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Abstract

The rdative, coplanar angular distributions of eectrons, produced in an eectron-impact double
ionization of helium (e,3e reaction), have been measured at 1.1 keV impact energy. The momentum
transfer was 0.45 a.u. and the two "gected" eectrons were detected with the same energy of 10 eV.
The genera features of the angular distributions are discussed. The data are analysed in different
angular modes which alows a detailed comparison with state-of the art caculations. For high
incident energy and small momentum transfer, asin the present case, the (e,3e) cross section can be
related to the sngle - photon double ionisation (PDI). We exploit this fact and compare the present
findings with the PDI and identify the contribution of non-dipole effects.



1. Introduction

The study of atomic electron-impact double ionisation, also called the (e,3€) reaction, providesa
powerful and sraightforward tool to investigate the dynamics of interacting, highly excited few-
electron systems (three highly excited eectronsin the field of aresidud ion). A rather complete
picture of the (e,3€) processis obtained by performing an experiment in which the momentum
vectors of dl the particles are determined (a complete experiment would require resolving the spins
aswdl). In the present experiment the reaction cross section is measured while the solid emission
angles of the three dectrons and the energies of two of them are determined, i.e. afive-fold
differential cross sections (5DCS) is registered. Other kinematica variables of the involved particles
are obtained from the energy and (linear) momentum conservation laws.

Recently, we conducted a systematic study of the (e,3€) reaction employing various targets (Kr [1],
Ar[2], Ne[3] and He [4-6]). Badcdly, dl these measurements haven been carried out & a
reldivey high impact energy ( ~5.5 keV) and a smal momentum transfer to the target. Therefore,
the corresponding theoretica models [5-10] have been designed in the spirit of the first Born
approximation (FBA) for the projectile-target interaction. Mogt of the theoretical results have been
obtained using He as atarget since the residud ion (the apha particle) has no rdevant internd
gructure leading thus to asmplified theoretica trestment. The comparison of these theories with the
experiments have lead to the following observations. The absolute magnitude of the caculated cross
sections was largdly different from one caculation to another and from the experimentd absolute
data. Ingenerd, however, the quditative festures of the measured angular correlation patterns at
various fixed gection angles were reproduced by the theories. In severa casesthe caculations
deviated sgnificantly from the experiments with regards to the shape of the angular correlation
patterns. This disagreement was atributed, at least partly, to the non-first Born effects which were
not included in most of the theoretica models (note that the C4FS mode described in [5] went
somehow beyond the FBA). Similar effects have also been observed in Ar [2] and, to some extent,
in Ne[3]. In addition, it was found that the dipole limit was gpproached differently at various
electrons gection angles despite the fact that the amount of momentum transferred from the
projectile to the target remained congtant. This meansthat in the case of double ionisation the opticd
limit depends nat only on the incident energy and the amount of momentum trandfer, asisthe case
for angleionisation, but it aso depends on the emission direction of the dow gected eectrons, see
[11]. These deviations are seen to be energy dependent and are expected to become larger at lower
incident energy in which case the opticd limit isincreasingly violated. We have therefore performed
new low impact-energy experiments (~1 keV) in asimilar scattering geometry to the work reported
in[5] a 5.5 keV. The god isto address the origin of the deviations between the experiments and
FBA type cdculations. To thisend, our datawill be compared to results from three standard
theoretica models, which have been shown to be successful for the description of single ionisation



processes or photo double ionisation processes. Two of these models utilise the FBA in asense
described above. This gpproximation reduces the four-body problem (three dectronsin thefied of
resdud ion) to athree-body one (the two dow dectronsin the residua-ion field). The latter
problem is then gpproached within the framework of the three Coulomb wave method (3C) [12] or
using the convergent close coupling (CCC) formdism [13]. Alternatively, the third mode employesa
correlated four-body find state (CAFS) as described in [5] and references therein and goes beyond
the FBA viathe introduction of effective charges. However, as noted in [6], the variation of the
effective chargesis smdl, and the non-first Born effects due to thismodel should be weak.

