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Electron-impact ionization of argon 3p in asymmetric kinematics
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Triple differential cross sections are presented for the electron impact ionization of a 3p shell of argon, using
a model called 3CWZ. Within this model, the projectile as well as the ejected electrons are represented by
Coulomb waves with variable charges Z(r) instead of an effective charge; the postcollision interaction (PCI)
is also included and treated exactly at all orders of perturbation theory. Our results are compared with recent
experiments and other theoretical predictions in a range of several kinematics.
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I. INTRODUCTION

Electron impact ionization of atoms and molecules repre-
sents theoretically a few-body problem which remains still
unresolved since the Schrödinger equation cannot be ana-
lytically solvable for more than two interacting particles.
There has been, however, impressive progress in theoretical
studies, especially with the emergence of new generations
of experiences allowing one to probe the validity of any
theory. Experimentally, coincidence techniques have allowed
for complete information about all particles, and are cur-
rently widely used to investigate the electronic structure
of the targets besides the fundamental interactions involved
in the reaction. These coincidence experiments, also called
(e, 2e) reactions [1–3], provide the most valuable informa-
tion of the reaction and constitute a real challenging test for
theories; in particular, the measured triple differential cross
section (TDCS) represents a rigorous test for the most effi-
cient models. Accordingly, advanced theoretical studies have
been carried out from the early days in response to the dis-
crepancies observed between theory and experiments. The
history of this three-body problem is rather long and rich; a
detailed description of theoretical models developed gradually
to investigate the ionization reaction can be found in [4]. We
briefly recall here some efficient models which are nowadays
known to provide the best description of the (e, 2e) reaction;
these models could hence represent a good tool of comparison
for any theoretical study like that we propose in this work.
The distorted wave Born approximation (DWBA), where the
continuum electrons are all represented by distorted waves,
has been proven to be one of the most successful models
in describing (e, 2e) experiments for multielectron targets
[5–8]. The model does not take into account the PCI; its
advantage lies, however, in the simplicity of including the dif-
ferent contributions to the ionization process such as exchange
and distortion effects. The DWBA model was refined and
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extended for the first time by Prideaux and Madison to atoms
[9] by including the PCI in the final state and was generalized
later for molecules [10,11]. As a result any physics contained
in the wave function is contained to all orders of perturbation
theory; this modeling was called 3DW for atoms and M3DW
for molecules. Overall, the model has been successfully ap-
plied and has given good predictions of the triple differential
cross section [12–14]. A hybrid approach based upon DWBA
and the R-matrix [15] models has also been developed; this
description treats the many-electron process in the ionized
target in a more elaborate way than that used in the DWBA
model. Theoretical calculations were primarily first-order R
matrix [16,17] and extended to second-order R matrix [18,19];
the models are called DWB1-RM and DWB2-RM, respec-
tively. Rather sophisticated nonperturbative models were also
developed, following the impressive development of computer
resources such as the CCC [20,21] and BSR [22,23] mod-
els. In the CCC (convergent close-coupling) approximation,
the total wave function is expanded in terms of a sum of
products of the target Hamiltonian eigenstates and unknown
wave functions related to the projectile; these unknown wave
functions are determined by solving a system of integro-
differential equations. Besides, the R-matrix method is based
on the partition of the configuration space into inner and outer
regions; the wave function of the target is required to be totally
contained within this inner region. The BSR method is based
upon a two-step treatment: (i) the method uses the nonpertur-
bative close-coupling expansion, and (ii) the close-coupling
equations are solved using the R-matrix method. There has
been significant progress in experimental (e, 2e) techniques
which have allowed for complete kinematic information since
the first measurements of Jung et al. [24] followed over the
years by no-less-valuable works which provided additional
insight into the ionization process [25–27]. Further techniques
have emerged since then, such as the COLd-target recoil-ion
momentum spectroscopy technique (COLTRIMS) which was
developed during the late 1980s and which contributed exten-
sively in the development of the coincidence measurements
[28]; this new technique has allowed researchers to perform
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kinematically complete experiments involving photons, ions,
and electrons. While molecular targets have been investigated
with limited theoretical support due to their multicenter char-
acter as well as to computation time constraints, considerable
attention has been given to atoms for a long time. As a
result, (e, 2e) measurements can now be correctly predicted
for light atoms like hydrogen and helium by sophisticated
models [29]. However, for more complex atoms the agreement
is not automatically as good; in particular, argon has proven
to present a great challenge for theory [30]. Further investi-
gations in this respect are then called for to clarify the origin
of the observed discrepancies between theory and experiment.
There have been many experiments devoted to the ionization
of argon atoms in several kinematics where relative as well
as absolute measurements have been provided [31–33]. It
should be noted that in almost cases, studies were restricted to
coplanar geometry which was admitted to contain the relevant
physics of the process (in the coplanar geometry, the incoming
projectile and the outgoing electrons are detected in a common
plane called the scattering plane). With the appearance of new
techniques like those using an advanced reaction microscope,
where a nearly full solid angle data collection can be achieved,
more valuable information about the (e, 2e) process can now
be provided, in many kinematics [34]. Our aim in this work
is to further investigate the ionization of argon 3p using a
theoretical approach in various kinematics.

