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Abstract

We have measured fully momentum analyzed Ar’" recoil ions and two ejected electrons as well
as He™ projectiles in coincidence with each other for 30 keV amu~' He?" + Ar collisions. Fully
differential cross sections for electron transfer from the target to the projectile accompanied by
the ejection of two additional target electrons were extracted. To a large extent the data can be
reproduced by an independent electron model. However, we also observed a surprisingly strong

correlation between the electron momenta and the projectile momentum transfer.
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(Some figures may appear in colour only in the online journal)

One of the most important goals of atomic physics research is
to advance our understanding of few-body dynamics in
atomic systems containing at least three mutually interacting
particles [1, 2]. This represents an enormous theoretical
challenge because it is well established that for such atomic
systems the Schrodinger equation is not analytically solvable
although the underlying forces acting between the particles
are very well understood. Therefore, detailed experiments
testing theoretical modelling efforts are crucial, where kine-
matically complete experiments offer the most sensitive tests.

Experiments studying ionization processes are particu-
larly suitable to test few-body dynamics because here the final
state involves at least three unbound particles (the scattered
projectile, the ejected electron(s) and the recoiling target ion).
So far, kinematically complete experimental studies on such
processes were focused on pure single ionization (SI) of the
target (for reviews see e.g. [3, 4]). For electron impact a solid
understanding of the collision dynamics has emerged even at
small energies (e.g. [1, 5, 6]), however, ion impact studies are
much more challenging both theoretically and experimentally
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due to the larger projectile mass [4]. For transfer ionization
(TT), i.e. the capture of one target electron to the projectile and
the ejection of a second target electron, numerous kinemati-
cally complete experiments were reported as well [e.g. 7—12].
However, here too, like in SI, the final state only involves
three unbound particles. Therefore, kinematically, the com-
plexity of few-body dynamics in this process is only
enhanced to some extent compared to SI. For double ioniz-
ation (leading to four unbound particles in the final state)
kinematically complete data were reported for electron impact
(e.g. [13, 14]). For ion impact, such experiments are much
more challenging and here, only one nearly kinematically
complete experiment was reported [15]. Multiply differential
data are also available for triple ionization by ion impact [16],
but there the measured cross sections nevertheless represent
an integration of the fully differential cross sections (FDCS)
over several kinematic parameters.

In this letter we present measured FDCS for the transfer
of one electron to the projectile with simultaneous ejection of
two additional target electrons (to which we refer as T112) in
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Figure 1. An illustration of the collision geometry and the coordinate
system used in the data analysis. For the details, see text.

collisions of 30keV amu~' He*" with Ar. This process is
kinematically more complex than SI as the final state involves
four unbound particles. At the same time, the transfer step
selects, on average, much closer collisions than what is
expected for pure target double ionization (DI). As a result,
we expected the interaction between the two nuclei in the
system (NN interaction) to have a much larger impact on few-
body dynamics compared to DI. With this higher degree of
complexity and enhanced role played by the NN interaction,
we anticipated major differences in the FDCS between T112
and SI. Instead, some of the features in the measured FDCS
bore a remarkable and surprising resemblance to the FDCS
for SI. Nevertheless, we also observed some important dif-
ferences in the FDCS for both processes, reflecting the qua-
litative differences in few-body dynamics.

The experiment was performed at the 320kV platform
for multidisciplinary research with highly charged ions at the
Institute of Modern Physics, Lanzhou, China. Briefly,
30keV amu ' He*" ion beams, delivered by the platform, are
well-collimated and intersect with a supersonic argon gas jet
at the center of a reaction microscope [17]. The produced
fragments (electrons and recoil ion) are extracted by a weak
electrostatic field (1.77 Vem™') and a homogeneous magn-
etic field (11 G) perpendicular to both the projectile and the
jet directions and are projected onto two position-sensitive
detectors, mounted along the axis of the extraction field and
facing each other. The scattered beam was charge-state ana-
lyzed by an electrostatic deflector downstream from the col-
lision center, and the He™ ions were directed to a position
sensitive detector while the remaining primary beam was
collected by a Faraday cup. The recoil ion, two emitted
electrons and the charge-exchanged projectile were measured
in quadruple coincidence so that the various reaction channels
could be distinguished. The momenta of the target fragments
were obtained from the detector position and coincidence
time information in the off-line analysis (for details see [17]).

