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Abstract

We report a combined experimental and theoretical study on the electron-impact ionization of
helium at Ey = 70.6 eV and equal energy sharing of the two outgoing electrons (E; = Ey = 23 V),
where a double-peak or dip structure in the binary region of the triple differential cross section
is observed. The experimental cross sections are compared with results from convergent close-
coupling (CCC), B-spline R-matrix with pseudo-states (BSR), and time-dependent close-coupling
(TDCC) calculations, as well as predictions from the dynamic screening three-Coulomb (DS3C)
theory. Excellent agreement is obtained between experiment and the nonperturbative CCC, BSR,
and TDCC theories, and good agreement is also found for the DS3C model. The data are further
analyzed regarding contributions in particular coupling schemes for the spins of either the two
outgoing electrons or one of the outgoing electrons and the 1s-electron remaining in the residual
ion. While both coupling schemes can be used to explain the observed double-peak structure in
the cross section, the second one allows for the isolation of the exchange contribution between the
incident projectile and the target. For different observation angles of the two outgoing electrons,
we interpret the results as a propensity for distinguishing these two electrons — one being more

likely the incident projectile and the other one being more likely ejected from the target.
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I. INTRODUCTION

The interaction of electrons with matter is of fundamental importance in a wide variety
of scientific and practical applications for the understanding of the collision dynamics and

the structures of matter in the fields of physics, chemistry, biology, and surface science [, 2].

Two outgoing electrons usually emerge in electron-impact ionization of matter. One of
these electrons is generally the scattered projectile while the other one is the secondary elec-
tron originating from the ejection of a target bound electron in a so-called (e, 2e) reaction.
A comprehensive way of characterizing the dynamics of the (e, 2e) ionization process is to
detect the two outgoing electrons in coincidence. This is a kinematically complete experi-
ment, in which the linear momentum vectors of all final-state particles are determined. Such
experiments serve as a powerful tool to understand the quantum few-body problem [3], 4].
The quantity measured in such experiments is the triple-differential cross section (TDCS),
i.e., a cross section that is differential in the solid angles of both electrons and the energy of

one of them. The energy of the other electron is given by energy conservation.

Electron-impact ionization of atoms and molecules has been extensively studied by theory
and experiment due to its basic role as the fundamental few-body system (see, for example,
[5H29]). Today, the measured TDCS, even in three-dimensional (3D) representations, can
be well reproduced by the most sophisticated nonperturbative theories, particularly for
simple (quasi-)one- and (quasi-)two-electron targets such as H, He, or the light alkali and
alkaline-earth elements. Sophisticated perturbative models may also give detailed insight
into the most important interactions and mechanisms, since they can generally be modified
more easily compared to approaches that concentrate on solving the underlying quantum

mechanical equations to the highest degree of numerical accuracy currently possible.

Recently, studies on the ionization of helium by electron-impact (Ey = 70.6 ¢V) reported
excellent agreement between experiment and theoretical predictions from the convergent
close-coupling (CCC) and time-dependent close-coupling (TDCC) methods [20]. Moreover,
an additional node structure was observed in the binary region of the TDCS at 6; = —30°
and equal energy sharing (E) = Ey = 23 €V), see the kinematics in Fig. [I] Such a feature

is unexpected for ionization of a He(1s) electron [3] 4].

According to the principles of quantum mechanics, the two free electrons resulting from

the electron-impact ionization process are experimentally indistinguishable. Nevertheless,



for highly asymmetric energy sharing, one often refers to the faster of the two outgoing
electrons as the “scattered projectile”, while the slower one is considered as the “ejected
electron”. This classification is due to a propensity based on a classical picture, but it
would obviously not be applicable in the equal-energy sharing case. The question, however,
remains, whether such a propensity rule can be established based on different observation
angles of the two electrons.