In a previous work [35], we presented a model called
BBK2CWZ1, where the two outgoing electrons were de-
scribed by Coulomb waves with variable charges while the
incoming electron was represented by a plane wave; this was
considered as an improved BBK model. The model was ap-
plied successfully to some atomic and (the Brauner, Briggs
and Klar (BBK) model is defined an discussed in [35] and
references therein) molecular targets at intermediate and high

impact energies where the use of a plane wave for the in-
coming electron is justified; an overall improvement in the
agreement with measurements was observed compared to the
standard BBK results. In this work we improve our model-
ing by representing all the continuum electrons by Coulomb
waves with variable charges or, in other words, the incoming
electron will be described now by a Coulomb wave instead of
a plane wave as was done in [35]. This model called 3CWZ,
which is expected to constitute a more elaborate approach to
the (e, 2e) reaction than BBK2CWZ1, is applied at interme-
diate and low impact energies. We will focus basically on the
ionization of argon 3p by electron impact because it is the
most extensively studied many-electron system and for which
rather valuable experiments have been performed.

The paper is organized as follows: the theoretical model
is outlined in the next section. Our results are presented and
discussed in the third section. We finish by a Conclusion and
outlook. Atomic units are used throughout, unless specified
otherwise.

II. THEORY

The electron impact ionization of an argon atom in its
ground state is schematized as

Ar + e− → Ar+ + 2e−. (1)

The theoretical background of the (e, 2e) process can be
found in our former works [35–37]. In this work we take into
account the exchange effects which were omitted previously
as we considered only highly asymmetric coplanar geometric
kinematics and relatively high impact energy. Briefly, in the
single-particle picture, the triple differential cross section of
an atomic subshell (n, l, m) is written, after summing over all
final and averaging over all initial spin states, as [4]

σ (3) = d3σ
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= (2π )4 k1k2

ki
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The transition matrix elements Tdir and Texc are given by
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where �ki, �k1, and �k2 are, respectively, the momentum vectors of the incident, scattered, and ejected electrons while φZ
c (�k, �r)

represents a Coulomb wave with variable charge Z(r):

φZ
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C(α01, �k01, �r01) is the full final Coulomb interaction dealing with the PCI and is given by

C(α01, �k01, �r01) = exp

(
− π

4 k01

)
�

(
1 − i

2k01

)
1F1[−iα01, 1,−i(�k01 · �r01 + k01r01)], (6)

with �k01 = 1
2 (�k0 − �k1) and α01 = − 1

2k01
.

�nlm(�r) is the bound wave function of the atomic target,
expanded in the Roothaan-Hartree-Fock method as a linear
combination of Slater-type wave functions [38].

