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Abstract  
The (e,3-1e) four-fold differential cross sections (4DCS) are measured for the double 

ionization of helium in coplanar asymmetric geometry for a wide range of ejected electron 

energies and at an incident energy of about 600 eV. The experimental angular distributions of 

the 4DCS are characterized by large angular shifts of the forward and backward lobes with 

respect to the momentum transfer direction or its opposite, respectively. This validates our 

previously published results [Lahmam-Bennani et al 2002 J. Phys. B: At. Mol. Opt. Phys. 35 

L59] which were questioned by Götz et al [2003 J. Phys. B: At. Mol. Opt. Phys. 36 L77]. A 

qualitative, kinematical analysis is given which allows relating these shifts and the observed 

structures in the intensity distributions to the second order, ‘two-step 2’ double ionization 

mechanism, which is shown to predominate over the first-order ‘shake-off’ and ‘two-step 1’ 

mechanisms under the present kinematics. 
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1. Introduction 
 

The study of multiple ionization processes by charged particle impact is of considerable 

interest in many branches of physics, such as astrophysics or plasma physics, and also in other 

sciences such as life sciences where it is of prime importance for instance to understand the 

various mechanisms leading to energy deposition by radiation in matter. Electron impact 

double ionization (DI) is one of the simplest and the most fundamental of such processes. The 

advent of multi-parameter detection techniques, together with the progress in computational 

methods, has made it possible to perform complete experiments in which all kinematical 

parameters (vector momenta and energies) of all involved particles are determined. These are 

the so-called (e,3e) experiments, which have been successfully used during the last two 

decades to investigate in very fine details the ionization process on a variety of atomic targets, 

see [1-22] and references therein. However, (e,3e) experiments remain difficult to perform 

because they necessitate the triple coincidence detection of the three final state electrons [1]  

(or alternatively the residual ion plus two electrons [15]). Besides, the corresponding cross 

section is inherently very small due to it’s multiply (five-fold) differential character, 

consequently resulting in relatively modest statistics for the obtained data. It is therefore also 

of interest to consider (e,3-1e) experiments where, with respect to the (e,3e) case, one electron 

is not detected, hence only necessitating a double coincidence experiment similar to an (e,2e) 

single ionization (SI) but with energetics corresponding to DI. These experiments were first 

introduced by Lahmam-Bennani and coworkers (23-26) and further developed in [27-31]. In 

all these works, it was clearly demonstrated that (e,3-1e) experiments provide a very sensitive 

mean to identify the various mechanisms responsible for electron impact DI and to gauge 

their relative importance. 

Direct electron impact DI may proceed mostly via three routes [32-33]. (i) In the shake-

off mechanism (SO), the incident electron interacts only once with a single target electron 

which is ejected without further interaction with other target electrons. Subsequent ejection of 

a second electron occurs, due to the electronic relaxation caused by the sudden change in the 

distribution of potential seen by this electron. (ii) In the two-step mechanism termed TS1, the 

projectile electron interacts with one target electron which subsequently collides with a 

second electron leading to ejection of the pair. (iii) In the two-step mechanism termed TS2, 

the projectile electron successively collides with two target electrons, resulting in their double 

ejection. Both SO and TS1 involve only one single interaction of the projectile with the target, 

hence their denomination as first order or first Born mechanisms (in the Born series). In 
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contrast, TS2 involves two successive projectile - target interactions and hence is a second 

order or second Born mechanism. The most obvious signature of the presence of these 

mechanisms is that first order mechanisms yield ejected electron(s) angular distributions 

which are symmetrical with respect to the momentum transfer vector direction, whereas this 

symmetry is broken in the case of second order, TS2 mechanism, see [34,35]. Lahmam-

Bennani and coworkers [8, 9, 12] reported the observation of non-first order effects in their 

measurements of fully differential (e,3e) cross sections for DI of Helium. As one would 

expect [36], these effects were found to be small at 5.5 keV impact energy [8] while they 

become increasingly stronger as the energy is decreased to 1.1 keV [9] and to ~ 600 eV [12]. 

Similar non-first order effects were also reported in [18] for (e,3e) DI of He at 500 eV impact 

energy. In the low energy work of Lahmam-Bennani et al [12], the experimental angular 

distributions displayed large shifts of the forward peak from the momentum transfer direction, 

which could only partially be reproduced by second-Born calculations. 