In order to investigate whether such a propensity might, indeed, contribute to the ob-
served nodal structure in the TDCS for helium [20], we continued our study on electron-
impact ionization of helium with the kinematic conditions mentioned above, i.e., Ey =
70.6 eV; £y = Fy = 23 eV. The TDCS was measured at different sets of scattering angles
in the range —50° < #; < —35°, which corresponds to the momentum transfer in the range
1.75 a.u. > q > 1.42 a.u.. The present experiment are compared with a number of theoretical
predictions. In addition to the CCC and TDCC theories mentioned above, we employed the
B-spline R-matrix with pseudo-states (BSR) [30] approach, as well as the dynamic screening
three-Coulomb (DS3C) [§] method.

Based on a general interpretation of the (e, 2e) experiment with one detector at a fixed
angle and the other detector scanning the entire angular range, three distinct pathways can
contribute to the TDCS [3, BI]. They are: (i) the direct scattering process, for which the
scattered projectile is fixed to one emission direction (labelled “f;”, even though we will see
that this notation may not be appropriate) while one scans the angle of the ejected electron
(labelled “A5”), as shown schematically in Fig. (1| (a); (ii) the exchange process, in which the
roles of the two outgoing electrons are interchanged as shown in Fig. [1] (b); and (iii) the
capture process, in which both target electrons are promoted into the continuum while the
projectile electron is captured into a bound state of the residual ion. In the present work,

we neglect the capture channel.

II. EXPERIMENTAL METHOD

The experiment was performed with a reaction microscope, purpose-built for electron
collision [32]. Details of the experimental setup were described elsewhere [20]. Briefly, a
pulsed electron beam (AT = 1.5 ns), produced by a standard thermo-cathode gun, intersects

a cold helium gas jet created by supersonic expansion. Using parallel electric and magnetic
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FIG. 1. (color online) Sketch of the (e, 2e) reaction for the direct scattering process (a) and the

exchange process (b).

fields, both final-state electrons and the recoiling ion are projected onto respective position-
and time-sensitive detectors in opposite directions. From the positions of the hits on the
detector and their times-of-flight (TOF), the momentum vectors of the final-state particles
are determined. A large part of the entire 47 solid angle is covered, essentially 100% for the
detection of the ion and about 80% for the electrons. The latter miss the detector for energies
higher than 15 eV transversal to the spectrometer axis and for particular TOF where they
arrive close to the spectrometer axis and hit a bore hole in the electron detector, which
is required for dumping the projectile beam. For the present measurements, experimental
data were obtained from double coincidence events between one of the two outgoing electrons
(k1) and the recoil ion. The momentum vector of the second electron (k) is obtained using
momentum conservation as discussed in [27]. Since all experimental data are measured
simultaneously, they are cross normalized, and can be brought to an absolute scale by
normalizing to one absolutely known TDCS value within the recorded phase space. This
has been done using the absolute TDCS measurements by Ehrhardt and coworkers [14]
for Ey = 65 eV. Due to the slightly lower impact energy a correction factor reflecting the

well-known behavior of the total cross section in this energy region was applied.

III. RESULTS AND DISCUSSIONS

The details of the theoretical approaches have already been extensively discussed in [9] [10]
for CCC, [11], 12] for TDCC, [30, B3] for BSR, and [§] for DS3C. All calculations have a
helium ground state that is sufficiently accurate for the task at hand. Even the frozen-
core treatment, where the ground state contains only the {1s,nl} configurations, works well

for equal-energy sharing ionization down to low energies [10]. Nevertheless for even higher
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accuracy a multiconfiguration treatment is helpful [34]. In DS3C a simple Slater-type initial
state was used. Including radial correlation yields similar results. Some specifics of the
coupling schemes used to extract the partial contributions to the TDCS will be discussed
below.

The TDCS as 3D emission patterns are presented in Fig. [2| for the experiment (left
column) and the CCC calculations (right column) at different scattering angles ¢,. The
projectile (ko) enters from the bottom and is scattered (k;) to the left (hence the minus sign
in the notation for #;). These two vectors, whose intersection corresponds to the collision
point, define the scattering plane as indicated by the solid frame in Fig. [2| (¢). The TDCS
for a particular direction is proportional to the distance from the origin of the plot (also
corresponding to the collision point) to the point on the surface that is intersected by the
second electron’s emission direction.