The momentum vectors are required to fulfill the conser-
vation law �q = �K − �k2, where �q is the recoil momentum and
�K = �ki − �k1 is the momentum transfer.
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FIG. 1. Variable charge Z (r) seen by the incident electron (a), the ejected electron (b), and the scattered electron (c) during the ionization
process for the 3p subshell of Ar.

The variable charge is calculated analytically by using the
spherically averaged potential of the target viewed by the
electron:

Ui(r1) = 1

4π

∫
Vi(�r1)d�1 = −Z (r1)

r1
, (7)

where Vi(�r1) is the standard Hartree potential defined for
atoms by

Vi(�r1) = − Z

r1
+

N0∑
i=1

Ni j

∫ |φ j (�r)|2
|�r − �r1| d�r. (8)

In our modeling the ejected and scattered electrons see a
charge Z = N at the center of the target and Z = 1 asymp-
totically, while the incident electron sees a charge Z = N at
the center and Z = 0 asymptotically. These variable charges
are called Zi(r), Z1(r), and Z2(r) for the incident, scattered,
and ejected electron, respectively. In Fig. 1 we present the
variable charges for the ionization of argon 3p; the three
panels display Z(r) corresponding to the continuum electrons.
One can clearly see that Z1(r) and Z2(r) decrease from Z = 18
to Z = 1 whereas Zi(r) decreases from Z = 18 to Z = 0; the
asymptotic values of Z(r) are reached rapidly at a distance of
about r = 3 au. It is worth noting that the validity of using the
variable charge modeling in our treatment has been discussed
and justified in our previous work [35] by performing a partial
wave comparative analysis between a true distorted wave and
a spherical Coulomb wave with variable charge. To further
check the validity of our present analysis, we make a com-
parison between the static potential used here to deduce the
variable charge with the full distorting potential of the DWBA
model. The full distorting potential is written as

U (r) = Vstat (r) + Vex(r) + Vp(r), (9)

where the local exchange Vex(r) and polarization Vp(r) poten-
tials are widely used in collision theory and their expressions

are well known (see [39] for Vex(r) and [40] or Vp(r)). The
variable charge Z (r) has been calculated by keeping only
Vstat (r) in Eq. (9), which is actually written as Vstat (r) = − Z (r)

r .
For comparison purposes, the radial distribution of the static
potential Vstat (r) as well as the full distorting potential U (r)
are displayed in Fig. 2. It is seen that the two potentials exhibit
somewhat the same shape and could be considered roughly
similar. The most notable differences are observed in the short
range region, while the two potentials are practically the same
elsewhere; thereby the approach used in this work to calculate
the variable charge appears to be fairly reasonable.

The object of this work concerns the use of this variable
charge modeling, which somehow represents a full approxi-
mate distorted wave model (a kind of a 3DW model), and to
check how this will affect the TDCS in the (e, 2e) reaction
of argon 3p by considering several kinematics. The model

FIG. 2. Distorting potential U(r) seen by the ejected electron.
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FIG. 3. TDCS for the ionization of argon 3p as a function of the
ejection angle θ2 at fixed scattering and ejected energies E1 = 500 eV
and E2 = 205 eV. The projectile is scattered at a fixed scattering
angle (a) θ1 = 3◦, (b) θ1 = 6◦, and (c) θ1 = 9◦. Theoretical results
are black solid line (3CWZ), red dashed line (DWBA-G) and blue
dash-dot line (DWB2-RM). The experimental data are black circles
taken from [41]. The data have been normalized for the best visual
agreement with theory. The absolute scale shown is that of the 3CWZ
calculations. The DWB2-RM results have been multiplied by 0.34
(a), 0.33 (b), and 0.25 (c). The DWBA-G results have been multiplied
by 1.34 (b).

is called 3CWZ; the obtained results within this model are
compared with experiments and other theories. We would like
to note that the evaluation of matrix elements (3) and (4)
requires great care; we used in this work a Fourier transform
scheme to carry out calculations in a rather convenient way
(see, e.g., [37], and references therein).