Similar large shifts were also observed in the (e,3-1e) experiments on DI of He and H2 at 

~ 600 eV [29]. A tentative description of this latter work on H2 was developed by Mansouri et 

al [37] using a second-Born treatment (and correlated single center wavefunctions) which 

includes the double interaction between the incoming electron and the target. The results were 

able to produce only part of the shift of the experimental peaks. A more recent theoretical 

investigation using the external complex scaling method in spheroidal coordinates [38] also 

failed to describe the experimental findings for He as well as for H2. The authors concluded 

that the disagreement of theory with experiment is caused by the sequential TS2 mechanism 

of DI. On the other hand, a tentative description of the He (e,3-1e) results published in [29] 

was given by Götz et al [39,40] where the four-particle continuum was described in different 

approximations leading up to a 6C wavefunction which takes all two-body interactions into 

account as well as the interactions between each outgoing electron and the nucleus, and hence 

goes beyond the second Born approximation. However, the authors could not reproduce the 

strong asymmetry seen in the measured data, so that they came to implicitly question the 

experiments by writing [39]: <<we suggest that it is very important to establish the validity or 

otherwise of the asymmetry in the experimental data>>. 

Given this situation and this questioning, we decided to reexamine the problem by taking 

advantage of the extended capabilities and sensitivity of our spectrometer gained by including 

to it new developments described in [41]. Our aim is to produce more extensive experimental 

data which would validate or invalidate the observations made in [29] and against which the 

theoretical predictions can be tested. To this end, we report here new (e,3-1e) experiments for 
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DI of He performed at about the same impact energy of ~ 600 eV as in [29]. Besides, different 

energy sharings between the ejected electrons are investigated, in order to test the sensitivity 

of the results to this energy sharing, and to address the question whether features which 

appear very pronounced in the measured distributions and which are attributed to TS2 

mechanism may strongly depend (or not) upon the difference in energy of the outgoing 

electrons. In the absence of elaborate non-first order theoretical calculations, the experimental 

data are compared with the results of a first-order theoretical model, namely the BBK model 

[42] which has proved to successfully describe experiments of this type in the few keV energy 

range [43]. Such comparison allows visualizing the strong shifts observed in the experimental 

data. Moreover, a qualitative discussion based on simple kinematical arguments is presented 

which shows that the observed large shifts can be related to the presence of TS2 mechanism 

which dominates over SO and TS1 mechanisms.  

 

2. Experiment 

The experimental set-up and experimental procedure used for the present work are 

described in detail in [41]. The main characteristic of the spectrometer is the unique 

combination of three high-efficiency, multi angle toroidal electrostatic energy analysers. 

Briefly, an incident electron beam with energy E0 collides with the gas jet formed at the 

collision centre. A coplanar geometry is used, where all electrons are observed in the collision 

plane defined by the incident and scattered momentum vectors, k0 and ka, respectively. The 

fast, forward-scattered electron (indexed ‘a’) is detected at the scattered energy Ea = 500 eV 

and at two symmetrical scattering angles, θa = + (6°± 3°) and − (6°± 3°) as set by input slits at 

the entrance to the electrostatic lenses associated with the a-toroidal analyser. Throughout this 

work, positive angles are counted clockwise starting from the incident electron beam 

direction. Among the two ejected electrons resulting from DI of the target, (labelled ‘b’ for the 

faster and ‘c’ for the slower), we choose to only detect the faster one, with energy Eb, in 

coincidence with the a-scattered electron, hence an (e,3-1e) experiment. Of course, such 

distinction does not hold in the case of equal ejection energies, but we keep labelling ‘b’ the 

detected electron. These b-electrons are multi-angle analysed in a double toroidal analyser 

over the angular ranges θb = 20° – 160° and 200° – 340°, where 0° is defined by the incident 

beam direction. In the off-line analysis, the total θb -angular range is divided into sectors of 

width ∆θb = 5°. Though the emission direction of the third, c-electron is unknown, its kinetic 
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energy Ec is known from the energy conservation E0 – IP2+= Ea+Eb+Ec, where IP2+ is the 

double ionization potential. [Here, the translational energy of the target atom and the recoil 

energy imparted to the ion after the emission of the two electrons are neglected, due to the 

small electron to ion mass ratio]. The present experiments were performed at ejected electron 

energies corresponding either to an equal energy sharing of (Eb : Ec) = (17 : 17) eV or an 

unequal sharing of (Eb : Ec) = (17 : 5) eV ; (37 : 5) eV and (74 : 5) eV. The incident energy 

(E0) is consequently adjusted to fulfil the energy conservation requirement for the Helium 

target under study, with IP2+ = 79 eV. We recall that the previous work published in [29] was 

obtained with the same Ea–value of 500 eV and (Eb : Ec) = (51 : 10) eV, that is under similar 

enough kinematical conditions (though not exactly identical) to allow meaningful comparison. 

