Occurrence of the second Born effects
in the (e,3e) reaction on He
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We demonstrate, both experimentally and theoretically, clear quantitative manifestation of
the second Born effects in the angular distributions of two ejected electrons produced by a
500 eV electron impact on the He atom [(e,3e) reaction]. The second Born contribution, due to
subsequent interaction of the projectile with the target, is most prominent for glancing collisions
with small momentum transfer. However, these effects are absent for hard knock-out collisions

with large momentum transfer

PACS numbers:

It is now well understood how the collision of an atom
with a single photon can produce two photoelectrons at
once. Outside the domain of superstrong electromag-
netic fields, a photon can only couple to a single atomic
electron. The second electron is ejected because the de-
parture of the first electron suddenly changes the effec-
tive atomic field. In addition, the first ejected electron
can interact with the second electron on its way out and
knock it from the ion. Relative contributions of these
processes, known as “shake-off” and “two-step-one”, re-
spectively, depend on the photon energy. As the photon
energy increases, the shake-off process becomes gradually
dominant over the two-step-one. The signature of this
take-over is the energy-independent ratio of the double-
to-single photoionization cross-sections [1, 2].

Physics is more complicated for the simultaneous ejec-
tion of two atomic electrons by fast electron impact. In
addition to the shake-off and two-step-one mechanisms,
there is the possibility of the projectile colliding with the
target repeatedly, ejecting two electrons in sequence (the
so-called two-step-two mechanism [3]). It is customary
to consider this repeated interaction within perturbation
theory and to label it as a higher-order Born process,
as opposed to the first-order Born process in which the
projectile hits the target only once. Sequential double
ionization corresponds to the second Born process. It is
intuitively clear that higher-order Born processes are not
important for a very fast projectile. After the first colli-
sion with the target, such a projectile finds iteself in the
region where the probability for a repeated interaction
with the target becomes very small. However, the signa-
ture of these processes is still present in the ratio of the
double-to-single ionization cross-sections which does not
converge to a constant limit at surprisingly large projec-
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tile energies of a few keV [4].

The ratio of the total double-to-single ionization cross-
sections is a very rough indicator of the relative con-
tributions of different ionization mechanisms. In a re-
cent study of the double photoionization of He, Knapp
et al. [6] demonstrated that a much more detailed sepa-
ration can be achieved by investigating the angular and
energy correlations between two ejected photoelectrons,
detected in time coincidence [(7,2e) reaction]. Similar
coincidence studies can now be performed for electron
impact ionization of He [(e,3e) reaction] [6-11]. In these
experiments, the energy of the projectile has varied from
5.5 keV [6] to 500 eV [11], the latter is likely to be in
the domain of the significant non-first Born contribu-
tions. Indeed, the experimental results of [11] were com-
pletely inconsistent with a first Born calculation based
on the convergent close-coupling (CCC) theory [12]. The
CCC model treated the interaction of the two ejected
electrons exactly. Therefore, its deviation from experi-
ment could only be attributed to higher Born processes
which were not included in this realization of the CCC
model. Lahmam-Bennani et al. [11] also applied a sec-
ond Born model based on the asymptotic three-body
Coulomb wave functions, known in the literature as BBK
[13]. This model, however, is inadequate for the descrip-
tion of the (e,3e) reaction as it gives inaccurate results
already in the first Born term [14]. In addition, the statis-
tics of the experiment [11] were limited and did not allow
the authors to make a comparison of theory and experi-
ment across a wide angular range.

In this Letter, we demonstrate unambiguously the ef-
fect of sequential double ionization by exploring the fully-
differential cross-section (FDCS) of the (e,3e) reaction
on He at 500 eV electron impact. We investigate two
qualitatively different reaction kinematics, corresponding
to glancing incidence of the projectile (small momentum
transfer of 0.7-0.9 a.u.), and heavy knock out on the tar-
get (large momentum transfer of 2 a.u.). At glancing



incidence, the projectile bounces off the target and im-
pinges on it again in a very strong deviation from the
first Born regime. In stark contrast, for heavy knock out
collisions the projectile makes a very close encounter with
the target, ejecting two electrons at once, with the first
Born contribution becoming dominant. We corroborate
these experimental findings by by carrying out first and
second Born calculations based on the CCC model.

The experiment was performed with the same com-
bined multi-electron recoil-ion spectrometer which has
been used for earlier high-energy experiments [8, 9]. In
brief, a supersonic jet provided a well localized (2 mm
in diameter) and dense (10'® atoms/cm®) He target at
the intersection point with a pulsed electron beam. Ions
and slow electrons produced in ionizing collisions were
extracted in opposite directions by means of static elec-
tric and magnetic fields and detected by two position-
sensitive multichannel-plate detectors. From the mea-
sured positions and times of flight, the momentum vec-
tors of two slow electrons k;, and k. (Ep . < 12 eV) and
the momentum vector of the recoiling ion ky.++ emitted
in an (e,3e) reaction were determined. The kinematics of
the fast scattered electron, as well as the momentum ¢
transferred by the scattered projectile, follow from mo-
mentum conservation:

ko—ko=q="Fky+kc+kger+ - (1)

Here k¢ and k, are the momentum vectors of the incom-
ing and the scattered projectile, respectively. The elec-
tron detector was equipped with a fast delay-line readout
and a multi-hit time-to-digital converter. Therefore, the
position as well as the arrival time of the second electron
emitted in a double ionizing event were determined if
the flight-time difference between two electrons exceeded
15 ns. Whereas the complete final-state momentum space
is mapped for all ions with ky.++ < 5 a.u., the detector
dead-time results in a small loss of the total momentum
space for the second electron hitting the detector.