III. RESULTS

We have calculated the TDCS for the ionization of the
argon 3p subshell using the 3CWZ model; obtained results
are now presented and discussed by considering several kine-
matics in asymmetric geometries. Figure 3 exhibits calculated
TDCSs in coplanar asymmetric geometry at an incident en-
ergy of about 721 eV and an ejected energy of 205 eV. Three
sets of experimental data performed for three scattered angles
θ1 = 3◦, 6◦, and 9◦ display the TDCS as a function of the
ejection angle. Our results are compared with experiments
[41] as well as DWB2-RM and DWBA-G theoretical models.
Since experiments are given on a relative scale, we normal-
ize the data as well as the theoretical calculations to the
3CWZ model. These kinematics are characterized by large
momentum transfer (K = 1.27, 1.4, and 1.6 a.u.) and large
recoil momentum absorbed by the atom (q up to 5.48 a.u.)

which indicates that the recoil ion participates strongly in
the reaction which would require a rigorous modeling of the
ionization process. Also, in this particular situation the PCI is
expected to strongly affect the TDCS as the ejected and scat-
tered energies are rather close to each other. We should note
that BBK has already proven to fail completely in describing
the recoil region of the TDCS [35]; more sophisticated models
are therefore needed for the study of the reaction dynamics
for these particular kinematics. Looking at Fig. 3 in detail,
it is seen that overall the DWB2-RM model describes many
parts of the TDCS well but exhibits in all cases a binary
peak significantly larger than that of the recoil region, in clear
contradiction with the data. Besides, it can be observed that
3CWZ is able to reproduce quite well the TDCS in most parts
of the angular distribution of the TDCS; in particular, the
peaks in the binary and the recoil regions are much better de-
scribed compared to those of DWB2-RM. On the other hand it
is seen that DWBA-G [42] (for which only results for θ1 = 6◦
are available) provides results rather closer to experiments
like those of 3CWZ [panel (b)]. To give an interpretation of
these findings we recall that DWB2-RM is a powerful model
which is in principle able to generally well describe the (e, 2e)
reaction. Nevertheless this model does not account for the
PCI, which is important here; this explains unfortunately the
shortcomings observed in Fig. 3. In contrast, the DWBA-G
model is a full distorted wave model where the PCI is included
via the Gamow factor. This model is in fact not convenient
for comparison with absolute measurements, as the Gamow
factor is known to violate strongly the normalization, but can
be efficient for comparison with relative data like those con-
sidered here. The failure of the DWB2-RM model to correctly
predict some regions of the TDCS highlights the importance
of the PCI effect, which is not accounted for within this
model for these particular kinematics. Furthermore, 3CWZ is
a kind of an approximate full distorted wave approach with
PCI; the spherical static potential which enables resolving the
Schrödinger equation in the true distorted wave description is
used instead to calculate the variable charge Z (r) in the 3CWZ
model.

In the following we investigate the case of lower impact
energy and lower momentum transfer where theoretical cal-
culations are now compared with absolute data [30]. Figure 4
shows a comparison between 3CWZ results with the absolute
data at 200 and 113.5 eV impact energies, respectively; also
included are the theoretical predictions of the 3DW, DWBA,
and DWB2-RM models. Looking at the figure in detail, it
is seen that unfortunately none of the theoretical models is
able to correctly reproduce the magnitude of the TDCS. It is
overall observed that 3CWZ reproduces the double peak in
the binary region qualitatively well; the second binary peak
is, however, larger than the first one in all kinematics. At 200
eV impact energy [panels (a) and (b)], we can already see
that the absolute data are underestimated by all theories. It
is, however, observed that 3CWZ reproduces quite well the
double binary peak; we also note that the 3CWZ results are
rather close to those of DWB2-RM in the binary region while
DWBA and 3DW predict nearly the same shape and magni-
tude for the TDCS. Surprisingly, 3DW, which represents in
principle a rather sophisticated modeling of the process, does
not reproduce the double binary peak [panel (a)] as would
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FIG. 4. Absolute TDCS for the ionization of argon 3p as a
function of the ejection angle θ2 at fixed scattering angle θ1 = 15◦.
The incident and ejected electrons have respective energies (a) Ei =
200 eV and E2 = 10 eV, (b) Ei = 200 eV and E2 = 5 eV, and (c)
Ei = 113.5 eV and E2 = 5 eV. Theoretical results are black solid line
(3CWZ), red dashed line (3DW), blue dash-dot line (DWB2-RM),
and green dash-dot-dot line (DWBA). The experimental data are
black circles taken from [30].