Given the above experimental parameters, the momentum transfer to the target, defined 

by K = k0 - ka, varies from K = 0.89 au at Eb + Ec = 22 eV to K = 1.12 au at Eb + Ec = 79 eV, 

while, due to the spread in θa -angle, the momentum transfer resolution amounts to ∆Κ ~ ± 0.2 

au and the spread in the momentum transfer direction is ∆θK ~ ±10◦. 

 

 

3. Results and discussion 

 

Before discussing the He data, we start this Section by recalling that the experimental 

procedure and the good response of the spectrometer for measuring coincidence angular 

distributions were validated as described in [44,45]. Very briefly, the (e,2e) triple differential 

cross section (TDCS), d3σ /dEadΩadΩb, for single ionization of the He 1s orbital was 

measured at the energies Ea and Eb of the current DI experiments on He and H2, immediately 

before and after each individual (e,3-1e) run. The so-obtained He TDCS-distributions are in 

excellent agreement both with the experimental values as well as with the calculated 

convergent close coupling (CCC) results published in [46-48]. The CCC model is commonly 

known to produce very accurate TDCS results for electron impact single ionization of He 

when the residual ion is left in its ground state. Consequently, the invariance of the 

coincidence collection efficiency upon variation of the θb -ejected electron angle is ensured. 

 

We now discuss the new DI data. The angular distributions of the (e,3-1e) four-fold 

differential cross sections (4DCS), d4σ /dEadEbdΩadΩb, for DI of He at (Eb : Ec) = (17 : 5) eV 

; (37 : 5) eV ; (74 : 5) eV and (17 : 17) eV are shown in figure 1(a) to 1(d), respectively. Our 
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new data are compared with the calculated results obtained using the very same model which 

has been used in [43] for DI of He, namely the first Born approximate BBK or 3C model 

where the final state is described by the product of three Coulomb waves [42,43]. Note that 

the experiments are obtained on a relative scale and have been normalized at the maximum of 

the forward lobe to the calculations. All the experimental as well as theoretical distributions of 

the 4DCS display the two-lobe structure well-known for the TDCS: a forward lobe pointing 

roughly in the momentum transfer direction (+K) and a backward lobe pointing in the opposite 

direction (these two directions are indicated by the vertical dotted lines in the figures). In this 

sense, we may find some resemblance between the experimental and theoretical distributions. 

Also, the calculated backward-to-forward maximum intensity ratios are more or less in 

agreement with the measured ones, with the exception of the (Eb : Ec) = (74 : 5) eV case (Fig. 

1(c)), where the theory predicts quite a small backward lobe. However, the most striking 

observations from both figures 1 and 2 are (i) the breaking of symmetry about ±K directions, 

(ii) the large shift in the angular position of the lobes, ~30° to 60°, and (iii) the existence of 

structures in these lobes. For all energy sharings considered here, the symmetry breaking and 

the large angular shifts are very much alike those reported in [29] which were obtained at (Eb : 

Ec) = (51 : 10) eV using an older version of our spectrometer. We think that this close 

resemblance between the ‘old’ results and the extended new data definitely confirms the 

validity of our previous results, and should put a final end to the question left open in [39] 

about this validity. To add one further argument to this statement, we recall that strong non-

first Born effects were also reported in [12] and in [18], where fully differential (e,3e) cross 

sections were measured for He at E0 ~ 600 eV and ~ 500 eV, respectively, that is under 

kinematics which are similar to the present ones. As stated in the Introduction, second Born 

calculations [12,37] could only partially account for the observed effects, likely because they 

include only discrete states as intermediate states and also use the closure approximation. It is 

not surprising that the strong non-first Born effects observed in (e,3e) cross section 

distributions are still significantly present in the (e,3-1e) 4DCS, in spite of the integration over 

the unobserved electron solid angle, dΩc. 

In terms of DI mechanisms, the features observed in Fig. 1 and 2 (i.e. breaking of 

symmetry, large angular shifts and existence of structures in the measured lobes) cannot be 

present in any first-order mechanism, namely the SO and TS1 which involve only one single 

interaction of the projectile with the target. Hence, they are clear signatures of non-first order 

processes such as TS2 which involves two successive target - projectile interactions. In the 

absence of second- or higher-order calculations (these are very difficult to perform when using 
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the BBK model [49]) which could be compared with our data, we propose hereafter a 

discussion based on kinematical arguments built on our knowledge of SI (e,2e) processes. 