The measured cross sections shown in the 3D representation are generally governed by
the well-known binary and recoil lobes [3, [4]: the binary lobe points roughly in the direction
of the momentum transfer ¢ = ko — k. Classically this corresponds to electrons emitted
after a single binary collision with the projectile. The recoil lobe can be attributed to a
binary collision followed by backscattering in the ionic potential, thus resulting in emission
roughly along the direction of —¢. The most surprising feature observed in the experiment
is the splitting of the binary lobe into two parts. Their relative intensities are strongly
dependent on the scattering angle #,. It can be seen that the contribution of the binary-B
peak is stronger than the binary-A peak for §; = —35° [Figs. [2| (a) and (b)], and vice versa
for §; = —45° and —50°, as seen in Figs. 2| (e)—(h). Their relative contributions are about
equal for ¢ = —40°, as seen in Figs. 2| (¢) and (d). This causes a double-peak structure
with a dip roughly in the direction of the momentum transfer ¢. Given the characteristic
momentum profile of the 152 ground state of helium, such a minimum is unexpected for this
case [35]. Regarding comparison between experiment and theory, all observed features in
the 3D image are very well reproduced by theory.

For a more quantitative investigation of the observed structures in the TDCS, cuts
through the 3D images of the TDCS are exhibited in Fig. 3] The cross sections in the
scattering plane (sketched in Fig. 1| and indicated by the solid frame in Fig. [2| (¢)) are pre-
sented as a function of the emission angle 6, with the other electron’s detection angle being

fixed between —35° and —50°. Also included in Fig. [3| are the theoretical predictions from

6



—7
recoil

(g)

Expt.

FIG. 2. (color online) Three-dimensional (3D) representation of the TDCS for (e,2e) on He at
equal energy sharing (E; = FEo = 23 eV) as a function of the emission angle 6, of one electron with
the other electron’s detection angle 6; being fixed to: (a) and (b) 1 = —35°; (c¢) and (d) 6; =
—40° (e) and (f) 6, = —45°% (g) and (h) ; = —50°. Left column: experiment. Right column:

CCC calculation.

the CCC, BSR, and TDCC methods. Excellent agreement is obtained between experiment

and all theories.

In order to push the analysis further, it is now necessary to discuss in some detail how the
TDCS is actually obtained in the various methods. In the TDCC approach, the spin of the
incident projectile is coupled to that of the ejected electron to form either a singlet or triplet
combined spin of this two-electron subsystem. The interaction between these two electrons
is treated exactly. The remaining target electron is treated like a spectator and its spin
is not considered at all, although the interaction of the target electrons with the outgoing

electrons is included via direct and local exchange potentials. In other words, the active
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FIG. 3. (color online) Experimental data compared with CCC, BSR, and TDCC predictions
for the TDCS in the scattering plane (E; = E5 = 23 eV) as a function of one electron emission
angle (A2) with the other electron emission angle 6; fixed to —35° (a), —40° (b), —45° (c), and
—50° (d). Also shown are the TDCC results for the contributions from the final-state (FS) singlet
and triplet spin channels constructed from coupling the spins of the two outgoing electrons. See

text for details.

target electron is treated like the valence electron of an alkali atom. Due to the fact that the
total spin of the three-electron system is Sy,; = 1/2 (in the nonrelativistic approximation),
it is not appropriate to associate the contribution to the singlet and triplet amplitudes with
“direct” and “exchange” processes, as would be done in collisions with an actual (quasi-
Jone-electron target. Moreover, in general it is not possible to separate out the direct and
exchange contributions within the TDCC approach. In our model, the TDCS is the sum
of the singlet and triplet contributions. The triplet cross section vanishes for ¢; = 0 (see
in Fig. [3)), as is required by the Pauli Principle. This forced zero of the TDCS is then also
reflected in the dip structure as found experimentally for #; = —40°, or in shoulders in the

binary peak as found for ; = —35°, —45° and —50°.

