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Low-energy (E0 ¼ 54 eV) electron impact single ionization of molecular hydrogen (H2) has been

investigated as a function of molecular alignment in order to benchmark recent theoretical predictions

[Colgan et al., Phys. Rev. Lett. 101, 233201 (2008) and Al-Hagan et al., Nature Phys. 5, 59 (2009)]. In

contrast to any previous work, we observe distinct alignment dependence of the ðe; 2eÞ cross sections in
the perpendicular plane in good overall agreement with results from time-dependent close-coupling

calculations. The cross section behavior can be consistently explained by a rescattering of the ejected

electron in the molecular potential resulting in an effective focusing along the molecular axis.

DOI: 10.1103/PhysRevLett.109.123202 PACS numbers: 34.80.Gs, 34.80.Dp

The interaction of charged particles with matter is of
fundamental importance in a broad range of sciences and
applications. In quantum physics, inelastic scattering rep-
resents one of the most fundamental few-body problems.
Much of our understanding of scattering processes through
the impact of charged particles has emerged from kine-
matically complete studies in which the momentum
vectors of all final-state particles are determined. Here,
electron impact ionization, the so-called ðe; 2eÞ reaction,
is now considered to be well understood for the simplest
systems such as atomic hydrogen and helium [1–3]. Much
more challenging, however, is the treatment of atomic
many-electron systems for which, e.g., nonperturbative
theories are currently developed [4]. Even more demand-
ing are multicenter targets like molecules [5,6] or clusters
[7]. Here, a range of new and interesting phenomena arise
as a result of their increased complexity essentially due to
additional degrees of freedom as compared to atoms.
Examples are multiple scattering within the target itself,
the interference of amplitudes for scattering at different
centers, the exchange of angular momentum between the
molecule and the continuum electrons, or the nonisotropy
of the ionized electron orbitals in the molecular-frame.
In this context, a large number of studies have been per-
formed on H2 which is the most simple and fundamental
molecular system. Most of the previous ðe; 2eÞ experiments
were done under random orientation conditions, thus ne-
glecting effects due to the molecular alignment (see, e.g.,
[5,6,8–12]). As a result, versatile and important informa-
tion on the collision dynamics is missing.

For the ionization of H2 into its ionic excited states,
ðe; 2eÞ experiments with alignment determination were
reported recently by Takahashi et al. to study the non-
isotropic electronic structure of H2 [13] as well as by
Bellm et al. [14] to explore the collision dynamics for

174 eV electron impact. Ionization into the ionic ground
state by 200 eV electron impact has been investigated by
Senftleben et al. [15,16]. However, the latter investigation
at relatively high energy essentially showed very little
alignment dependence. In contrast, strong alignment de-
pendence was predicted by time-dependent close-coupling
(TDCC) calculations for fully, fivefold differential cross
section (FDCS) at lower impact energy and for electrons
emitted perpendicular to the incoming projectile into the
so-called perpendicular plane [17]. Respective experi-
ments are missing so far due to a low count rate in the
perpendicular plane and exceptional challenges in fixing
the molecular axis.
In this Letter, we report on molecular-frame ðe; 2eÞ cross

sections for H2 by low-energy electron impact (E0 ¼
54 eV). Strong alignment dependent effects are observed
at a relatively large scattering angle (�e1 ¼ �50�) and for
emission of the second electron into the perpendicular plane.
The energy sharing in the final state is varied from sym-
metric to asymmetric conditions and for molecular align-
ment determination, the ground-state dissociation (GSD)
channel is exploited [15] where the residual Hþ

2 ion disso-
ciates into Hþ and H. GSD is almost identical to nondisso-
ciative ionization since both processes involve the same
initial and final electronic states where the only difference
is that GSD starts from smaller internuclear distances and
populates dissociative vibrational wave functions of Hþ

2 .
The experiment was performed using a dedicated reac-

tion microscope [18,19]. Details about the molecular-
frame ðe; 2eÞ experiment have been described elsewhere
[16]. Briefly, a pulsed electron beam crosses a H2 gas jet.
Using uniform electric and magnetic fields, the final state
fragments, electrons, and ions are projected (with almost
4� solid angle) onto two position- and time-sensitive
multi-hit detectors. From the positions of the hits and the
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fragment times of flight, the momentum vectors of the
detected particles can be calculated. Triple-coincidence
detection of both outgoing electrons and the proton was
achieved. The molecular alignment determination makes
use of the detected proton momentum and is based on the
axial recoil approximation [20].

Because of the extraordinarily small fraction of ground-
state dissociating ionization in the order of 2%, the data
accumulation time was of the order of 10 weeks. For a
particular alignment angle, the apex angle of the allowance
cone was�20�, corresponding in total to 6% of a spherical
surface. The perpendicular plane geometry is selected by
requesting that one electron be emitted within 90� � 15�
with respect to the incoming beam direction.