Throughout this paper, the same notations asin [5] are used. In particular, positive scattering and
gection angles are counted counter-clockwise, starting at the incident beam direction.

2. Experimental
2.1 Experimental procedure

The experimental set-up and procedure have been described extensively sewhere[2, 6, 14].
Briefly, a coplanar arrangement is used where the incident and the three outgoing eectronslie in the
same plane. The impact energy is Eg= 1099 eV. The scattered electron is observed at afixed angle,
g5= +1.10°, with an energy E; = 1000 eV (corresponding to afixed momentum transfer, K = 0.45
au, inthedirection gk = - 21.6°). The vaue of the scattering angle is measured with an accuracy of
+ 0.02°, whereas the spectrometer acceptance angle is Dgg = £ 0.10°, which corresponds to ahigh
momentum transfer resolution DK < + 0.006 au, and asmal uncertainty in the momentum transfer
direction, < £ 0.9°. The two gected dectrons have identical energies, &, = E; =10 eV. They are
selected in two opposite half planes with respect to the eectron beam in a double toroidal
electrodatic andyser. The angular information contained in the collison plane (ko, k), i.e. the
gection angles g, and q, is preserved upon arrival on the position sengtive detectors. Therefore,
mullti-angle collection of the gected eectronsis redized over the useful angular ranges 20° < g
<160° and 200° < g < 340°. The energy and angle resolutions for the gected dectrons arefixed in
the off-line analysis[14] to DE, = DE; = £ 2 €V, and Dgy = Dg; = + 8°. Asfar as the present
paper is concerned, the data have been sorted into three modes: (i) the so-called ‘fixed gected angle
mode where the escape direction ¢y, or gc of one dectron is fixed and the other one is mapped on
to the opposite haf-plane, (ii) the fixed mutud angle mode' at fixed qpc = (Kp, K¢) but varying gy or
e, and (iii) ‘the symmetric geometry mode where both eectrons emerge with equa but opposite
angle with respect to the incident beam, gy = - gc. A fourth mode, the so-cdled 'summed mutua
angle mode with varying gpe but summing over dl individud directions gy, or gc which lead to the
same (¢ has been discussed in [11] and will not be repested here.



The long accumulation time needed to achieve areasonable satistica error (~ 32 days of
continuous, non-stop acquigtion for al the data presented in this paper) resulted in afatigue effect on
the detectors, which was corrected as explained in [2, 3, 6, 14] by daily recording ‘reference (e,2e)
digtributions. These distributions were also used as an angular calibration of the toroidal andysers by
comparing the measured (e,2€) pectrawith well-established theoretical ones such asthe
orthogonalized Coulomb wave (OCW) cdculations or the convergent close coupling (CCC)
caculations. After these corrections (which amount to less than 10 - 15%)), dl the angular
distributions presented in this paper are obtained on the same rdative scae. In thiswork, main
emphasisis put on the accurate determination of the shape of the distributions to be compared with
the different theoretical models. Therefore, no attempt was made to determine the absol ute scale for
the measured cross sections,

Findly, it should be emphasised that, as discussed in [6], the finite angular and energy resolutions
used in thiswork are not expected to have a severe effect on the measured (e,2€) or (e,3e)
digributions sinceit is unlikely that these digtributions will have to exhibit any sharp structures.

2.2 Results

The cdculated and measured 5DCS are shown in figure 1 (@) to (v) and in figure 2 (@) to (f)
according to the 'fixed gected angle mode, that is as angular distributions of one eectron for fixed
emisson direction of the second one. In these plots and in the following discussion, we denote by
Ofix and qy g the fixed and the variable electron angles, respectively. Figure 3 (a) to (¢) corresponds
to the so-cdled fixed mutud angle mode, that is with variable g, and g angles while kegping the
mutud angle gqp, fixed. Fndly, figure 4 presents the so-called symmetric geometry where both
electrons emerge a equd angles on both sides of the incident beam, g, = - gc. Thefast dectronis
observed at an angle g, = +1.10°, not shown in the figures, hence the +K direction a g = -21.6°

asindicated in Fig. 1(a).