In figure 1 we illustrate the collision geometry and the
coordinate system that we used to present the dependence of
the measured multiple differential cross sections as a function
of the electron ejection angles. The x-direction is defined by
the transverse component of the momentum transfer g from
the projectile to the target and the z-direction by the initial
projectile momentum. The y-axis is, of course, perpendicular
to the xz-plane. The momenta of the two ejected electrons are
represented by the arrows labelled pe;; and pejo, While the sum
of both momenta is represented by the arrow labelled P.;. For
each momentum the polar angle 6 is measured relative to the
z-axis and the azimuthal angle ¢ is, somewhat unconven-
tionally, the angle between the negative y-axis and the pro-
jection of the momentum vector onto the xy-plane.

We start the discussion of the data by first analyzing the
vector sum of both ejected electron momenta Pe = pepy +
Peiz (a similar analysis was performed for DI of Mg by
electron impact [18]). In figure 2 three-dimensional angular
distributions (3D-plots) of Py, are plotted as a function of the
polar angle 6 (horizontal axis) and the azimuthal angle ¢.

For the spectrum in the left panel, the sum energy of both
electrons was fixed at XE; = 10 £ 3¢V and the transverse
momentum transfer at q, = 5 = 1 a.u. For the spectrum in
the right panel, the corresponding values are ¥ E, = 50 +
7.5eV and g, = 15 = 3 a.u. Since the positive x-axis is
determined by the direction of g, the angles ¢ = 90° and
270° represent the two semi-planes containing qg and —qqr,
respectively, as well as the initial beam axis. These two semi-
planes combined to form the scattering plane which spanned
the initial projectile momentum p, and q.

Before we discuss the features seen in figure 2, we recall
what is typically observed in the corresponding 3D-plots for
SI. There, the observed shapes of these spectra are usually
remarkably simple: they consist of a double lobe structure
with one maximum (known as the binary peak)’, occurring
near the direction of q (i.e. ¢ = 90° and 6 = [0, 90°]) and the
second maximum (recoil peak), near the direction of —q (i.e.
¢ = 270° and 6 = [90°, 180°]) [1, 4, 19, 20]. At projectile
charge to speed ratios, 7 significantly larger than 1, a third
peak structure was observed in the forward direction (6 = 0)
[21, 22]. Furthermore, the recoil peak tends to be con-
siderably smaller than the binary peak and decreases in
intensity (relative to the binary peak) with increasing q.

Now turning back to the 3D plots for T1I2, we first
emphasize that the disadvantage of analyzing Py, is that any
information about the effect of electron—electron correlations
on few-body dynamics is lost because the interaction between
both electrons merely exchanges momentum between both
particles internally (in other words, in the 3D plots of figure 2
both electrons are effectively treated as a single quasi-parti-
cle). The comparison between such plots for T112 and SI
therefore primarily provides information on the effect of the
capture step on collision dynamics.

3 This name is somewhat misleading as it suggests that it results from a
binary interaction between only two particles. However, even when multiple
interactions are important this peak structure is preserved.
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Figure 2. Three-dimensional angular distribution of the electron sum momentum as a function of the azimuthal (y-axis) and polar (x-axis)
electron-pair angle. Spectra are shown for an electron sum energy fixed at 10 + 3 eV (50 &+ 7.5eV) and a transverse momentum transfer
fixed at 5 & 1 a.u. (15 & 3 a.u.) in the left and right panel, respectively.

As noted above, one of the most important aspects of the
capture step is that it selects relatively close collisions so that
the NN interaction becomes very important. This leads to
average ¢’s which are about an order of magnitude larger than
for SI. On the other hand P, is only about 1-2 a.u. so most of
the momentum transferred by the projectile to the target atom
is picked up by the recoil ion rather than the electrons. Under
these circumstances, it is hard to think of any reason why Pg
would be particularly correlated with q, i.e. one might expect
the binary /recoil double lobe structure, which is characteristic
of SI, to be strongly washed out, if present at all, for T112,
especially for large q.

The spectra of figure 2 show that the correlation between
P, and q is indeed weaker than for single ionization, where
the binary /recoil double lobe structure is considerably more
pronounced. Nevertheless, a surprisingly strong correlation
remains. For X E, = 10eV a peak structure, which resembles
the binary peak, is observed at ¢ = 90° and 6 = 25°, i.e. the
direction of Pgy, coincides with qq,. (which defines ¢ = 90°).
In the #-dependence, this structure is shifted in the forward
direction relative to q. However, this shift can partly be
explained by the post-collision interaction (PCI) between the
outgoing projectile and the continuum electrons, which is
known to lead to similar shifts in SI for large n as well. For
YE. = 50eV essentially no correlation between P, and q is
visible anymore in the 6-dependence of the cross sections.
However, in the ¢-dependence, such a correlation is even
more pronounced than for XE, = 10eV. A narrow line of
maximized intensity is observed along ¢ = 90° for 6 between
0 and approximately 120°. This shows that with large prob-
ability the transverse component of P coincides with .
Even more surprising, a corresponding line is also observed
for ¢ = 270°, where in SI the recoil peak is usually found.