The TDCC method used here for comparison has been
described in detail previously [21,22]. Our calculation is
made at a fixed internuclear separation, which in this case
is chosen to be R ¼ 1:1 a:u:, in order to precisely mimic
the ground-state dissociation conditions [23].

In order to illustrate the chosen collision kinematics, a
three-dimensional (3D) polar plot of the measured non-
dissociative ionization cross section is presented in
Figs. 1(a) and 1(b) for averaged alignment. The projectile
( ~p0) is coming in from the bottom and scatters off the
target in the origin of the coordinate system. One electron
emission angle is fixed to �e1 ¼ �50� with respect to the
projectile forward direction. The emission angle of the

second electron is observed over the full 4� solid angle
with equal energy sharing of the two outgoing electrons.
The cross section pattern is governed by the well-known
double-lobe structure: the binary lobe in the direction of
momentum transfer ~q corresponds to electrons emitted in a
single binary collision with the projectile. Its shift away
from ~q to larger angles is due to post collision repulsion
between the two outgoing electrons. The second, much
smaller recoil lobe directed downward is attributed to a
binary collision followed by backscattering in the ion po-
tential resulting in emission roughly in the direction of� ~q.
Here, we focus on the emission pattern perpendicular

to the projectile indicated by the grey shaded plane in
Fig. 1(a). This region is magnified in (b). In panels (c)
and (d) polar as well as Cartesian representations of the
perpendicular pattern are shown for ground-state dissocia-
tion with averaged alignment. The cross section pattern
reveals three individual peak: one central very small peak
at�e2 close to 0

� originating from the tail of the binary peak
accompanied by two additional side lobes at�e2��60�. A
comparison with TDCC calculations shows very good
agreement in the relative shape of the cross section, except
for a slight discrepancy with the experimental data close to
�e2 ¼ �180�. The experimental nonabsolute cross section
is normalized to the TDCC calculation in the peak region.
Thus, all the molecular-frame ðe; 2eÞ data are normalized
according to this scale.
In Fig. 2, FDCS are shown for molecular alignment

along the x-, y-,and z-spatial axes for the same kinematics
as in Figs. 1(c) and 1(d) (�e1 ¼ �50�, E1;2 ¼ 18 eV). The
H2 alignment is indicated by the (blue) spheres in the left
column of Fig. 2 where polar plots of the data are presented
while Cartesian plots of the same data are shown in the
right column. For cases where the molecular axis is within
the detection plane, its alignment is indicated by (blue)
arrows. Since these scattering geometries show mirror
symmetry with respect to the x-z plane, the experimental
data were also mirrored with respect to �e2 ¼ 0�. Going
through the diagrams, strong alignment dependence of the
patterns is observed. Experimentally, for all cases we see a
maximum along the positive x axis as a remnant of the
binary peak. For molecular alignment along the z axis, the
angular emission pattern is broad, unstructured, and quite
similar to the nonaligned case. For the x alignment, a
narrower peak is observed along the alignment axis which
is slightly increased in magnitude. Finally, for the y align-
ment, three individual peaks occur, one along the x axis
and the side peaks roughly along the molecular axis.
Taking these observations, it appears, in general, as if the
molecular potential redirects the emitted electrons result-
ing in effective focusing along the molecular axis. Such
potential scattering effects should increase with decreasing
electron energy. In Fig. 3, the electron energy is reduced
from E2 ¼ 18 eV in panel (a) to E2 ¼ 10 eV in (b) and
4 eV in (c) for molecular alignment along the y axis.

FIG. 1 (color online). Differential cross sections for the ion-
ization of H2 by 54 eV electron impact as a function of the
emission angle of one electron with the other electron fixed to
�e1 ¼ �50�, equal energy sharing (E1 ¼ E2), and averaged H2

alignment. (a) Experimental 3D cross section for nondissociative
ionization and (b) the zoomed 3D cross section in the perpen-
dicular region in (a). Panels (c) and (d) are the electron emission
patterns in the perpendicular plane for the dissociative ioniza-
tion. Panel (c) displays the results in a polar plot while (d) shows
the same data in a Cartesian representation.
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At 10 eV, clearly the side lobes have increased and are of
the same magnitude as the central peak. For 4 eV, the side
lobes become dominant and the central peak has decreased
significantly in intensity resulting in an emission pattern
strongly aligned along the molecular axis. This confirms
the focusing influence of the molecular potential on the
ejected electron pattern along the alignment axis.

In the following, we present geometries where the sym-
metry with respect to the x-z plane is broken. In Fig. 4(a)
the molecular axis starting from alignment along the x axis
is rotated by 45� around the z axis. As result, the cross
section pattern shows a peak rotated in the same way.
Interestingly, the asymmetry increases if the molecule is
turned out of the perpendicular plane as is shown in
Fig. 4(b). Here, the central peak intensity has decreased
and the side lobe belonging to the molecular center point-
ing along the incoming projectile forward direction has
increased in magnitude. For both cases, emission along the
opposite direction of the molecular axis could be assumed
to be suppressed due to post-collision interaction effects.
This is different when, starting from the geometry in (b),
the molecular axis is rotated by another 45� around the z
axis, resulting in the molecular axis lying in the y-z plane
[panel (c)]. The projection of the molecular axis into the
observation plane (black dots) is aligned along the y axis.