Since the data are only relaive, we arbitrarily choose to plot al the results by renormaising them to
the absolute scale given by the CCC reaults. In doing so, and for the sake of clarity of the figures,
we have used different scaling factors between experiment and CCC. Smilarly, though the 3C and
the CAFS results are of course absolute, we have chosen to plot them after arough renormalisation
to the CCC ones, asindicated in the figures, in order to put the emphasis on the shape comparison.
(Thischoiceis arbitrary and is not meant to favour one model over the others). However, we recal
that the experimenta data are obtained on the same relative scale. Therefore, theinternal changein
the scaling factor between the experiment and each theoretical mode is a measure of the ability (or
unability) of thismode to reproduce the relative scale of the data, wheress its variation from one
model to another isameasure of the consstency of the theoretical models to reproduce the absolute
scae.



2.2 1. Fixed gjected angle mode

Asafirg observetion from figure 1, one may compare between the three theoretica results. They
generdly al yidd atwo lobes structure for the 5DCS angular digtributions. The two lobes are
separated on the one hand by a gtrict zero intensity for the pardle emission (see however the
discussion below of figure 3 (c)), due to the Coulomb repulsion between two e ectrons with equd
energies emerging in the same direction, and on the other hand by a degp minimum of intengty for
the anti-parallel or back-to-back emisson. This minimum is reminiscent of the node observed in
photo double ionisation (PDI) where the back-to-back emission isforbidden, due to the electron
par find state symmetry [15]. The origin of the dips and maximain the (e,3€) cross section and the
connection to their PDI counterparts have been explored in Ref. [5].

Noticeable exceptions to the two lobes Structure are:

(a) ontheone hand, cases (), (t), (u) and (v) corresponding to the fixed eectron being emitted
forward with respect to the momentum transfer vector, K. Here, athird intensity maximum appears
roughly in the direction opposte to the fixed dectron direction. This maximum gppears as adistinct,
small lobe in the CCC results and a much wider structure in the 3C and CAFS results. As the back-
to-back emission of the two photod ectrons is forbidden in PDI process, thefinite (e, 3€) intengity in
this back-to-back configuration must be attributed to non dipolar contributions. As discussed in
[16], within the FBA, only event parity multipoles of the Born operator contribute to the back-to-
back emisson. To see this directly we write the (e,3e) trandtion amplitude in the form:

T(e3g K <Y kpkelfb: Fe) | cos(K.rp) + cos(K ro) | F (1, 1c) > +

i <Y kb,kc(rbi o) | sn(K.rp) +9n(K.r¢) | F(ro, 1) >, 1)

where Y , k.(I', Ic) and F (ry, 1) are the wave functions of the two dow dectronsin the find and
intial sate, respectively. In generd, the find-state wave function does not possess a defined parity.
However, inthe case k. = - kj, (i.€., in the back-to-back configuation) Y i, k(b I'c) hasan even
parity. Thisfollows directly and in an exact manner from the structure of the Schrodinger equation
that dictates:

ka,kc(rb’ rc) :% [ ka,kc(rbi rc) +Y. kp,- kc(' Moy - rc) ] .
Therefore, only the cosine term in the expression (1) for T 3) contributes in the back-to-back
emisson case.
(b) Cases(j), (k), (1) and to some extent case (i) corresponding to the fixed eectron being emitted
backward with respect to the K vector. Here, a strong filling of the minimum corresponding to the
back-to-back emisson is observed, though less strong in the CCC than in the CAFS reaults. Thisis
again aclear evidence of non-dipolar contributions which even dominate the dipole term. Or more
precisay, as discussed above, the filling of the back-to back emisson node in PDI isdueto first



termin Eq.(1), i.e. to the odd part of the transition operator. The three theoreticad models shown
here do not predict the same relative importance for these non-dipole terms. Such effects are
appreciably larger than those reported at 5.5 keV impact energy in [6] and [11], asit is expected
dueto thelower incident energy and to the larger momentum transfer employed in the present work.
() apart from these cases where the fixed eectron is observed backward or forward in the vicinity
of the incident beam direction, the three theories predict a smal probability for the back-to-back
emisson in agreement with the PDI expectation, meaning that the optica limit is here closdy
approached. All observation (a)- (g) confirm the concluson made in [5] and [11] thet the dipolar
limit is reached differently depending on the directions of the momentum vectors kp and k¢, even
though the momentum transfer, the incident energy and the outgoing electrons energies are kept
fixed.

