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In this Reply, we demonstrate that at large momentum trar(fer2 a.u), within the experimentally
accessible angular range of the ionized electrons, there is good agreement between experiment and the first
Born calculation concerning the shape of the cross section. Furthermore, we show that the fact that our results
for (e,3e) double ionization seemingly “contradict well-accepted resultéeir?e) single ionization” can be
traced to a second Born process in which the projectile interacts with both target electrons in sequence. This
process competes effectively with other double ionization mechanisms but is relatively unimportant for single
ionization.

DOI: 10.1103/PhysRevA.71.026702 PACS nuniber34.80.Dp

In a recent publicatiofil], we analyzed the symmetry of In order to demonstrate the agreement with the first Born
the (e, 3e) cross section observed fte, 3e) two kinematical  calculation, in Fig. 1 we present three particular cuts through
situations: a small momentum transflg|=0.8 a.u. and a the cross sections far=2 a.u. which allow a more quantita-
large momentum transfég|=2.0 a.u. From this analysis, we tive discussion as compared to the two-dimensional density
drew conclusions concerning the order of the projectile targeplots given in our original paper. For a fixed emission angle
interaction. A first-order process must show reflection sym-6, of the one ejected electron, the andlg of the second
metry of the cross section with respect to the momentunelectron is scanned. We have chosen angles-36, 12°,
transfer directiorg (in the following abbreviated bg sym-  and 48° in order to cover a large part of the cross section
metry) while a second-order collision may violate this con- obtained experimentally. Since in the experiment no absolute
dition. We stated that while for small momentum transfer thecross sections are measured, all experimental data are multi-
g symmetry is strongly violated, for large momentum trans-plied by one common factor to fit the overall magnitude of
fer the experimental cross section does not contradigt a the theoretical results. It is clearly seen that while the full
symmetry and is in good agreement with the first Born cal-angular range o}, is not seen experimentally, for the chosen
culation presented. We concluded that higher-order processesiglesé., the experiment covers all anglés where calcu-
are absent for large momentum transfer collisions. lation predicts the highest cross sections. Without reference

In their Comment, Lahmam-Bennaei al. analyze theg  to any theory, it is generally accepted that for equal energies,
symmetry of the experimental cross section. For this purthe cross section vanishes for small relative angles of the
pose, Lahmam-Bannamit al. reflect peakB at the lineS  ejected electrons, i.ef,= 6., due to the Coulomb repulsion
obtaining positionB” (Fig. 1 and Fig. 2 in their Comment of the electrons. This feature is clearly reproduced by the
This reflection is useful to magnify deviations from the per-calculation which treats the fragmenting He atom, a three-
fect g symmetry since a shift of pedk (or B’, respectively ~ body Coulomb system, with full correlation. For increasing
along the dashed line will give rise to the same shift of pointrelative emission angles, the cross section rises showing the
B” in the opposite direction, resulting in this shift multiplied two-peak structure which we discussed in our original paper
by 2 in the distance of peak®’ andB”. The result of this (peaksA andB). Theory reproduces this structure nicely con-
analysis is reliable if the position of the cross-section peakserning the angular positions. The relative magnitude of the
under question can be determined unambiguously, as is thgeaks is reproduced within the experimental statistics in
case for low momentum transfefg/=0.8 a.u.,, where Figs. 1b) and Xc), while in Fig. 1(a) there is a discrepancy
Lahmam-Bennanret al. agree with our analysis. On the other of the magnitude of peak which is statistically significant.
hand, it fails if the true position cannot be determined, as i€<Compared to the low momentum transfer case where, as is
the case at large momentum transfer. The cross-section peaknfirmed by the authors of the Comment, the first Born
B in Fig. 1 of the Comment by Lahmam-Bennagti al. is  result fails completely to describe the experimental data, here
positioned right at the edge of the experimentally accessibléhe first Born calculation is in good agreement. Of course,
angular range marked by circular lines in the diagram. Therewe have to stress that this conclusion is valid only within the
fore, the maximum of the visible part of pe&kis not nec- angular range discussed, which, from present experimental
essarily identical with the true position of the cross-sectiorrestrictions, does not cover the full solid angle. In particular
maximum. Thus in the original papgt], we do not claim, as it is not possible to examine angular combinati¢és 6.) in
is asserted by Lahmam-Bennagtial, that the cross section the range 0f250°,909 or (90°,2509, respectively. The lack
shows completg symmetry, but we do state that it is indeed of corresponding experimental data is the origin of the vio-
consistent with this symmetry. lation of theg symmetry of the density representations of
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12 Bennaniet al. in their Comment that our data do not allow
any conclusions concerning the agreement with a first-order
process. Within the accessible angular range, it does allow
these conclusions. We admit that the data presentgt] ido

not allow to exclude second-order collisions to contribute for
angular combinations outside the range discussed or for the
remaining, compared to tHg|=0.8 a.u. case, minor discrep-
ancies from the first-order model within the angular range
discussed.