be expected. DWBA exhibits somewhat the same behavior as
3DW at E2 = 10eV [panel (a)]; it reproduces nevertheless the
double binary peak at E2 = 5eV [panel (b)]. The same trends
are still observed at 113.5 eV projectile energy, noting anyway
that in the present case the absolute data are much closer to
all theories. Furthermore, it should be indicated that the data
are underestimated by 3CWZ and DWB2-RM, whereas 3DW
and DWBA predict much higher intensities [panel (c)]. Also
seen, 3CWZ results are closer to those of DWB2-RM as was
observed for 200 eV impact energy. In the recoil region, none
of the theoretical models is able to correctly reproduce the
data.

To summarize discussion of Fig. 4, we can state that the
3CWZ model does not correctly describe the absolute data
but qualitatively reproduces the shape of the TDCS in the bi-
nary region. We nevertheless note that 3CWZ provides results
which are at least at the same level of agreement with exper-
iments as other highly developed models. Overall, 3CWZ as
well as all theories considered in this work, provides results
whose agreement with experiments is somewhat mixed; no
competition between theories is visible for these kinematics.
More extensive studies would likely allow us to gain deep
insight into the ionization reaction.

Lastly, in order to get more insight into the dynamics of
the (e, 2e) reaction, we are interested in the study of the ion-
ization reaction at 195 eV impact energy where experiments
have been performed using an efficient reaction microscope

especially designed for electron impact experiments [34]. It
is worth noting that the coplanar geometry was used for a
long time in (e, 2e) studies as it was assumed to contain most
of the relevant physics of the reaction, while experiments
investigating out-of-plane geometries remained scarce [43].
The novelty is that the measured TDCSs in this new gener-
ation of experiences cover a large part of the full solid angle
of the ejected electrons; these ejected electrons are detected
outside the scattering plane with energies that can reach 25 eV,
representing thereby a new challenge for theory. Accordingly,
new kinematics are given beyond the coplanar geometry,
which allows one to provide comprehensive information of
the ionization dynamics. A three-dimensional TDCS image
is therefore given as a function of the emission solid angle
(θ2, φ2) for a particular value of the scattering angle θ1. For
more valuable comparisons, TDCS cuts in three orthogonal
planes are given; these cuts correspond to the xz plane (scat-
tering plane), the yz plane (half-perpendicular plane), and the
xy plane (full-perpendicular plane).

Our study is focused in the following on the electron im-
pact ionization of argon 3p at 195 eV impact energies for
fixed scattering angles ranging from θ1 = 5◦ to θ1 = 20◦. The
results are displayed in Figs. 5–7 for three ejection energies of
10 eV, 15, and 20 eV, respectively. The interesting aspect of
the present study lies in the fact that the experiments are given
on an absolute scale [44] which would provide a benchmark
for comparison with theory.

