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We performed a kinematically complete experiment on double ionization accompanied by single capture in 30

keV/amu He2+ + Ar collisions. The data were systematically analyzed using three different techniques, namely

fully differential cross sections as a function of the electron emission angle of each electron, the correlation

function and four-particle Dalitz plots. The data can to a large extent be explained within the independent

electron model. However, the correlation function reveals small, but significant effects from correlations in the

initial target state. These correlations strongly depend on the interaction between the nuclei of the collision

partners. Furthermore, a surprisingly strong correlation between the electron momenta with the momentum

transfer, reported earlier, was confirmed.

I. INTRODUCTION

One-electron processes in ion-atom collisions, i.e. electron

capture, excitation, and ionization have been studied exten-

sively over the last several decades (for reviews see e.g. [1–

4]). Such studies are important in order to test the theoretical

description of the few-body dynamics in systems containing

a few charged particles [5, 6]. Kinematically complete ex-

periments (for reviews see e.g. [4, 7, 8] ), from which fully

differential cross sections (FDCS) can be extracted, offer a

particularly sensitive tool to test theoretical models. The mea-

surement of FDCS requires to experimentally determine the

momentum vectors of all unbound collision fragments. On

the other hand, not all momentum components are indepen-

dent of each other due to the kinematic conservation laws. As

a result, for a process involving n collision fragments the de-

gree of differentiality of the FDCS is not given by 3n, but

rather by 3n− 4. For capture and excitation n = 2 so that

already the cross section differential in projectile solid angle

(which is a double differential) represents an FDCS. But for

the 3-body scattering process of ionization FDCS are already

fivefold differential. For electron impact, FDCS for ionization

have been measured already for several decades [9, 10], but

due to the much larger projectile mass such experiments are

much more challenging for ion impact and became feasible

only at the beginning of the millennium [6].

Due to this increased complexity in ionization compared

to capture and excitation one might expect that the FDCS

are much richer in structure. Surprisingly, over a very broad

range of kinematic conditions the FDCS for light targets ex-

hibit a fairly simple pattern which qualitatively does not vary

much for different collision systems (e.g. [4, 6, 11–15]). In

fact, these features can qualitatively be amazingly well re-

produced by first-order calculations, which completely ig-

nore the nucleus-nucleus (NN) interaction, although quanti-

tatively higher-order contributions usually play an important

role. Only for very slow projectiles [16] and for very large per-

turbation parameters (projectile charge to speed ratio η) [17] a

clear departure from this simple pattern is observed. Further-

more, for heavier targets the nodal structure of the initial-state

wavefunction can lead to additional features in the FDCS [18].

For heavier targets there is a non-negligible probability that

ionization is accompanied by other transitions such as capture

of an additional electron from the target to the projectile or tar-

get excitation. Compared to single ionization, such processes

can provide more sensitive information about the collisions

dynamics. For instance, especially at large projectile energies

electron-electron correlations can play an important role [19].

At small projectile energies it was demonstrated that in trans-

fer ionization in He2+ on Ar collisions, mechanisms contribut-

ing to the electron emission include direct transfer ionization

(i.e. the projectile captures one electron and ejects the sec-

ond in two independent interactions), double-electron capture

with autoionization in the projectile, and single-electron cap-

ture from an inner shell target shell with autoionization of the

target [20]. A more recent study also showed that in direct

transfer ionization, the emitted electron spectra can be ex-

plained by a two-step model considering the initial electron

velocity and re-scattering of the binary encounter electron in

the recoil potential [21].

For double ionization the measurement of FDCS becomes

significantly more challenging for three reasons: a) the degree

of differentiality is increased to 8, b) the momentum of one

more collision fragment needs to be measured directly, and c)

the cross sections are usually smaller by orders of magnitude.

As a result, so far only one data set on sevenfold differential

cross sections was reported [22], but measured FDCS are not

available. A kinematically complete experiment was also per-

formed for triple ionization, but only double differential cross

sections were reported [23].

Theoretically, double ionization by ion impact has been

studied extensively [24–28]. However, the lack of measured

FDCS for multiple ionization processes represents a major

limitation in sensitively testing theoretical descriptions of the

few-body dynamics. Nevertheless, several data analysis tech-

niques, based on less differential cross sections, were devel-

oped which resulted in significant new qualitative insight into

the collision dynamics of multi-electron processes [29–33].