This discussion is meant to give a qualitative interpretation of the observed structures as well 

as an estimate of the angular positions of the lobes, and hence to strengthen the conclusion 

that the measured strong non-first order effects are not due to an experimental artifact, but are 

physical effects due to the TS2 mechanism which reveals to play a preponderant role under 

the present kinematics. For the sake of brevity, we use the data of Fig. 1(c) at (Eb : Ec) = (74 : 

5) eV and E0 = 658 eV for this discussion, but the ideas and the resulting conclusions hold for 

all the data presented in this work. The discussion is illustrated in figure 2. 

TS2 is a two-step process: in the first step (sketched in the top panel of Fig. 2) the slowest 

c-electron (Ec = 5 eV) is ejected in an (e,2e)-like process where the corresponding scattered 

electron (called ‘a*’) has an energy Ea* = 658-25-5 = 628 eV (the He SI potential is taken here 

to be 25 eV) and appears with the highest probability at the Compton scattering angle, ±θa*, 

corresponding to the Bethe ridge condition [50,51] : E0 - Ea* = E0 sin2(θa*). This corresponds 

to θa* ~ ± 12°. The ± sign stands for the fact that the intermediate, scattered a*-electron may 

appear on both sides of the incident beam direction, as shown in figure 2 by the black and red 

colors, respectively. (Positive angles are here counted clockwise starting from the incident 

direction). The associated c-electron in this (e,2e) process is most likely ejected in the 

corresponding momentum transfer direction, that is θK* ~ ± 78° with respect to the incident 

direction. Note that neither the a*- nor the c-electrons are detected in the (e,3-1e) experiments. 

In the second step of TS2, the a*-electron plays the role of the incident projectile in a new 

(e,2e) ionization of the target, resulting in the pair of electrons effectively detected, that is the 

a-scattered one with (Ea = 500 eV, θa = - 6°) and the fast b-ejected one with Eb = 74 eV. Here, 

two scenarios may occur, depending whether the intermediate a*-electron is scattered under 

θa* ~ + 12° or – 12°. These scenarios are sketched in the middle and bottom panels of Fig. 2, 

using black and red colors, respectively. We show in the following that they might be 

responsible, respectively, for the forward and backward lobes observed in the data of Fig. 1. 

(1) In scenario 1 (middle panel of Fig. 2), the a-electron is detected at θa = – 6°, hence at – 

18° from the a*-incident direction. The b-electron is essentially ejected from the target in 

a binary collision and appears in the corresponding θK-direction, that is θK ~ + 61° from 

the a*-incident direction (at the high energies involved here, the recoil intensity appearing 

about –K direction is quite small [52]). In other words, the b-electron is mostly ejected at 

θb ~ + (61°+12°) = +73° from the primary incident beam direction. In the experimental 
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data displayed in Fig. 1(c), the forward lobe is peaking at about 70°. On the one hand, 

this value is quite far from the momentum transfer direction θK ~ + 34° where the first-

order SO and TS1 contributions should be at their maximum. But on the other hand, this 

value is quite close to + 73° derived from the above scenario 1. We thus conclude that the 

shift of the forward lobe in Fig. 1(c) is essentially due to the TS2 contribution, according 

to this scenario 1. SO and TS1 contributions might of course be also present, but their 

intensity is appreciably smaller than that of the TS2. 

(2) In scenario 2 (bottom panel of Fig. 2), the a-electron is again detected at θa = – 6°, but 

now this corresponds to +6° from the intermediate a*-incident direction. The b-electron 

ejected from the target appears essentially in the corresponding θK-direction, that is θK ~ 

– 40° from the a*-incident direction (here also, the recoil intensity appearing about –K 

direction is quite small). In other words, the b-electron is mostly ejected at θb ~ – 

(40°+12°) = –52°, or alternatively at θb  ~ (360° - 52°) = 308° from the primary incident 

beam direction. In the data displayed in Fig. 1(c), the backward lobe is peaking at ~ 310°. 

On the one hand, this value is quite far from the -K direction, θ−K = 180° + 34° = 214° 

where the first-order SO and TS1 contributions should be at their maximum. But on the 

other hand, this value is in excellent agreement with the value + 308° derived from 

scenario 2.  We thus again conclude that the backward lobe position in Fig. 1(c) is 

essentially determined by the TS2 contribution, according to this scenario 2. Once more, 

SO and TS1 contributions are appreciably smaller than that of TS2. 