Now let us have acloser ook at the shape of the theoretica ditributionsin Fig. 1. Theintengty ratio
of the two lobes, when present, is quite different from one modd to another. For insgtance, CCC
caculations predict one large and one smdl lobe in case (b) where grix = 22°, while both C4AFS and
3C cdculatiions yield two dmost identica lobes. The situation is practicaly reversed in case (0)
where gix = 242°, with two identical lobes for CCC and very asymmetric lobes for C4FS and 3C.
Generaly speaking, the distributions obtained with the CAFS and 3C models are very close to each
other asto the shape, and are sgnificantly different from the CCC ones. This can be explained by
the way the final state wave function is caculated in different models. The CAFS and 3C find date
wave functions are most accurate a the asympitotic region of large distances from the nucleus. On
the contrary, the CCC find state wave function is accurate at a short range from the nucleus and
loosesits accuracy in the asymptotic region. Nevertheess, the CCC cd culations with the same fina
gtate wave function provide reliable absol ute cross sections for the related PDI process. In addition,
the prediction of the CCC modd agrees as to the shape with recent (e,3€) measurements obtained
onarelative scale by Dorn et al [17] for agmilar kinemétics of alarge incident energy and asmall
momentum trandfer.

Another observation concerns the relative magnitude of the cross sections given by the three models.
With the normalisation procedure explained above, one sees that there is afactor of 10 differencein
magnitude between CCC and 3C resultsin cases (g) to (p), 3C yidding larger cross sections. This
factor reducesto 4.5 in the other cases. We note that cases (g) to (p) correspond to the fixed

electron being observed in the 'backward half plane’ (with respect to the incident direction), that is
90° < gfix < 270°, while the other cases correspond to the fixed electron being observed in the

‘forward haf plane , that is -90° < gfix < 90°. Similarly, the CAFS results are afactor of 10to 50
larger than the CCC ones depending on the gyix vaue, with more or less the same remark applying

as to the backward and forward haf planes. On the other hand, theratio of 3C to C4FSresultsis
amogt congtant, CAFS yielding about ~ 5 times larger cross sections a practicaly al grix vaues.

Therefore, as noted above for what concerns the shapes, the C4FS and 3C modelsyield



comparable results but both deviate sgnificantly from the CCC cdculations. Part of these deviations
may have their origin in the following observation: the CAFS results presented here make use of a
three-term Hylleraas type ground state description of the He atom. Cal culations within the same
mode have aso been performed using a poorer description of the initid state, namely a Sater type
wavefunction. The results (not presented here) are very smilar in shape to the Hylleraas ones, but
differ in magnitude being a factor ~6 larger, the use of ayet another choice of initid- state wave
function leads basically to the same shape of the angular patterns but dters significantly the absolute
vaue of the cross sections. This may be taken as agood illustration of the sengtivity of the CAFS
results to the initia sate description. The 3C caculations utilize a six-term Hylleraas [ 18] type
ground state wavefunction which gives a good vaue for the energy of the ground state (E = -
2.903115 a.u.). The CCC caculations are performed with the more el aborate 20-term Hylleraas
wavefunction. CCC caculations in the velocity gauge of the Born operator, not shown here, have
a0 been performed with an 18-term MCHF expanson. They yield very smilar results, proving the
gability of the CCC cdculation to the ground state wave function when alarge basis set is used.
Therefore, it islikely that at least part of the difference in absolute scae between the three theories
hasits origin in the qudity of the ground state wavefunction. However, a clear-cut answer to this
point would necessitate a direct comparison of severd initid state wave functions of different quality
using the samefina dtate description, that isfor each of the three theortical models.