In order to analyze the azimuthal dependence of the cross
sections in more detail in figure 3, we show projections of the
3D plots for # = 90° + 5° onto the ¢-axis for ZE, = 10eV
(left panel) and 50 eV (right panel).

Two features in these spectra should be emphasized.
First, the peak structure at ¢ = 90° (which for simplicity and
in analogy to SI we call binary peak) is narrower and more
pronounced for XE, = 50eV. This is surprising because in
this case the transverse component of the recoil momentum,
Prectr = Qtr-Peitrs 1 much larger than for XE, = 10eV, so
one would expect a weaker correlation between Py, and qg,.
Second, while for XE, = 10eV a shallow minimum is seen
at ¢ = 270°, a pronounced maximum (corresponding to the
recoil peak in SI) is observed for XE,; = 50 eV. Thereby, the
¢-dependence of the cross sections looks almost identical to
the double lobe structure which is characteristic of SIL
Essentially, the same features we observed for transfer plus
single ionization.

Apart from these similarities between T1I12 and SI, the
spectra of figure 3 also reveal one important difference: in
T1I2 the intensity ratio between the recoil and binary peaks
increases with increasing ¢, while in SI that ratio always
sharply drops with increasing g. For ¢ > 1 a.u. a recoil peak
is usually no longer discernable. A recoil peak almost as tall
as the binary peak at g = 15 a.u. is therefore a very
remarkable feature.

The drastically different q-dependence of the recoil to
binary peak ratio suggests that a different mechanism leads to
the recoil peak in T1I2 than in SI. In the latter process the
recoil peak is often explained in terms of a two-step process.
In the first step, the electron is lifted to the continuum by an
interaction with the projectile and initially follows the direc-
tion of q. In the second step, the electron gets back-scattered
by its parent nucleus at 180° so that it is eventually ejected
approximately in the direction of —q. To understand the recoil
peak in T1I2 we consider another mechanism in which at
least two interactions are important and which was originally
discussed in the context of SI [1]. Here, the projectile also
interacts with the electron (or electron pair) and simulta-
neously the projectile gets elastically scattered off the target
nucleus (for such slow collisions additional interactions may
be important as well). Since the longitudinal component of
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Figure 3. Projections of the three-dimensional angular distributions of figure 2 for # = 90° onto the azimuthal angular axis. The kinematic

parameters for the left and right panels are the same as for figure 2.

the momentum exchange in elastic scattering is zero, the
effect of the NN interaction is that q gets rotated azimuthally
about the beam axis. If the NN interaction is strong enough
this can result in a rotation of 180° so that Pgy,. ends up
pointing in the direction of —q,.. However, one weakness of
this explanation is that it should also lead to an enhanced flux
for a rotation of 90°, i.e. for ¢ = 180°, while in the data we
observe a minimum at that angle separating the binary and
recoil peaks from each other. On the other hand, we note that
a similar dilemma exists for the accepted explanation for the
recoil peak in SI. There, it is also hard to understand why the
back-scattering of the electron from the parent nucleus so
strongly favors 180°. In the case of SI this apparent conflict is
resolved in quantum-mechanical calculations by a super-
position of different partial waves leading to a minimum
separating the binary and recoil peaks. In the case of T112 a
final explanation of the recoil peak probably also has to await
the full quantum-mechanical treatment.

The analysis of P, shows that the combined ejected
electron pair still reveals a surprisingly strong correlation with
q. As a next step, we investigate to what extent such a cor-
relation even exists for individual electrons. Furthermore, by
analyzing individual electrons, information about potential
electron—electron correlation effects can be extracted. To this
end, in figure 4 we show FDCS for both electrons, each with
an energy of 10 & 5 eV, ejected into the scattering plane as a
function of both polar angles. The transverse momentum
transfer is fixed at g, = 5 £ 1 a.u. Here, we are using dif-
ferent angular coordinates, where ¢ only covers the range
[0, 180°] (and ¢ = 90° represents the scattering plane) and 6
covers the range [—180°, 180°]. # = 0 corresponds to the
forward direction, & = 90° coincides with the direction of g,
and 0 = —90° with the direction of —(q,. The horizontal and
vertical arrows indicate for each axis the directions of q
(positive angles) and —q (negative angles).
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Figure 4. Fully differential cross sections for two electrons, each
with an energy of 10 £ 5 eV, ejected into the scattering plane
(spanned by the initial projectile momentum and the momentum
transfer) as a function of the polar ejection angles of both electrons.
The transverse momentum transfer was fixed at 5 £ 1 a.u.