For example, the so-called correlation function (CF) proved,

in spite of being based on single differential cross sections, to
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very sensitively reveal electron-electron correlation effects in

double ionization [29]. In this method, certain spectra (for ex-

ample as a function of the momentum difference between the

two ejected electrons) are generated for two electrons ejected

in the same collision (and which are therefore usually affected

by correlation effects) and for two electrons ejected in two

subsequent double ionization events (and which are therefore

guaranteed independent of each other). Any departure of the

ratio between these two spectra from 1 is a direct measure of

electron-electron correlations.

Another data analysis technique that was recently devel-

oped is based on four-particle Dalitz (4-D) plots [31–33].

Originally developed to analyze three-body decays in parti-

cle physics [34], it was later applied to study atomic frag-

mentation processes [23, 35] and more recently extended to

four-body processes. Here, the quantities that are plotted,

the Dalitz coordinates, are the relative squared momentum

changes of the four collision fragments εi = (∆pi)
2/Σ(∆p j)

2.

All four Dalitz coordinates are simultaneously presented in a

single plot which is based on a tetrahedral coordinate system.

Since 4-D plots only represent triple differential cross sections

(due to the boundary condition Σεi = 1) they are not nearly

as sensitive as FDCS to test theoretical calculations quantita-

tively. However, they offer two important advantages: a) the

interactions between any pair of collision fragments can be vi-

sualized in a single plot and b) the total content of a 4-D plot

represents the total cross section. This combination of detail

(the cross sections are triple differential and all interactions

are visible simultaneously) and comprehensiveness (the inte-

gral represents the total cross section) makes 4-D plots a very

powerful tool to study the quantitative mechanisms that are

mostly responsible for the process under investigation. For ex-

ample, a new higher-order double ionization mechanism could

be identified in fast p + He collisions, where double ionization

was thought to be dominated by first-order processes [33]. In

FDCS these mechanisms are very difficult to distinguish and,

since they are plotted only for very specific kinematic con-

ditions, their relative importance in the total cross section is

difficult to evaluate.

In earlier studies on the channel of single ionization

plus one electron capture in 30 keV/amu He2+ + Ar colli-

sions, features of autoionization from the doubly excited re-

coil/projectile after one electron captured from the inner shell

of the target/two electron captured to the projectile can be

clearly identified from the electron spectra which is a foot-

print of strong electron-electron correlation [20]. However,

in double ionization accompanied by electron capture to the

projectile in the same collision system [36], we found that

electron-electron correlations do not play an important role.

Furthermore, the direction of the individual ejected electron

momenta were found to be surprisingly correlated with the di-

rection of the momentum transfer from the projectile to the

target atom. In this article we present a systematic study of

this process for the same collision system employing a vari-

ety of analysis techniques. First, weextend the analysis of the

FDCS to a much broader range of kinematic conditions in or-

der to determine whether the correlation between the electron

momenta ad momentum transfer is a general feature or merely

characteristic to specific kinematic regimes. Second, we took

advantage of the high sensitivity of the CF to electron-electron

correlation effects to determine whether it can reveal such ef-

fects in situations where they are too weak to be observable in

FDCS. Furthermore, we wanted to test whether the universal-

ity of the CF, found earlier for pure double ionization by fast

ion impact [29], extends to different processes and kinematic

regimes from those studies in [29]. Finally, 4-D plots were

employed to study the relative importance of interactions be-

tween pairs of particles, especially the NN interaction, in the

few-body dynamics.

II. EXPERIMENT

In this experiment two ejected electrons, Ar3+ recoil ions,

and scattered He+ projectiles were measured in quadruple co-

incidence for 30 keV/amu He2++ Ar collisions. The pertur-

bation parameter η for this collision system is 1.83. The ex-

periment was performed at the Institute of Modern Physics,

Lanzhou. The electrons and the recoil ions were momentum-

analyzed using a reaction microscope, which was described

in detail in [20]. The He2+ ions produced in an electron

cyclotron resonance ion source were extracted, charge an-

alyzed, and then accelerated to the desired energy. The

well-collimated ion beam entered the collision chamber and

crossed vertically with a supersonic Ar gas jet in the center

of the reaction microscope spectrometer. After the reaction,

the projectiles with different charge states were analyzed by

an electrostatic deflector downstream from the collision cen-

ter, and directed to a position sensitive detector. The primary

beam was collected by a Faraday cup.