Figure 5 shows absolute TDCS cuts in the three perpendic-
ular planes for an ejection energy E2 = 10eV (the convention
adopted here is so that φ2 = 0 corresponds to the x axis). The
cross sections in the xz, yz, and xy planes are displayed as
a function of the ejected angle for a set of scattering angles
θ1 = 5◦, 10◦, 15◦, and 20◦; 3CWZ results are then compared
with experiments as well as DWB2-RM predictions. In the
scattering plane (left-hand column) it is shown that, overall,
the 3CWZ model predicts the data quite well; the model
reproduces the binary peak of the TDCS for θ1 = 5◦ very well,
but agreement becomes less good with increasing scattering
angles (and then increasing momentum transfer). We also note
that the binary peak observed for θ1 = 5◦ splits in two with
increasing scattering angles in agreement with the data; it is
well known that this double peak structure is attributed to the
p character of the outer shell of argon. When we compare
with the DWB2-RM results, it is seen that the 3CWZ model
tends to better describe the (e, 2e) process than DWB2-RM,
especially for higher scattering angles θ1 = 15◦ and 20◦; also
the double peak structure for higher scattering angles is better
exhibited by the 3CWZ model. We should note anyway that
the recoil peak is shifted to lower angles by 3CWZ. When
we consider the yz plane (central column) we can already see
that the data are symmetric about 180 °; the DWB2-RM model
reproduces the whole shape of the TDCS much better while
3CWZ exhibits a strong recoil peak in all cases. The binary re-
gion is not correctly reproduced by 3CWZ except for θ1 = 5◦
where a binary peak close to experiments is visible. Overall,
the DWB2-RM model better describes the shape of the peaks
in the binary and recoil regions, significant discrepancies in
magnitude with the data are unfortunately observed. In the xy
plane (right-hand column), it is seen overall that the agreement
with experiments is somewhat mixed when we look in detail
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FIG. 5. Absolute TDCS (presented as cuts of the 3D image) for the ionization of argon 3p by an impact energy Ei = 195 eV as a function of
the ejection solid angle (θ2, φ2). The projectile is scattered at angles θ1 = (5◦, 10◦, 15◦, 20◦) in coincidence with the ejected electron with an
energy E2 = 10 eV. Left-hand column: TDCS in scattering (xz) plane. Central column: TDCS in the half-perpendicular (yz) plane. Right-hand
column: TDCS in the full-perpendicular (xy) plane. Theoretical results are black solid line (3CWZ) and red dashed line (DWB2-RM). The
experimental data are black circles taken from [44].

at the TDCSs provided by the 3CWZ and DWB2-RM models.
The DWB2-RM model seems to better reproduce the TDCS
for these kinematics (E2 = 10eV); the agreement with the
data is quite good at low scattering angles (5 ° and 10 °).
However, this good agreement is no longer observed with
increasing scattering angles where the data are substantially
underestimated (by a factor up to 2); the agreement becomes
even better reproduced by 3CWZ at a 20 ° scattering angle.

Figures 6 and 7 show the absolute TDCSs with the same
set of scattering angles but for ejection energies E2 = 15 and
20 eV, respectively. Our theoretical results are compared with
experiments as well as those of the DWB2-RM model once
again; general trends observed are quite similar to those of
Fig. 5. As seen, the TDCS is qualitatively reproduced by the
two models in the xz plane where the double peak structure is
still shown for higher angles, in agreement with experiments.
The 3CWZ model still provides a better description of the ab-
solute TDCS, especially at θ1 = 20◦. In the half-perpendicular
plane (yz plane) DWB2-RM is better at reproducing the shape
of the TDCS where the binary and recoil peaks are still

qualitatively reproduced; the magnitude of the TDCS is never-
theless substantially underestimated for all scattering angles.
The 3CWZ results are also in worse agreement compared to
DWB2-RM; the binary peak is somewhat more visible for
these two energies (better than for E2 = 10eV) and a large
recoil peak is reproduced too. The situation is different for the
xy plane: the 3CWZ model better describes the TDCS in shape
and magnitude, and a peak at about φ2 = 20◦ is observed
for all scattering angles. On the other hand, DWB2-RM does
not reproduce the data, especially at higher scattering angles,
θ1 = 15◦ and 20 °, where clear discrepancies are observed.