Now electron emission along both directions, �e2 ¼ �90�
and þ90�, should experience identical post-collision inter-
action. Nevertheless, the emission pattern is strongly asym-
metric and emission along the forward pointing proton
projection (�e2 ¼ 90�) is clearly favored with respect to
the opposite direction (�e2 ¼ �90�). The position of the
side peak in the cross section pattern follows the molecular
axis projection and shifts to larger�e2 angles in going from
(b) to (c). Finally, the asymmetry shrinks down as the
forward pointing proton turns into the fixed electron’s half
plane by rotating the molecule by another 45� around the z
axis as is shown in (d). Nevertheless, electron emission into
the positive y-half plane and, thus, for positive�e2 angles is
still preferred compared to negative ones.
In comparison with theory, the measured molecular-

frame ðe; 2eÞ patterns are rather well reproduced by the
TDCC calculations. In Fig. 2, discrepancies are visible for
alignment along the z axis where the experiment shows a
larger intensity at �e2 ¼ 0� and �180�. For the x align-
ment, the observed strong central peak is also present in
theory albeit not as narrow as in the experiment. Good
agreement is found for the y alignment (Fig. 3) where all
three experimental peaks are reproduced except for dis-
crepancies in the magnitude of the central peak. In Fig. 4
theory reproduces a strong asymmetry with respect to
�e2 ¼ 0� while there are discrepancies with experiment
in the positions and intensities of the side lobes.
Overall, these observations are in strong contrast to

previous experiments for ionization into the electronic
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FIG. 2 (color online). Fully differential cross sections for the
ionization of aligned H2 molecules and equal energy sharing
(E1 ¼ E2 ¼ 18 eV) with one electron emission angle fixed to
�e1 ¼ �50� [ ~p1 indicated in (b)] as a function of the emission
angle of the second electron in the perpendicular (x-y) plane.
The H2 molecule is aligned as indicated by the (blue) spheres in
the left column along the z axis (a), the x axis (b), and the y
axis (c). While the left column displays the FDCS in a polar plot,
Cartesian plots are shown in the right column.
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FIG. 3 (color online). As in Fig. 2 with the y-axis alignment
(�Mol ¼ 90�, �Mol ¼ 90�) and variable energy sharing. From
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ground state of Hþ
2 with various projectiles where no

alignment effects were observed. Among them are studies
for photoionization at low emission energy [24–27], for ion
impact [28], and our previous ðe; 2eÞ experiments at higher
energy of 200 eV [15,16]. The reason could be that the
electrons in H2 occupy binding orbitals smeared out over
regions much larger than the internuclear distance showing
only little anisotropy with respect to the molecular axis in
position space as well as in momentum space [29].

For the present kinematics, two aspects contribute to the
visibility of alignment dependence. On the one hand, we
have chosen an observation plane where the cross section
of the main lobes is small such that the relatively weaker
alignment sensitive features become prominent. On the
other hand, the alignment sensitivity in this plane can be
motivated in a simple semiclassical picture: experimen-
tally, a large momentum of ~q ¼ 1:54 a:u: is transferred to
the target essentially in the forward direction (see ~q vector
in Fig. 1). In a binary collision with the target electron, this
can be emitted into the perpendicular plane only if the
longitudinal component of ~q is compensated by an equally
large but opposite momentum in the initial bound state.

The H2 orbital shows such large momentum only in the
high momentum tail of the Compton profile [29], which is
the reason for the strongly reduced magnitude of the binary
peak in the perpendicular plane. Classically, these large
momenta are present only close to the nuclei. If an electron
is ejected from a region relatively close to a nucleus, its
trajectory should be sensitive to the position of the second
nucleus and, therefore, to the alignment of the molecule.
In conclusion, we have reported the first observation of

distinct alignment dependence of molecular-frame ðe; 2eÞ
cross sections in the perpendicular plane. The observed
features are rather well reproduced by TDCC theory. The
FDCS patterns reveal that the positions and intensities of
the side lobes and also the intensity of the central lobe
strongly depend on the molecular alignment. According to
their behavior, the side lobes arise from rescattering of the
outgoing electron in the molecular potential resulting in a
focusing along the molecular axis.
In the present study interference effects that are regu-

larly discussed for the scattering of H2 by charged particle
impact [11,30] are not expected to show up due to the low
kinetic energies which correspond to de Broglie wave-
lengths much larger than the internuclear separation. In
the future, for sufficient high impact energy, the present
experimental technique will enable unprecedented tests of
existing interference observations which were all per-
formed for nonaligned targets.
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