In generd, dl three modes do grosdy reproduce the shape of the experimenta 5SDCS distributions
of Fig. (1) within the uncertainty given by the error bars of the experiments and by the fact that the
data are only recorded in one half plane. Nonetheless, there are obvious substantia deviations
between theories and experiment:

(i) Firgt, none of the considered models does correctly reproduce the relative scale of the
experimental data. In addition, there isaso no internd consistency in the relative scale between the
different theoreticd results. If cases (b) and (C) are taken as areference where the normalisation
congtant between experiment and each theory is arbitrarily given avaue equd to 1, then it can eeslly
be inferred from Fig. 1 that it would be necessary to divide the experiment by a variable factor which
takes vaues between 0.35 and 2.8 in order to bring the measured datain cases (d) - (U) in
reasonable agreement with the calculated results. From the numerous tests performed, in particular
by measuring known (e,2e) angular digtributions, it is extremey unlikely that such a variable factor
might be due to an experimentd faullt.

(i) In anumber of cases, e.g. (d), (h) and (o), the angular position of the caculated lobesisin anice
agreement with the measured ones, whereas for several other cases, eg. (b), (g), (n) and () large
shifts are observed, which may amount up to some 45°. In this respect, the C4FS and 3C models
yield identical positions of the lobes, whereas the main lobe in the CCC modd generdly appearsto
be rotated backwards by ~ 10° with respect to the other models.



(i) cases (u) and (k) are of particular interest Since the fixed electron is observed dong +K or
(approximatdly) dong -K , respectively. Under these conditions, it was shown [19] that any first
order model must yidld asymmetrica digtribution about £K. Thisisthe case for dl three models,
including the C4FS which goes beyond FBA through the introduction of effective charges. This
either means that the non-first order effects are intringcaly small under these geometries, or, as
previoudy noted in [6] and [8] that their contribution to the CAFS cross sectionsis small.
Unfortunately, the limited range of the experimenta data does not allow concluding about a possible
breaking of symmetry. It isaso interesting to note that the three models predict a strong (CCC) or
very strong (C4FS and 3C) relative contribution of the back-to-back emisson under this geometry
(this contribution is in fact maximum there, seefigure 3 (a)). This appears to bein conflict with the
experimental observation in case (u) where the measured back-to-back intensity approaches zero.

(iv) Asnoted in [6] and [11], the PDI cross sections distributions obtained for two e ectrons fixed
angles which are symmetrica with respect to the eectric field direction e must be mirror images of
each other with respect to this e direction. In the ectron impact case, K playstherole of e
direction in the dipole limit. Therefore, we exploit this mirror symmetry in figure 2 in which some of
the data of figure 1 are accordingly superimposed on each other. Comparison is made with the CCC
results obtained under the same transformation. We see clearly from figure 2 that this symmetry
transformation does not produce much change in the CCC results which are thus quite close to the
dipole limit. On the other hand, even considering the large error bars, the experimental data are not
invariant under such transformetion. This might show how important are the deviations from the
optica limit, but it might aso indicate the large role played by non-first Born processes, even though
the incident energy islarge (1.1 keV) and the momentum transfer issmal (0.45 au). A smilar
observation was made in [6], but in generd the deviations from "perfect’ symmetry were smdler, as
one would expect from the higher incident energy (5.5 keV) and smdler momentum transfer (0.24
au) used in [6].

2.2.2. Fixed mutual angle mode

Figure 3 presents angular distributions in the so-caled fixed mutua angle mode, thet is with variable
Op and g¢ angles while kegping the mutua angle gy, fixed. The experiments are compared to the
CCC and the 3C results (C4FS results are dmost identical to the 3C ones except for the
magnitude). In Fig. 3 (a) and (b) the two gected eectrons emerge a large angle from each other,
whereasin Fig. 3 (¢) they asymptaticaly fly out close to each other which enhancesthe find date
Coulomb repulsion between them. In dl cases the two models do not produce the same magnitude
of the cross sections as discussed above, hence different normalisation factors are used (asindicated
on the figures) in order to put the emphasis on the shape comparison.