This discussion and the resulting conclusions may be likewise repeated for all the data 

presented in figure 1. We may add one further observation: each of the experimental forward 

as well as backward lobes in Fig. 1 appears to be split in two sub-lobes. From the discussion 

above, the sub-lobes located at the largest angles can be attributed to the TS2 contribution, 

whereas the ones located at smallest angles are grossly peaking at +K or –K direction, and 

hence may be attributed to the first-order SO and/or TS1 contributions. 

This splitting in two sub-lobes is most obvious in Fig. 1(b), but it can still be clearly 

noticed in all the data. We also note (at least for the backward sub-lobes) that the relative 

importance of the two sub-lobes strongly changes with the (Eb : Ec) energy sharing, the 

maximum intensity of the second-order sub-lobe being respectively ~20% smaller, ~25% 

larger and much larger (2 to 3 times larger) than the maximum intensity of the first-order sub-

lobe, when Eb is increased from 17 to 37 and to 74 eV at constant Ec = 5 eV (Fig. 1 (a) to(c)). 

This means that for the kinematics considered here, the TS2 contribution becomes more and 
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more preponderant with increasing Eb and is dominant over the SO and TS1 ones. Such 

dominance confirms the observations made in previously published (e,3e) [12] and (e,3-1e) 

[29] experiments at about the same incident energy. This makes it clear that the introduction 

of beyond first-order terms of the Born series in any future theoretical work is necessary at the 

intermediate electron impact regime investigated here. 

 

4. Conclusion  

 

We have performed new relative (e,3-1e) experiments for double ionization of He at ~ 

600 eV impact energy and for different energy-sharings (Eb : Ec). Our data display large shifts 

of the forward and backward lobes in the ejected electron angular distributions, thus 

confirming and validating the observations made earlier in [29], and consequently removing 

the questioning put in [39] on these earlier results. We also present a qualitative analysis based 

on kinematical arguments which shows that under the present kinematics the two-step 2 (TS2) 

mechanism dominates over the SO and the TS1 and is mostly responsible for the structures 

and angular positions of the measured lobes. 
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Caption to figures 
 

Figure 1 (Color online): Four-fold differential cross sections (4DCS) for double ionization of 

He. The scattered electron with energy Ea = 500 eV is detected at an angle θa = – 6° in 

coincidence with the fast-emitted electron with energy Eb, whereas the slow-emitted electron 

with energy Ec remains undetected. Panel (a): (Eb : Ec)= (17 : 5) eV, (b): (Eb : Ec)= (37 : 5) 

eV, (c) (Eb : Ec)= (74 : 5) eV and (d): (Eb : Ec)= (17 : 17) eV. The incident electron energy E0 

is adjusted to fulfil the energy conservation requirement for DI of He. Full dots are the 

experimental data, with one standard deviation statistical error bar. Solid curve: theoretical 

predictions from the first-order BBK model. The absolute scale shown is that of theory, to 

which the experiment is normalised for best visual fit at the maximum of the forward lobe. 

The thin dotted lines indicate the direction of the momentum transfer (θK) and its opposite.  

 

Figure 2 (Color online): Sketch of the kinematics of a two-step 2 (TS2) process, in the case 

of (Eb : Ec)= (74 : 5) eV. Top panel shows the first step interaction with the target, whereas 

the two bottom panels show the second step. Middle panel (black colour) stands for the case 

where the intermediate ‘a*-electron’ is scattered at positive θa*-angle, and bottom panel (red 

colour) for the case where it is scattered at negative θa*-angle. Positive angles are counted 

clockwise starting from the incident direction. See text for more explanations. 



 
 13

 
 

 
 
 
 
 
 
 
 
 

        Lahmam-Bennani A et al  

Figure 1 

0 60 120 180 240 300 360
0

1

2

3

4

5
(a)

 

 

4D
C

S

Ejection angle, θb°
0 60 120 180 240 300 360

0

1

2

3

4

5

6
(b)

 

 

4D
C

S

Ejection angle, θb°

0 60 120 180 240 300 360
0

1

2

3 (c)

 

 

4D
C

S

Ejection angle, θb°

0 60 120 180 240 300 360
0

1

2

3

4
(d)

 

 
4D

C
S

Ejection angle, θb°

 



 
 14

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

        Lahmam-Bennani A et al  

Figure 2 
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