It should be noted that the shape of the FDCS plotted in
figure 4 can be significantly affected by the multi-hit dead-
time, i.e. the minimum time difference between the two
electrons hitting the detector for which the detector signals
can still be identified as two separate signals. We tested this
influence by discarding events for which the two electrons hit
the detector within 20, 30, or 40ns. We found that the
deadtime only has a significant effect on the shape of the
FDCS along the diagonal for which 6¢; = 0,p,.

The coarse structures in figure 4 are a nearly horizontal
and a nearly vertical line of maximized intensity occurring
near § = 0. This is a very different shape from what was
observed for DI of helium by fast electron impact. There, the
spectra were dominated by diagonal lines of maximized
intensity, which are characteristic of a correlated DI mech-
anism [13]. There, the projectile only interacts directly with
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one electron. The second electron is then ejected by an
interaction with the first electron. For the relatively small
projectile speed and the large perturbation parameter n = 1.8
for the present collision system, this correlated mechanism is
expected to be weak. Rather, the projectile is more likely to
eject both electrons directly in two independent interactions.
In the following paragraphs we therefore attempt to interpret
the data based on an independent electron model (IEM).

To begin the discussion we recall that in SI, for large
values of 7, there are three scenarios which the ejected elec-
trons prefer: they like to follow q (binary peak) or —q (recoil
peak), and they like to be ejected in the forward direction
under the influence of PCI. If the ejection of both electrons is
independent of each other, one might expect to see the pos-
sible combinations of the scenarios of SI in figure 4. This is
indeed what we observe: if we follow, for example, the
horizontal line of maximized intensity, where electron 2 is
ejected nearly in the forward direction, we find maxima near
the direction of —q (i.e. electron 1 is in the recoil peak), near
0 = 0 (both electrons are ejected in the forward direction),
and near the direction of q (electron 1 is in the binary peak).
For the vertical line the corresponding features are observed
as well. Therefore, the FDCS plotted in figure 4 strongly
suggest that not only P, but even the individual electron
momenta are significantly correlated with q. This is a very
surprising observation because one would expect that inte-
gration over the momentum transferred to the recoil ion
(which is very large due to the capture step) and the other
electron momentum would strongly weaken any such
correlation.

In a classical picture, this correlation between the
electrons and q could be explained if typical impact para-
meters b were larger than the size of the target atom (x~1.4
a.u.), in which case the force of the projectile on all target
fragments would be acting nearly along the same axis.
However, for ¢ = 15 a.u. (where the electron momenta are
small compared to the recoil-momentum) the impact para-
meter can be estimated classically using two-body scatter-
ing. For an effective screened target charge of 3 (using a
Thomas—Fermi potential) we find » ~ 0.7 a.u. Furthermore,
the correlation seems to get more pronounced with
increasing ¢, i.e. with decreasing b, which also speaks
against such a classical picture. At present, we cannot offer
any explanation for this observation.

As a final note, we point out that the determination of
both the target and the projectile charge state in the
experiment rules out the possibility that more than one
electron is captured by the projectile or more than two
electrons are ejected to the continuum. Therefore, electronic
transitions not identified by the experiment are restricted to
excitation only. Due to the small excitation energy, except
for inner shell electrons, for which the excitation cross
section is small, such transitions do not have a significant
effect on the momentum balance of the collision. Therefore,
the role of the electrons remaining on the target does not go
significantly beyond screening the nuclear charge of the
target.

In summary, we have measured FDCS for electron cap-
ture and ionization of two additional electrons from the target
in 30keVamu~' He’" + Ar collisions. The sum electron
momentum and, even more remarkable, the individual elec-
tron momenta are surprisingly strongly correlated with the
total momentum transfer, although most of the momentum
transferred by the projectile is actually picked up by the recoil
ion. Overall, to a large extent the features observed in the
FDCS can be explained within an independent electron
model. However, some questions remain unanswered and call
for rigorous theoretical treatment. In particular it is not clear
why the ejected electron momenta follow the momentum
transfer so closely.
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