- Case (a) withamutud angle gpc = p isavery interesting one since it corresponds to the forbidden
back-to-back emissionin PDI (i.e, in PDI this graph would be a gtrict zero everywhere). In other
words, this graph represents a direct measure of the non dipolar effectsinvolved in the present



(e,3e) process, in the sense discussed following Eq.(1). As noted above, theories predict these non
dipolar effects to be maximum when the pair of eectronsis gected dong +K, whereas the maximum
probability in the experiments occurs when the electron-pair axis is rotated by ~60° from this
direction. Moreover, the two first order theories show the expected symmetry about £K direction
(at 338° and 158°, respectively) whereas the experiment does not. Both these angular shift and
breaking of symmetry may be directly atributed to second or higher order effectsin the projectile-
target interaction process.

- In Fig. 3 (b) the data are too scarce to come to a definite conclusion. However, the data seem to
indicate aminimum where the ca culations show a maximum.

- Infig. 3 (c), though no data could be measured, it isinteresting to compare the result of the two
cdculaions. At 40° mutua angle both modds yidd dmost undistinguishable angular digtributions as
to the shape. However, in contrast with all the above observations, the CCC cross sections are now
afactor of 4 larger than the 3C ones. This might find its explanation in the 0° behaviour of the CCC.
Indeed, a 0° mutua angle the 3C modd (and the C4FS model) yield a vanishing cross section as
expected from the Coulomb repulsion which forbids the two g ected ectrons to emerge in the same
direction with the same ve ocity. In contrast, CCC modd failsto strictly fulfill this sdection rule asit
predicts a non-zero intensity. However, the corresponding cross sections are smal, about two
orders of magnitude smdler than atypica CCC lobe intengity in figure 1, and roughly one order of
magnitude smdler than the "DPI-forbidden” intengtiesinvolved in Fig. 3 (a).

2.2.3. Symmetric geometry

In figure 4, the data have been sorted for the two gected electrons to emerge at equal but opposite
angles, gp = - dc. In (e2€) processes, such symmetric geometry iswell known to be very sengtive
at large angles to second order effects [20], and has dlowed to identify the observed (e,2€) large
angle peak [21, 22] as being due to a double mechanism involving a backward elastic scattering of
the projectile followed by abinary e -e collison. In this representation, the present theoretica and
experimental results show two peaks, one forward at about 60° and one backward at ~ 130° in the
experiment and ~110° in the theories. The experiment shows a backward to forward peek ratio of ~
0.5. The CCC ratio of ~ 0.8 is close to the measurements, whereas the other two theories show
ratios larger than 1, roughly 1.5. In the lower pand of the figure is plotted the corresponding
meagnitude of the ion recoil momentum, k;qn,. Comparing the upper and the lower pands of the figure,
agriking smilarity is observed as to the postion of the minimum (especialy with the theoretica
minimum) a gy ~ 80°. When k;p, is minimum, the Bethe sphere is closely gpproached (the Bethe
gphere is reached when the momentum transfer K is fully absorbed by the pair of gected eectrons,
the ion remaining spectator, i.e. kion = 0). It has been argued [16] that under these kinematical
conditions the cross section should be maximd, while it is observed here to be minimd. This
gpparent contradiction was aso noted in [5] and was attributed to the fact that under the present
near-dipole conditions, the opticd trangition is forbidden for two 'freg eectronswhich isthe
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condition for the Bethe sphere. The fact that the experimental minimum occurs at alarger angle than
in the caculations might be due to the nor-dipole contributions which are not fully taken into account
in the modd s as suggested above, eg. in Fig. 3 (a).

3. Conclusion

We presented a large body of new experimenta data on the (e,3€) fully resolved cross sections for
the double ionization of helium, in the coplanar geometry and under equa energy sharing 10 + 10
eV. The data were compared in different angular modes with the best available first-order theories,
namely the 3C, C4FS and CCC models.

The three theories do not predict the same absolute scale for the 5DCS. This could partly be due to
the different descriptions of the initia state used, from poor to more eaborate. But, when compared
to the experiments, they do not predict the correct rdative scae for different angular distributions
neither.