With the present experimental technique, it is possi-
ble to examine a large range of kinematics of the (e,3e)
reaction. We used the CCC theory to guide the experi-
ment and to identify kinematics where repeated interac-
tion of the projectile with the target is important. We
performed the first and second Born calculations with
the same highly-correlated ground-state wave function
and CCC representation of the final state of the He atom
with two ejected electrons . The first Born model only al-
lows a single interaction of the projectile with the target.
This model has been described in detail in earlier publica-
tions [8, 9, 12]. The second Born model differs from these
earlier calculations by allowing ejection of the two elec-
trons in two subsequent knock-outs. All the intermediate
states of the target between two subsequent interactions
with the projectile are weighted equally with an average
energy denominator (the so-called closure approximation
[15]). To simplify the second Born model further, we
note that the Born amplitude decreases rapidly with the
momentum transfer and that, most likely, the projectile

imparts a small amount of momentum in each encounter
with the target. Therefore, we follow Franz and Altick
[16] and restrict the interaction of the projectile with
the target to the leading dipole term. We note, however,
that decrease of the Born amplitude with the momentum
transfer is not rapid enough to substitute the spherical
Bessel function in the dipole Born operator by its optical
limit ji(gr) — qr/3, as attempted by Franz and Altick
[16]. In the present second Born calculation we treated
the dipole operator j; (¢r) fully.

In each of the two dipole interactions, the projectile
exchanges one unit of angular momentum with the tar-
get, resulting in a total angular momentum transfer of 0
or 2 in the second Born process. Restriction of the an-
gular momentum exchange allows us to perform an ana-
lytical angular integration over all the possible directions
of the projectile between the collisions with the target.
This speeds up the computation considerably compared
with fully numerical integration employed in earlier sec-
ond Born calculations [17, 18]. As a test of our second
Born model, we calculated the fully differential cross-
section of a related process of the electron impact ion-
ization of helium with simultaneous excitation to the ion
n = 2 state. We used the kinematics of the experiments
of Dupré et al. [19] and Avaldi et al. [20], for which the
second Born results are well established [17, 18]. The
difference between our calculations and these test results
did not exceed 20%.

By applying the first and second Born models to the
(e,3e) process and making comparison with experiment,
we can clearly identify the kinematics where repeated
interactions of the projectile with the target are signifi-
cant. An example of such an analysis is shown in Fig.
1 where the FDCS is presented for ejection of two equal
energy electrons E, = E, = 5 eV at a small momen-
tum transfer of ¢ = 0.7 — 0.9 a.u. which is close to the
kinematical minimum of ¢ = 0.55 a.u. We present our
data by using two dimensional (2D) graphs in which the
ejection angles of two electrons in the projectile scatter-
ing plane are plotted on the axes and the cross-section
is coded by different shades of grey. The experimental
cross-section [Fig. 1 (a)] consists of four main peaks.
Both peaks in the upper left are equivalent to the peaks
in the lower right of the diagram (marked A and B), since
for symmetric energy sharing both ejected electrons are
interchangeable. The pattern of the experimental cross-
section is dominated by peak B, corresponding to one
electron being emitted with an angle slightly larger than
180° (6, = 180 — 210°) and the second electron going
in the forward direction (. = 0°). A second, much
weaker peak A is observed for one electron emitted at
to 90° and the second electron at small negative angles
of . = —30° — 0°. In Fig. 1 (b) we present the theo-
retical FDCS obtained within the first Born model. A
similar calculation for a higher incident energy of 2 keV
was found in fair agreement with experiment [8] with
only a minor displacement of peak B. In the present case,
however, the first Born model fails completely. Neither



the positions nor the relative heights of the experimen-
tally observed peaks are reproduced by the calculation.
There are two underlying symmetries of the first Born
FDCS which are violated strongly by the experimental
data, thus indicating multiple projectile-target interac-
tion. First, a dipole selection rule gives rise to a cross-
section minimum for back-to-back emission of the ejected
electrons at equal energies. The corresponding angular
combinations are marked by dashed lines in Fig. 1. The
first Born cross-section in Fig. 1 (b) largely obeys this se-
lection rule with only a small intensity for back-to-back
emission with one electron going along the momentum
transfer direction. A contrary observation is made for
the experimental cross-section, which violates this selec-
tion rule maximally since peak B, the strongest feature of
the observed pattern, corresponds to back-to-back emis-
sion of the ejected electrons. Assuming dipolar collisions
to be most important, this can only be the result of at
least two collisions giving rise to monopole or quadrupole
transitions for which emission in opposite directions is al-
lowed.