The recoil ions and the electrons produced in the collision

region were extracted by an electric field of 1.77 V/cm perpen-

dicular to both the projectile and the target beam directions.

The target fragments were guided to two position sensitive

detectors located at the two ends of the reaction microscope.

The detectors were multi-hit capable so that both ejected elec-

trons could be detected simultaneously for the same DISC

event. The multi-hit deadtime was determined to be less than

30 nsec. In order to optimize the resolution in the time of flight

of the recoil ions from the collision region to the detector, the

length ratio of the accelerating region to the drifting region

of the reaction microscope was designed to be 1 to 2, which

meets the time focusing condition [37]. The time of flight of

the fragments can be determined experimentally. Making use

of their flight time and position information, the three dimen-

sional momenta of the fragments can be calculated [7, 8].

III. DATA ANALYSIS

From the momentum components of the collision frag-

ments we obtained the FDCS = d8σ/d3p1d3p2d2qtr. Here
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qtr is the 2-dimensional part of the transverse momentum

transferred to the target which is perpendicular to the collision

velocity. p1 and p2 are the 3-momenta of the emitted electrons

from the target. Furthermore, d3p1 = p2
1 sinθ1d p1dθ1dφ1 and

d3p2 = p2
2 sinθ2d p2dθ2dφ2 where θ1 and θ2 are the polar an-

gles defined by the electron momentum vectors with respect

to the projectile direction, φ1 and φ2 are their corresponding

azimuthal angles. Only double ionization plus single capture

(DISC) events were selected in which both electrons were

ejected into the scattering plane spanned by the initial pro-

jectile momentum and the momentum transfer vector q. The

scattering plane was selected because one motivation for this

work was to further investigate the correlation between the

electron momenta and q which we reported previously [36].

Furthermore, conditions were set on each electron energy (i.e.

p1 and p2) and on the transverse component of the momen-

tum transfer qtr. The latter condition, along with the selection

of the scattering plane, defines the projectile solid angle ele-

ment. The selected events are then plotted in two-dimensional

plots as a function of θ1 and θ2, where the directions of qtr

and −qtr define θ = 90◦ and −90◦, respectively.

4-particle Dalitz (4-D) plots were generated following the

method reported in [31, 32]. The quantities that are analyzed

in a 4-D plot are the relative squared momentum changes of

all particles in the collision εi = (∆pi)
2/Σ(∆p j)

2. In case of

the electrons and the recoil ions these momentum changes are

identical to their final momenta. These Dalitz coordinates are

plotted in a tetrahedral coordinate system, where each tetrahe-

dron plane represents one particle. For a given data point a set

of the four ε j is given by the distances of that data point to the

four tetrahedron planes. A 4-D plot can be generated using

a standard Cartesian coordinate system using the following

transformations:

x = ε1,

y = (1/
√

8)(3ε2 + ε1),

z =
√

3/2(ε3 + 0.5ε2 + 0.5ε1) (1)

Note that ε4 is not needed in these transformations because

due to the boundary condition Σε j = 1 only three ε j are inde-

pendent of each other. Data can only occur in the interior of

the tetrahedron. Furthermore, the areas close to the corners,

where three planes intersect, are kinematically forbidden. In

these regions, momentum and energy cannot be conserved si-

multaneously. Right at a corner, for example, the momentum

changes of the particles represented by the intersecting planes

are zero and the momentum change of the fourth particle is

very large (maximum distance to the fourth plane). Since

q= prec+p1+p2 the momentum changes of all particles have

to be zero if they are zero for three particles.