The experiments as wdl as dl theories display a strong filling of the node corresponding to the
forbidden back-to-back emission in PDI, or even display an additiona |obe at this pogition. This
behaviour obvioudy reflects a strong manifestation of non-dipolar effects in the projectile-target
interaction which become prominent when the fixed eectron is emitted either forward or backward
around the momentum transfer direction . However, the three theoretical models do not predict the
same relative importance for these effects. Such effects are appreciably larger than observed a 5.5
keV, asit is expected from the lower impact energy and larger momentum transfer of this work.

Moreover, these effects do gppreciably vary with the emission directions, which confirms our earlier
conclusion [5,11] that the dipolar limit is reached differently depending on the orientation of the k,

and k¢ vectors, even though the momentum transfer, the incident energy and the outgoing energies
are kept fixed. A amilar experiment at much higher incident energy, 10 keV or more, is highly
desirablein order to probe when and how the optica limit is reached.

On the other hand, while the CCC theory dmogt fulfils the 'mirror symmetry' when superimposing
angular digtributions taken at symmetrical gyix angles with respect to K, the experiments do not. This
might indicate the large role played by non-first Born processes. Another indication for the
importance of these effectsis found when the pair of dectronsis detected back-to-back while
rotating the e - e axis (figure 3) : the three first order theories show the expected symmetry about

+K direction, whereas this symmetry is broken in the experimenta data. A Smilar experiment at
lower incident energy is dso desirable in order to enhance the observed effects. Such experiment has
been recently performed in our group and is currently under analysis.
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Caption to figures

Figure 1. (e3e) fivefold differentia cross sections (5DCS) for coplanar double ionization of helium at an
impact energy Ey = 1099 eV, momentum transfer K = 0.45 au (g5 = 1.1°), and equal ejected energies B, =

Ec = 10 eV. The momentum transfer direction is indicated by the bold arrow in panel (a). One electron is

detected at a fixed angle, gsix, shown by the thin arrow and the labeling, while the second electron is

mapped in the plane. Experiments are shown as full circles, and the error bars represent one standard
deviation statistical error. Full line: CCC results. Dashed line: 3C results. Dotted line : C4FS results with
a Hylleraas initial state wavefunction, except in (k) and (v) where a Slater wavefunction is used. The
experimental data are obtained on the same relative scale, but for the sake of clarity they are here
normalized to the CCC results using different scaling factors, as indicated on each diagram. The
absolute scale shown is the CCC one, and is given in 104 atomic units. Similarly, the 3C and C4FS
results are renormalized to the CCC ones, also using different scaling factors, as indicated on each

diagram.

Figure 2. As for figure 1, (e,3e) 5DCS a K, = E. = 10 eV. The experimental data and the CCC results
obtained at two gfix angles which are symmetrical with respect to K direction are here superimposed
(Ofix<180° : full circles and full curve. gfjx>180° : open circles and dashed curve.) Asin figure 1, the
CCC absolute scale is used. For the scaling, the experimental data have been divided by the following
factors, respectively from (a) to (f) : 1; 1; 2; 1.6; 2.5; 2.

Figure 3. (e3e) cross sectionsin the fixed mutual angle mode, gpc (Seetext). Full circles : experiments. Full
line : CCC results. Dashed line : 3C results divided by 25in (a) and (b) and multiplied by 4in (c). (a) : dpe
= 180°, and the dotted line is a polynomial fit to the experimental data used to guide the eyes; (b) : gpc
=140°; (¢) : gpc = 40°, and in addition the dotted line represents CCC results at gpe = 0° magnified by 10.
Experimental results are normalized to CCC by multiplying them by 1in (a) and by 7 in (b). Kinematical

parametersasin figure 1.

Figure 4 . (8) : (e,3e) cross sections in the symmetric geometry mode, gy = - gc (See text). Full circles:

experiments. Full line : CCC results. Dashed line : 3C results divided by 4.5. Dotted line : CAFS results

divided by 25. Kinematical parameters as in figure 1. (b) The corresponding ion recoil momentum as a
function of g,
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