Second, an unambiguous signature of multiple
projectile-target interactions is the broken symmetry of
the experimental cross-section with respect to the mo-
mentum transfer direction. The invariance of the cross-
section for simultaneous inversion of both angles 6,0,
with respect to the momentum transfer direction is char-
acteristic of a single interaction of the projectile with the
target. This invariance is maintained for the first Born
calculation [Fig. 1 (b)]. In the experiment [Fig. 1 (a)] the
peak B, the dominant structure of the cross-section, vio-
lates strongly this symmetry with respect to the momen-
tum direction. Only the relatively weak peak A obeys
this symmetry. It lies perfectly on the off-diagonal line
(marked by the continuous line) which indicates config-
urations where both electrons are emitted at equal an-
gles but to opposite sides with respect to the momen-
tum transfer direction. It is obvious, therefore, from the
shape of the experimental FDCS and its relation to the
first Born calculation, that the second Born process is
important for the present kinematics.

Indeed, including the second Born corrections into
the calculation [Fig. 1 (c)] modifies the FDCS radi-
cally. Agreement with experiment is improved consid-
erably concerning the relative intensity and the angular
position of the peaks. The peak B is displaced away from
the symmetry line, where it is located in the first Born
calculation, into the direction of the experiment, albeit
not far enough to be in perfect agreement. As to the
peak A, it is shifted to an angular position not acces-
sible experimentally. Nevertheless, the tail of the peak
A, which is within the the experimental acceptance, is
consistent with the experimentally observed cross section
pattern.

In Fig. 2, we show the experimental (a) and theoreti-
cal (b) FDCS for the same kinematics as in Fig. 1, but
for ¢ = 2 a.u. As our second Born model is restricted
to two low-q dipole interactions, it is not applicable to

the present kinematics. However, there is no limitation
on the angular and linear momentum transfer in the first
Born model and it can be therefore applied to the present
high-¢ kinematics. Examining the experimental FDCS,
we observe that the peak B has moved to a position with
larger emission angles for both ejected electrons, with
one electron being emitted roughly along the momentum
transfer direction and the second going in the opposite
way. Within the angular limits of the detector accep-
tance, the FDCS shows a perfect symmetry with respect
to the momentum transfer direction. This becomes more
obvious when making comparison with the first Born cal-
culation which, for this large momentum transfer, is in
very good agreement with the experiment. Thus, it can
be concluded that for the impulsive high-¢ kinematics,
single binary collisions of the projectile with the target
are the main mechanism for two-electron ejection.

In summary, we have investigated the relative contri-
bution of the first and second Born processes leading to
the double ionization of He by electron impact at 500 eV
incident energy. In the first Born process, the projec-
tile interacts with the target only once and ejection of
the two target electrons is possible solely due to electron
correlations in the target before and after collision. In
contrast, in the second Born process, ejection of the two
target electrons happens sequentially as a result of two
subsequent knock-outs of the projectile on the target. In
general, both the first and second Born processes con-
tribute to double ionization of He at an incident energy
of 500 eV. However, the second Born contribution is in-
significant for ionizing collisions with a large momentum
transfer. This is because the Born amplitude drops off
quickly with increasing momentum transfer making two
sequential collisions with large momentum transfer un-
likely.

A similar simplification of the reaction dynamics at
large ¢ to a binary knock-out collision is well documented
for the (e,2e) reaction [21]. It is exploited in electron mo-
mentum spectroscopy to extract the clearest information
on the electronic structure of the target which is not ob-
scured by a complicated reaction mechanism. It is also
well known that the generalized oscillator strengths for
single ionization by electron impact at low momentum
transfer converge towards the optical limit [22]. In this
sense, photoionization can be viewed as a zero momen-
tum transfer limit of electron-impact ionization. This is
clearly not so for the double ionization as the electron
impact ionization at low q is very likely to be affected by
higher-order Born processes which are absent for double
photoionization.

We wish to acknowledge the Australian Partnership
for Advanced Computing for providing access to their
facilities.
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FIG. 1: Fivefold differential cross-section (FDCS) for Ey =
500 eV in coplanar scattering geometry as function of the
ejected electrons emission angles 6, and 6. relative to the pri-
mary beam forward direction. a) Experimental cross-section
for ¢ = 0.8 +0.1 au. and Ep = E. = 5+ 2 eV. The direc-
tion of the momentum transfer q (; = 45°) is marked by the
black square in the diagram; its size indicates the uncertainty
in the direction of g resulting from the finite integration in-
terval of |g|. The angular range which is not affected by the
detector dead-time is encircled by solid lines. b) First Born
CCC calculation. ¢) Second Born CCC calculation.
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