A different way of splitting up the contributions to the TDCS is employed in the pseudo-
state close-coupling approach, which is the basis of both the CCC and BSR ways to account
for coupling to the ionization continuum. In these models, a two-step process is used. First,

one calculates the excitation of discrete (bound-like) pseudo-states of the helium target, and
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FIG. 4.  (color online) Same as Fig. |3 except that the BSR theory is used to compare with
the experimental data. Also shown are the contributions from excitation of the target-states (TS)

singlet and triplet. See text for details.

in a second step excitation of the states that lie above the physical ionization threshold is
reinterpreted as ionization. While the details vary greatly in the two approaches, the basic
idea is the same. Most importantly, these formulations conserve the total spin S;, of the
three-electron system. Hence, with the initial bound state being (1s*)'.5, they only allow for
Siot = 1/2 in the present non-relativistic approximation. Furthermore, the triplet states of
the target can only be excited by exchange, while the singlet states could be excited by both
direct and exchange processes. In other words, the excitation of the triplet states measures
the exchange contribution individually, while the excitation of the singlet states contains

the direct process, the exchange process, and their interference.

Looking at the BSR results from the two sets of target states in Fig. |4l we see that
the exchange contribution to the binary peak grows when the detection angle 6; grows
in magnitude. Except for §; = —35°, the binary peak seen at 6, = 30° almost entirely
comes from excitation of the triplet states. In other words, there is a propensity that the
electron detected at Ay = 30° is actually the original projectile, rather than the electron
that is detected at 6; = —50°. We also see that the double-peak structure in the TDCS
at #; = —40° is basically caused by the rapid growth of the exchange contribution and the

simultaneous decrease of the remainder. We emphasize again that this remainder in the
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FIG. 5. (color online) Same as Fig. 3| except that the DS3C theory (solid line) is used to compare
with the experimental data. Also shown are the separate direct and exchange contributions. See

text for details.

BSR and CCC formalism is not separable into direct and exchange contributions.

An analytical theory can often give detailed insight into the mechanisms of the process
studied [36]. In Fig. , the experimental TDCS in the scattering plane are compared with
predictions from the DS3C model. DS3C also produces good agreement with experiment,
except for #; = —40° where the double-peak structure is indicated but with an apparently
different (from experiment and the other theories) weight of the underlying peaks. Further-

more, the binary peaks display a shoulder toward larger angles for §; = —45° and —50°.

In DS3C the two bound electrons participate in scattering, however only the roles of the
projectile and the continuum electrons are exchanged, giving rise to a direct and exchange
amplitude. Note that the TDCS in the DS3C model is not the sum of the direct and
exchange contributions, due to interference terms that also enter the formula. In the binary
region of the TDCS, for all 6; cases presented in Fig. [§] the exchange contribution gives
rise to a peak at #, = 30° while the direct scattering process is responsible for a peak at
0> =~ 60°. The relative intensities between these two contributions strongly depend on the
fixed electron angle of #,. Qualitatively, the results are similar to those obtained in the BSR
approach: With increasing magnitude of #;, the binary peak moves to smaller values of 65,

and the exchange contribution to this peak grows. This, once again, supports the propensity
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of assigning the electron detected at the smaller (absolute) angle is the projectile.

IV. CONCLUSIONS

In summary, we have reported experimental and theoretical results for electron-impact
ionization of helium at Ey = 70.6 eV, in which the TDCS for equal energy sharing of the two
outgoing electrons (E; = Ey = 23 eV) is presented for several scattering angles #;. Instead
of the general binary and recoil features in the TDCS, we observed a double-peak structure
in the binary lobe. The experimental data are best reproduced by the non-perturbative
CCC, BSR, and TDCC theories. Based on the spin-coupling scheme used in CCC and
BSR, the double-peak structure can be interpreted as a growing propensity for the electron
being detected at the smaller angle (relative to the forward direction) to correspond to the
original projectile. We hope that the results obtained in this work will help to interpret the

electron-impact ionization process also in more complex systems.
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