seen in the low-q or/and low-E
(e,3e) readions and the (y,2€) reacion far away from the Bethe ridge. This observation can be
explained by the dipole symmetry rules which till play some role in forming the pe&ks (A)
even at large momentum transfer.

In the “binbary” pe&ks (A) the most probable relative dedron angle is close to 90° and
within the present statistics the aoss ®dion is ymmetric with resped to the momentum
transfer diredion. These observations are signatures of the TS1 medanism to be responsible
for the double ionizaion process We have drawn a smilar conclusion in a previous
experiment at 3 keV eledron impad [19] for the adoss ®dions differential with resped to the
relative emisson angle of the geded eledrons only: The most probable relative emisson
angle which pe&ks at 145’ for the dipole limit comes close to 90° for the conditions of a large
momentum transfer and a small reaoil ion momentum.

A send pair of pe&s in the aoss ®dion (marked B) corresponds to the Wannier
configuration with the two eledrons emitted bad-to-badk which is the most favoured
configuration for the two outgoing eledrons with a small excess energy. There is no
counterpart of the pe&ks (B) neither in the (y,2€) readion ror the low-q (e,3e) readion on the
ground state He since the Wannier escgpe is grongly suppressed by the dipole symmetry. In
the present high-q (e3e) readion higher multipole transitions contribute to this escape
configuration.

We dtribute the origin of both the pes (A) and (B) to the TS1 double ionisation
medanism. This is confirmed by a generally good agreement between the present
experimental results and the cdculations peformed within the CCC model which treds the
projedile-target interadion to the first order. However, the observed shift of the peéks (B)

with resped to the momentum transfer diredion (not seen in the cdculation) indicaes that

16



higher order projedile-target interadions also make some contribution.

Finally, we have presented data for a non-coplanar geometry where one dedron is
emitted 45 above the second eledron 45° below the scatering plane. In this geometry the
double ionizaion proceses occurs with the ion left with a low remil momentum. It is
therefore idedly suited to restrict the double ionizaion medhanism to a dired knockout of

both target eledrons without participation of the nucleus.
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Figure captions

Figure 1. Schematic view of the “readion microscope”.

Figure 2: The coplanar scatering geometry. Both geded eledrons with momentum kp
and ke move in the plane defined by the incoming and scattered projedile with momenta kg

and kg, respedively. The momentum transfer is defined as g = kQ - Ka.

Figure 3: Fivefold dfferential cross gdions for Eg = 2 keV and |g| = 2 a.u. in coplanar
scatering geometry (seefig. 2). In all diagrams dashed lines mark angular combinations for
which the relative dedron emisson angle is |0y - 6¢| = 180, dotted lines mark relative angles
|6p - Bc|] = 90°. The angular range inside the solid circular lines is not affeded by the detedor
deal-time. a) Experimental cross gdion for Ep = Ec = 5 eV. The diredion of the momentum

transfer g is marked by arrows and the solid circle in the diagram; it’s diameter indicates the

experimental angular resolution. b) En=5€eV and Ec =20eV .c) Ep=Ec=20eV .

Figure 4: Theoreticd FDCS for the same mnditions as for figure 3 cdculated using the
convergent close wupling (CCC) method to trea the interadion of the Slow geded eledrons
nonperturbatively. The experimentally accessble agular range is indicated and lies within

the solid circular lines (see &so figure 3). &) En=Ec=5€eV.b) Ep=5€eV and Ec = 20€V .

) Ep=Ec=206V .

Figure 5: The amount of reail ion momentum |Kjon| = |9-kp-K¢| as function of the geded

eledrons emisson angles Bp and 6¢ (|g| = 2 au.) for En = Ec=20eV.
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Figure 6: A particular case for a non-coplanar scatering geometry. The polar angles are

chosento be ¢p =45° and ¢ = 135.

Figure 7: Fivefold dfferential cross £dion for the out-of-plane geometry given in figure

6. a) Experiment. The momentum transfer is|g] = 2.0 + 0.4 a.u., the dedron energiesare Ep =
Ec =20eV. b) CCCtheory. The dashed lines mark angular combinations for which the

eledrons im momentum is parallel to the momentum transfer diredion (kpt+kc) || 0.
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