Finally, the correlation function CF was obtained following

the method described in [29]. As a first step, the magnitude

of the momentum difference vector ∆p = |p1 − p2| was an-

alyzed for two cases. In both cases only DISC events were

selected by requiring true fourfold coincidences between both

electrons, the recoil ions, and the charge-exchanged projec-

tiles. One spectrum was generated for two electrons ejected in

the same DISC event, to which in the following we refer as the

correlated spectrum Icor. The second spectrum, which we call

the uncorrelated spectrum Iunc, was generated by randomly

picking one of the two ejected electrons from the nth DISC

event and one electron from the (n+ 1)st DISC event and ∆p

was calculated for these two completely independent electrons

(event mixing). The CF is then given by Icor/Iunc−1 = R−1.

Positive values of the CF signify a correlation, i.e. the corre-

sponding ∆p are enhanced compared to independent events,

and negative values signify an anti-correlation, i.e. the corre-

sponding ∆p are suppressed.

IV. RESULTS AND DISCUSSION

A. Fully Differential Cross Sections

In Fig. 1 we show FDCS for electrons with energies of

E1 = E2 = 10± 5 eV ejected into the scattering plane and for

transverse momentum transfers of qtr = 3±1 a.u. (left panel),

5± 1 a.u. (center panel), and 8± 2 a.u. (right panel). Equal

energies of both ejected electrons were selected in order to

maximize the phase space overlap between them so that any

electron-electron correlation effects, if present, would be en-

hanced compared to unequal energies. However, this restric-

tion also leads to minima along the diagonal line for which

θel1 = θel2 where two electrons reach the detector within the

multi-hit dead time. The dead time area is marked in gray in

right panel of Fig.1 for illustration (as well as in Fig.2 and

3). In the following discussions one can see that this restric-

tion will not compromise our conclusions. The dashed lines

at positive angles indicate the direction of q and those at neg-

ative angles the direction of −q. Previously, we had discussed

already these FDCS for qtr = 5± 1 a.u. [36]. By comparing

the data to what is usually observed in the angular dependence

of the FDCS for single ionization, we could demonstrate that

the data for DISC could to a large extent be described in terms

of an independent electron model (IEM). More specifically, in

single ionization three structures are often observed: a) a max-

imum in the direction of q (binary peak), b) a weaker maxi-

mum in the direction −q (recoil peak) and c) in the case of

large η a maximum near θ = 0◦ (forward peak). The FDCS

for DISC exhibit structures which are consistent with combi-

nations of these features usually observed for single ioniza-

tion. Especially the combinations “one electron is in the bi-

nary peak and the other in the forward peak” and “one electron

in the recoil peak and the other in the forward peak”, to which

we refer as the binary/forward and recoil/forward peaks, are

quite prominent.

For qtr = 5 a.u. the FDCS look almost identical to those

for qtr = 3 a.u. and are thus also consistent with the IEM.

Qualitatively, this also holds for qtr = 8 a.u., however, quanti-

tatively, there is a significant difference to the smaller momen-

tum transfers: the intensity of the recoil/forward peak relative
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FIG. 1. (Color online) Fully differential cross sections for DISC for both electrons with energies E1 = E2 = 10±5 eV ejected into the scattering

plane as a function of the two polar electron ejection angles. The momentum transfer was fixed at 3± 1 a.u. (left panel), 5± 1 a.u. (center

panel), and 8±2 a.u. (right panel). The dashed lines at positive (negative) angles indicate the direction of q (−q). As illustrated in the right

panel, the dotted/dashed/solid circles mark the regimes of the binary/forward, the recoil/forward and the binary/recoil peaks, respectively. The

shaded area marks the minima zone due to the multi-hit dead time (see the text).

to the binary/forward peak is considerably enhanced. Further-

more, an additional structure is now visible, which is absent

for qtr = 3 a.u. and 5 a.u. Here, one electron is ejected in the

direction of q and the other nearly in the direction of −q (bi-

nary/recoil peak). This enhanced intensity of electrons ejected

in the direction of −q at large q has not been observed yet for

single ionization, where the recoil to binary peak intensity ra-

tios usually increases systematically with increasing q.