It should be noted that DWB2-RM is a priori a more
sophisticated treatment as it uses accurate multiconfiguration
expansion of the final ionic states as well as the initial bound
state instead of a single-configuration scheme; the observed
shortcomings are presumably due to the fact that the PCI is not
accounted for at all for this model. In contrast, 3CWZ appears
to reproduce the data quite well in many cases, at least for
this intermediate impact energy (195 eV), although it is based
on a rather simple modeling. This indicates the importance
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Expt.

FIG. 6. Same as Fig. 5 but for an ejection energy E2 = 15 eV.

of the PCI which is accounted here and exactly treated. We
should note anyway that for highly asymmetric geometries
(where PCI may be neglected), DWB2-RM is known to be
very efficient.

In summary, for all ejection energies, our modeling re-
produces the TDCS in the scattering (xz) plane quite well;
a double binary peak appears gradually with increasing scat-
tering angles, in rather better agreement with the data than
DWB2-RM. In the out-of-plane geometries, 3CWZ turns out
to be less efficient, especially in the half-perpendicular plane
(yz plane) in the recoil region, where a strong peak quite
far from experiments is observed for all scattering angles. In
the full-perpendicular plane (xy plane) both the 3CWZ and
DWB2-RM models are able to describe the reaction in some
particular kinematics. While DWB2-RM reproduces the data
at 10 eV ejection energy quite well, especially at low scatter-
ing angles, 3CWZ is much better at describing the TDCS at
higher ejection energies (15 and 20 eV), where the data are
closer to 3CWZ results for all scattering angles.

IV. CONCLUSION

In this work, an (e, 2e) theoretical study of argon 3p has
been reported in asymmetric kinematics. A 3CWZ model,

based upon a full Coulomb wave description with variable
charges, has been used to investigate the (e, 2e) ionization
reaction in several kinematics; obtained results have been
compared with experiments and other theoretical predictions.
In a first step, coplanar asymmetric geometry has been con-
sidered. At relatively high impact energy (nearly 700 eV)
and large momentum transfer (up to 1.6 a.u.) where ejection
and scattering energies are rather close, 3CWZ results turned
out to be in good agreement with the relative data much
better than DWB2-RM. Unlike the previous case (Fig. 3), the
agreement with absolute experiments at 200 and 113.5 eV
impact energies was found to be rather mixed at lower impact
energies and lower momentum transfer (Fig. 4), noting any-
way that 3CWZ results were at the same level of agreement
with the data as other sophisticated models. In a second step
we considered an alternative type of experiment reported on
an absolute scale, where the TDCS is presented as a three-
dimensional image as a function of the ejection solid angle;
comparisons with TDCS cuts in three orthogonal planes are
hence made for a series of kinematics. Overall, 3CWZ results
are in poor agreement with the data in the half-perpendicular
(yz) plane. In the scattering (xz) and the full-perpendicular
(xy) planes, on the other hand, results based upon the 3CWZ
model seem to agree better with experiments. In the xz plane
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Expt.

FIG. 7. Same as Fig. 5 but for an ejection energy E2 = 20 eV.

the agreement with the data is quite satisfying and in much
better agreement than the rather powerful DWB2-RM model.
In the xy plane both theoretical models are able to well repro-
duce the data in some kinematics.

Given the shortcomings observed in this work the method
should be applied for other atoms and in other kinematics [45]
for a more exhaustive interpretation of the ionization process.
This modeling represents a kind of a full approximated dis-
torted wave approach with PCI, whose advantage is justified
by significant savings in computing time. This thereby enables
its application to molecular targets which represent actually a
great challenge for theory. In fact, theoretical investigations
of (e, 2e) for molecules remain relatively scarce due to its
multicenter nature as well as the random orientation of the

molecule; the advancement of theoretical models also depends
on the availability of reliable experiments for purposes of
comparison. Despite all the experimental difficulties, some
valuable data are now available for molecules in a range of
various kinematics [46,47]; we are able to generalize our
3CWZ to molecules for a more detailed analysis of the (e, 2e)
process.
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