In the second paragraph, the authors of the Comment refer
to an analysis of the€e,2e) single ionization of He in the
planar asymmetric kinematios so-called Ehrhardt geom-
etry). They cite the work by Ehrhardit al. [2], who indi-
cated deviations between the first and second Born calcula-
tions which grew larger as the momentum transfer was
increasing. We have to challenge this interpretation. The cal-
culations presented by Ehrhamdt al. [2] were based on the
plane-wave description of the projectile. Subsequent work by
Franz and Altick 3] showed that an equally good description
of the Ehrhardt-type experimenid] at a reasonably high
impact energy400—600 eV can be achieved within the first
Born model simply by improving the quality of the final-
state wave function. In some cases this improvement can be
achieved merely by switching from a plane-wave description
of the projectile to the distorted waves, as illustrated in Fig.
2. Here a substantial improvement of the calculated triple
differential cross section, especially a greatly reduced binary-
to-recoil ratio, is achieved by including the distorted poten-
tial of the target on the projectile before and after collision.
We stress that both the distorted wau@/VBA) and the
plane wavegPWBA) calculations are performed within the
first Born approximation as far as the interaction of the pro-
jectile with the target electron is concerned. It is upon this
interaction that we place our classification of the first and
second Born processes.

The authors of the Comment claim that the nuclear term
corresponding to the interaction of the projectile with the
residual ion plays somehow a greater role in the second-
order calculations, while it is vanishing in the first Born ap-
90 -45 0 45 90 135 180 225 270 proximation due to the orthogonality of the target initial and
final wave functions. Here they confuse the physics with
technicalities. The nucleus term is equally important/

FIG. 1. Fivefold differential cross sectiofFDCS for E,  Unimportant in the first and second Born calculations. Had
=500 eV in coplanar scattering geometry for equal energy sharing€ authors of Refl2] evaluated the second Born term ex-
of the two ionized electronéE, .=5 eV). The momentum transfer actly on the proper target state wave functions, the nuclear
by the scattered projectile |§/=2.0+0.3 a.u. The emission angles term would have disappeared as it had in the first Born term.
6y, Of the ejected electrons are measured with respect to the proFhe nonorthogonality problem arises because of the closure
jectile beam forward direction. The anglgof one electron is fixed ~approximation. On the other hand, both the first and the sec-
as indicated in the diagramsi.=48° (a), 6.=12° (b), and .  ond Born amplitudes in the original paper of Dahal.[1]
=-36°(c). The angles, of the second electron is scanned. Continu-were evalulated with nonorthogonal ground- and final-state
ous lines: first Born convergent close-coupling calculatié&C). wave functions and the nuclear term was present in both

amplitudes.
Fig. 2 in[1]. The authors of the Comment argue that com- The real difference between the,2e) and (e, 3e) pro-
parison of the peak positions with first-order theory is not acesses is not in the role of the projectile interaction with the
proper method to judge thg symmetry. Nevertheless, we nucleus. It is in the nature of the double ionizing collision,
claim that the agreement of the experimental data in shapehich is a weak process strongly driven by the electron cor-
with a first-order theory implies that thg symmetry is ful-  relation. On the contrary, the single ionization is a strong
filled in the angular range examined, since this is the case fgorocess which is only marginally modified by the electron
the theory by definition. correlation.

Therefore, we have to reject the statement of Lahmam- Correspondingly, the role of the second Born processes is

FDCS (10° a.u.)

FDCS (10°a.u.)

FDCS (10° a.u.)
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(a) Scaticring angle 4° different in the(e,2e) and (e,3e) reactions. In(e, 3e), the

3 T s T second Born process is an essential mechanism of removing
g “‘ the second target electron. It cannot be incorporated, or ac-

i counted for, by modifying the final continuum state, as seems

/ to be the case in thee, 2e) reaction at a comparable impact

energy.

Recently, van Boeyert al.[5] have given very illustra-
tive reasons why for impulsivée, 3e) collisions no second
Born contributions are observed in the projectile scattering
plane. They analyzed in detail the collision kinematics for a
1 case where the ejected electrons carry the projectile momen-
tum transferthe Bethe ridge kinematitsind concluded that
2 L L L the electrons ionized by a second Born process should appear

2 -1 0 1 2 3 outside the projectile scattering plane. They clearly con-
firmed this analysis experimentally for 1059 eV electron im-
pact on magnesium fdg|=3 a.u. momentum transfer. De-

DWBA — spite the fact that the kinematical conditions of our
y, PUBA - experiment are not identical, the results of van Boegteal.

P are consistent with our observation inside the scattering
plane. Consequently, in order to detect second Born pro-
cesses at large momentum transfer, one should investigate
electron emission outside the scattering plane. The absence
of second Born effects inside the scattering plane for layge
therefore might soon become well accepted despite the fact
that the scientific community takes it as unexpected and sur-
prising in the first place.

From the above discussion, it becomes clear that it would
05 ! be an important step forward to have access to the full solid

0.5 0 0.5 1 angle of the final-state electrons without restrictions. There-
fore, experiments are presently in preparation in our group
which will cover the full angular range for both ejected target
electrons. This is enabled by applying a new delay-line de-
tector with hexagonal delay-line read-out developed by the
direction is indicated by an arrow. The first Born calculation with RoentDek_ company6]. Th'§ detector a“OW.S detection Qf
the distorted wave@WBA) and the plane wave®WBA) is indi- several simultaneously hitting electrons without dead-time

cated by the solid and dashed lines, respectively. The absolute e{@s”,ic'[ions' We, expect the results of this experiment to ljm'
perimental data are frof]. ambiguously disclose the symmetry of the cross section

without the present restrictions.

(b) Scattering angle 10°
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FIG. 2. Triple differential cross section of tHe,2e) on He at
Ep=400 eV andE,=10 eV in the coplanar geometry. The scattering
angle 6, and the momentum transfég| are 4° and 0.44 a.uleft
pane) and 10° and 0.95 a.uright panel. The momentum transfer
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