In Fig.2 we present FDCS for the same qtr as in Fig.1, but

for electron energies E1 = E2 = 20± 5 eV . The comparison

with Fig. 1 suggests that the FDCS change more sensitively

with the electron energies than with q. Several differences to

the FDCS for 10 eV can be seen. First, the binary/forward

structures are shifted in the forward direction relative to q, es-

pecially at large q. Such a shift is also observed in single ion-

ization in collision systems with relatively large η . It is caused

by the post-collision interaction (PCI) between the outgoing

projectile and the electron(s) already lifted to the continuum

by a preceding primary interaction with the projectile. PCI is

known to maximize for electron energies (cusp energy) cor-

responding to speeds close to the projectile speed [38]. For

the present collision system the cusp energy is 16.5 eV, which

lies within the energy bin for which the FDCS are presented

in Fig. 2. It should be noted that the cusp peak in the electron

energy spectra is very narrow, especially when electron ejec-

tion is accompanied by electron capture (e.g. [39]). Thus cusp

electron production is almost completely contained in the en-

ergy bin of 20± 5 eV, while it contributes very little to the

energy bin 10± 5 eV.

The second difference to the FDCS for 10 eV is that the

structures are narrower. As a result, the recoil/forward and

binary/forward peaks are more separated from each other by

more pronounced minima. A narrowing of the binary and re-

coil peaks with increasing energy is routinely found for sin-

gle ionization as well (e.g. [4]). Finally, at qtr = 8 a.u. the

recoil/forward structures are considerably shifted backwards

relative to q. This observation cannot be explained by the

features usually found in single ionization, where a backward

shift of the recoil peak has not been reported yet. Therefore,

the FDCS for large electron energies and large q cannot be

completely described within the IEM.

The FDCS for E1 = E2 = 5 eV are plotted in Fig. 3 Here

again, similar features as for 10 and 20 eV are observed. How-

ever, in addition the binary/recoil peaks, which for 10 eV are

only seen at the largest qtr and essentially absent for 20 eV, are

quite prominent for all qtr at 5 eV. This shows that the recoil

peak not only increases with increasing qtr, but also with de-

creasing electron energy, in accordance with single ionization.

An interesting observation concerns the location of the max-

ima involving recoil peak electrons: the recoil/forward peak

occurs in the direction of −q (and in the forward direction

for the other electron). However, for the two larger qtr the

binary/recoil peak is shifted backward in the recoil peak com-

ponent. A closer inspection of the FDCS for 10 eV reveals a

similar behavior, however there it is not as prominent because

the binary/recoil peak is much weaker than at 5 eV.

Overall, the correlation between each electron momentum

and q, initially reported for electron energies of 10 eV, is not

just limited to a narrow kinematic regime. Rather, it is ob-

served for several electron energies.

B. 4-Particle Dalitz Plots

In the left panel of Fig. 4 a 4-D plot is shown for the lon-

gitudinal components of the momentum changes of all four

collision fragments, i.e. the Dalitz coordinates are calculated

as εi‖ = (∆pi‖)
2/Σ(∆p j‖)

2. The number of counts is repre-

sented in terms of the size of the data points; the color serves

to make the optical representation clearer. The front and bot-

tom planes represent the ejected electrons, the right plane the

projectile, and the back plane the recoil ion, as illustrated in

the right panel of Fig. 4.
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FIG. 2. (Color online) Same as Fig. 1 for E1 = E2 = 20±5 eV .
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FIG. 3. (Color online) Same as Fig. 1 for E1 = E2 = 5±5 eV .

A 4-D shows which type of interaction leads to the largest

momentum exchange in the collision. For example, for data

points located at one of the intersection lines between two

planes the Dalitz components for the two particles represented

by the intersecting planes are zero. Therefore, here momen-

tum exchange occurs only between the other two particles.

Likewise, data points located in the center of one of the tetra-

hedron planes have a distance of zero to that plane, but large

distances to the other three planes. Here, a relatively large mo-

mentum exchange occurs between the three particles which

are not represented by the plane where the data point is lo-

cated.

In the data a strong peak structure is found at the intersec-

tion line between the two planes representing the ejected elec-

trons. Therefore, in the longitudinal direction DISC is domi-

nated by a momentum exchange between the nuclei of the col-

lision system. At first glance, this may appear to be surprising

and indeed such a dominance of the nucleus-nucleus interac-

tion in the longitudinal direction has never been observed for

double ionization [32]. This can be understood by considering

the relatively large negative Q-value for DISC and the small

projectile speed, which determine the longitudinal momentum

transfer and recoil-ion momentum by [7]

q‖ = −∆p‖ = (−Q+E1+E2)/v− v/2,

prec‖ = q‖− p1‖− p2‖
= (−Q+E1 +E2)/v− v/2− p1‖− p2‖. (2)

For example, for Q = −70 eV , v = 1.1 a.u. and equal elec-

tron energies of about 13.6 eV (i.e. pel‖ < 1 a.u.), this yields

q‖ = 2.8 a.u., which is much larger than the electron mo-

menta. Although the corresponding recoil momentum could

be as small as 0.8 a.u., in most cases it will be considerably

larger than the electron momenta because on average only a

certain fraction of the electron energy stems from their lon-

gitudinal motion. Furthermore, the electron momenta can

be negative, which increases the recoil momentum. In con-

trast, for double ionization FDCS so far were only reported

for much larger projectile speeds so that there q‖ is always

relatively small.

Further maxima occur at the intersection lines between the

recoil plane and one of the electron planes. These present

longitudinal momentum exchange mainly between the projec-

tile and the respective other electron. Such a configuration is

only possible if one electron has a very small and the other

electron a relatively large energy. According to equations (2)

for more symmetric energies the longitudinal recoil-ion mo-
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FIG. 4. (Color online) Four-particle Dalitz plot for the longitudinal momentum components (for Dalitz coordinates, see text). The front and

bottom planes represent the ejected electrons, the right plane the projectile, and the backplane the recoil ion. The Dalitz coordinates are given

by the distance of a data point to the four planes representing the corresponding particle where angles between each two coordinates are

constant and have no physical meanings (the right panel). The data in the left panel were obtained for two electrons and the recoil ion produced

in the same DISC event. The data in the middle panel were obtained from two electron and the recoil ion all produced in three different DISC

events (event mixing). In each case the momentum transfer was obtained from q = p1 +p2 +prec.

mentum cannot become smaller than both electron momenta.

The contributions near the lower left corner of the tetrahedron

can be understood by similar arguments: here, momentum ex-

change occurs between all four particles, where the projec-

tile transfers approximately equal fractions to the two elec-

trons and the recoil ion. This is the configuration predicted by

equations (2) for similar small electron energies ejected at rel-

atively small angles relative to the projectile beam direction.

In the left panel of Fig. 5 a 4-D plot is shown for the trans-

verse components of the momentum changes of all four col-

lision fragments. Here, the various particles are represented

by the same tetrahedron planes as in the plot for the longitu-

dinal momentum components. This plot reveals much less

structure than the one for the longitudinal components. In

fact, in this spectrum we observe exclusively events in which

by far the largest momentum exchange occurs between the

two nuclei in the collision system. This is quite remarkable

because, contrary to the longitudinal direction, significantly

larger momenta of the nuclei compared to the electrons are not

simply strongly favored by the kinematic conservation laws

(i.e. by equations 2). Rather, the dominance of the NN in-

teraction provides information about the collision dynamics.

More specifically, one can conclude that DISC is quite selec-

tive on small impact parameters, which was not necessarily

expected for such a small projectile energy. For double ion-

ization the NN interaction also tends to be dominant in the

4-D plots, however, there additional structures were always

observed at the intersection lines representing binary momen-

tum exchange between the projectile and one electron [32].

This suggests that the high selectivity of DISC on close colli-

sions is mainly due to the capture step.

One might expect that electron-electron correlations are

signified in a 4-D plot by a peak structure at the intersec-

tion line between the projectile and recoil planes. However,

this is not the case; even for very fast collisions, where such

effects are known to play an important role in double ioniza-

tion, the flux in this region actually minimized. The reason is

that any inelastic process in atomic scattering always requires

a primary interaction between the projectile and at least one

electron. For any subsequent interaction between the elec-

trons their energies are very small compared to the projectile

energy and it is thus difficult to exchange momentum compa-

rable or larger than in the primary interaction. Therefore, 4-D

plots are not particularly well suited to study electron-electron

correlation effects, unless measured plots can be compared to

reliable theoretical calculations accounting for such effects or

to simulations of the expected plots based on the IEM.

We have analyzed such simulated 4-D plots based on the

IEM. This was accomplished by using event mixing, i.e. the

same method used to generate the correlation function (see

next sub-section), except that the momenta of two electrons

and a recoil ion were mixed from three different DISC events.

This procedure enforces that the ejected electrons (and the re-

coil ion) are completely independent of each other. The mo-

mentum transfer was then calculated from q = p1 +p2 +prec

so that the momentum is still conserved for each mixed event.

Therefore, in the plot obtained from event mixing the data are

confined to the same region within the tetrahedron as the real

events. These plots are shown in the right panels of Figs. 4

and 5 for the longitudinal and transverse momentum compo-

nents, respectively. Just like in the case of the CF, here too,

the spectra obtained for event mixing represent the IEM. It is

remarkable that within statistical fluctuations no difference at

all to the spectra using the momenta from the same event can

be discerned, neither for the longitudinal nor for the transverse

components.

C. Correlation Function

While the FDCS and the 4-D plots can to a large extent be

explained in terms of the IEM they do not reveal conclusively

whether electron-electron correlation effects are just weak or
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FIG. 5. (Color online) Same as Fig. 4 for the transverse momentum components.

essentially absent. To investigate the role of such correlation

effects more sensitively than it is possible with the FDCS or 4-

D plots we analyzed the data in terms of the correlation func-

tion. The CF as a function of ∆p is shown in Fig. 6 as closed

circles. For comparison, we also show as open squares the CF

for 3.6 MeV/amu Au53+ + He [29]. Qualitatively, the data are

somewhat similar for both collision systems. In both cases a

strong anti-correlation is observed at very small ∆p, followed

by a maximum near ∆p= 1.5 to 2 a.u. and a (in the case of the

DISC data weak) minimum near ∆p = 3.5− 5.5 a.u. Quanti-

tatively, there are two differences between both data sets: the

maximum and minimum are much less pronounced for He2+

+ Ar collisions and occur at smaller ∆p.

The strong anti-correlation observed for small ∆p is a triv-

ial manifestation of the fact that the ejected electrons repel

each other. At the detector the electrons have departed to

macroscopic distances from the nuclei of the collision system

which can thus not compensate this repulsion. Therefore, the

electrons cannot be at rest relative to each other. This anti-

correlation should be essentially independent of the collision

system and indeed in this region the CF are practically identi-

cal for both data sets.

In [29] the CF was measured for three different collision

systems with largely different η (0.1 and 4.4) and targets (He

and Ne). For all three cases the CF were remarkably simi-

lar. From this similarity the authors concluded that deviations

from 0 in the CF do not reflect dynamic correlation effects

during the transition because such correlations are believed to

sensitively depend on η . More specifically, for η ≪ 1 dou-

ble ionization is expected to predominantly proceed through

a first-order process, in which only one electron is ejected by

a direct interaction with the projectile and the second elec-

tron by an interaction with the first electron. In contrast, for

η ≫ 1 double ionization is mostly caused by two independent

interactions of the projectile with the electrons. It was there-

fore concluded, and later confirmed in a follow-up paper [20],

that the maximum and the minimum in the CF must be due to

electron-electron correlations in the initial target state. With

this interpretation one would have to conclude that the initial

state correlation among the three active electrons in DISC of

Ar is significantly weaker than among the two active electrons

0 2 4 6
-1.0

-0.5

0.0

0.5

1.0

 

 

R
-1

p (a.u.)

FIG. 6. (Color online)Correlation function, i.e. the intensity ratio be-

tween spectra obtained for electrons emitted in the same DISC event

relative to those obtained for two electrons from two different DISC

events (event mixing), as a function of the magnitude of the mo-

mentum difference vector. Closed circles, present data; red triangles,

present data with additional condition on the electron to recoil-ion

momentum ratio (see text); open squares, double ionization in 3.6

MeV/amu Au53+ + He [29].

in double ionization of He. This can partly be explained by the

smaller size of the He atom compared to Ar, i.e. the on aver-

age smaller mutual distance between the electrons.

Another factor that could be important in explaining the

seemingly weaker initial state correlation for the He2+ + Ar

case is the involvement of the capture of one electron in ad-

dition to double ionization. The 4-D plots (Fig. 5) suggest

that capture selects very small impact parameters leading to

an overpowering role of the nucleus-nucleus interaction in the

collision dynamics. The analysis of [29] assumed that the ef-

fects of interactions other than the electron-electron interac-

tion “cancel” to a large extent in the CF. However, while this

is probably a realistic assumption for the very fast collisions

studied in [29], in which no capture selecting small impact

parameters was involved, this may not be the case under the

conditions realized in DISC at slow collisions leading to an

extremely strong nucleus-nucleus interaction.

In order to test the effect of the nucleus-nucleus interaction

we have analyzed the CF with an additional condition on the
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ratio between the sum momentum of both ejected electrons

and the recoil momentum R = (|pel1 +pel2|)/prec. Earlier, it

was demonstrated that by setting a condition on values of R

significantly larger than 1 events can be selected in which the

nucleus-nucleus interaction is relatively weak [40, 41]. One

might therefore expect that with such a condition the CF for

the He2+ + Ar data become more similar to the CF for dou-

ble ionization in fast collisions. The CF with a condition on

R > 3 is shown as red triangles in Fig. 6. The condition on R

leads to a significant alteration of the CF. The anti-correlation

at ∆p = 0 is more pronounced (i.e. extends to larger ∆p) and

the minimum is shifted to ∆p = 2.5 a.u. and is also more pro-

nounced than in the CF without a condition on R. However,

this does not lead to a closer resemblance to the data for dou-

ble ionization in Au53+ + He collisions.

These observations suggest the following: 1.) The CF is

significantly affected by how strong the nucleus-nucleus in-

teraction is relative to the other interactions involved in the

collision dynamics. 2.) This means that the universality of the

CF observed for a broad variety of collision systems in [29]

has its limits. At this point it is not clear whether this limit

is mostly set by the very small projectile speed or by the in-

volvement of the capture of one electron in addition to double

ionization studied in [29]. 3.) Even at this very small projec-

tile speed, where correlated multi-electron transition mecha-

nisms are known to be very weak, the CF still reveals remark-

ably pronounced signatures of correlation effects, at least if

the nucleus-nucleus interaction is suppressed. This illustrates

the extreme sensitivity of the CF to such effects.

V. CONCLUSIONS

We have performed a kinematically complete experiment

on double ionization accompanied by capture of a third elec-

tron to the projectile. The data were systematically analyzed

using techniques developed only in relatively recent years.

Earlier, we had found already that fully differential cross sec-

tions (FDCS) reveal a surprising correlation between the indi-

vidual ejected electron momenta and the momentum transfer.

At the same time, no signatures of electron-electron correla-

tions could be found in the FDCS and, not surprising, the data

can be well explained within an independent electron model

(IEM). These finding were confirmed in the present work for

additional data sets under different kinematic conditions.

Furthermore, we analyzed four-particle Dalitz (4-D) plots.

In the case of double ionization the dominant reaction mech-

anism could be identified by comparing experimental data to

various theoretical models. In the present case, theoretical

calculations are not yet available, which makes the interpreta-

tion of the data much more challenging. Nevertheless, some

important information about the momentum balance between

two or more particles in the collision system could be ex-

tracted from the 4-D plots. For example, the overpowering

role of the nucleus-nucleus interaction (as far as momentum,

but not energy exchange, is concerned) was revealed. This

makes the strong correlation between each electron and the

momentum transfer even more surprising.

Finally, the correlation function (CF) proved to be a very

sensitive tool for electron-electron correlations in the initial

target state. While the FDCS and 4-D plots do not reveal any

signatures of such correlations at all, analyzing the CF showed

small, but significant effects. The CF may therefore be well-

suited to analyze the role of initial state correlations also of

more complex targets including molecules. However, our data

also show that if the nucleus-nucleus interaction is extremely

strong, as illustrated by the 4-D plots, it may significantly alter

the shape of the CF. This also means that due to the NN inter-

action the apparent universality of the CF observed for double

ionization by energetic ion impact has its limits. Therefore,

studies of initial state correlations using the CF should be per-

formed under kinematic conditions under which the nucleus-

nucleus interactions is minimized.
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