
PRL 94, 213202 (2005) P H Y S I C A L R E V I E W L E T T E R S week ending
3 JUNE 2005
Observation of a Molecular Frame �e; 2e� Cross Section:
An �e; 2e�M� Triple Coincidence Study on H2
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We report the first experimental results showing transition-specific anisotropy of molecular frame
�e; 2e� cross sections. Vector correlations between the two outgoing electrons and the fragment ion have
been measured for specific ionization-excitation processes of H2. The results enable us to obtain
molecular frame �e; 2e� cross sections for transitions to the 2s�g and 2p�u excited states of H2

�, thereby
making stereodynamics of the electron-molecule collisions directly visible.
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FIG. 1 (color online). Schematic of an �e; 2e�M� experimen-
tal setup based on the binary (e; 2e) scattering in the symmetric
noncoplanar geometry, showing seven channel-electron multi-
pliers (CEMs), and a pair of entrance apertures (EAs) of a
spherical analyzer followed by a pair of position-sensitive
detectors.
Binary �e; 2e� spectroscopy or electron momentum
spectroscopy (EMS) is a powerful tool for investigating
the electronic structure of matter [1–4]. Since the pioneer-
ing work by Amaldi et al. on a thin carbon film in 1969 [5]
and later by Weigold et al. on Ar in 1973 [6], EMS has
been applied to various targets involving laser excited
oriented atoms, biomolecules, and solids [4]. In particular,
its unique ability to look at individual electronic orbitals in
momentum space, along with its many important applica-
tions in quantum chemistry, has been widely exploited in
the last three decades [3,4], with the aid of plane-wave
impulse approximation (PWIA) calculations [1,2].

For molecules, however, EMS has long been plagued by
the fact that the experiments measure averages over all
orientations of gaseous targets. The spherical averaging
results in enormous loss of versatile information on colli-
sion dynamics and target electronic structure; intrinsically
anisotropic or three-dimensional character of the �e; 2e�
scattering by molecules deteriorates into the one-
dimensional momentum distribution or momentum profile.
If it were possible to fix a molecule in space, the experi-
ment would remove ambiguities inherent in the analysis of
the spherically averaged �e; 2e� cross sections and directly
provide information important to momentum space chem-
istry [7,8] as well as to collision physics.

Very recently, we have developed a multichannel appa-
ratus [9] to measure the �e; 2e� cross section in the mo-
lecular frame by the use of ion fragmentation with axial
recoil [10]; if the molecular ion dissociates much faster
than it rotates, the direction of fragment ion departure
coincides with the molecular orientation at the moment
of the ionization. EMS experiments in conjunction with
axial recoil fragmentation, which can be designated as the
�e;2e�M� method, become possible only by measurement
of vector correlations between the two outgoing electrons
and the fragment ion by a triple coincidence technique.

In this Letter we report the first observation of transition-
specific anisotropy in molecular frame �e; 2e� spectroscopy
by means of the �e; 2e�M� method. In our preliminary
05=94(21)=213202(4)$23.00 21320
study [9], the �e; 2e� cross section of H2 was measured in
the molecular frame, but it included contributions from
several ionization transitions and no specific feature of any
individual transitions was observed. In the present work,
molecular frame �e; 2e� cross sections characteristic of the
individual transitions to the 2s�g and 2p�u excited states
of H2

� are reported. The results demonstrate a geometry
effect of molecular orientation on the �e; 2e� amplitude and
how it depends on the nature of the final ion state.

The �e; 2e�M� experiment on H2 was carried out at an
impact energy of 1200 eV using the multichannel appara-
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FIG. 2 (color online). Calculated kinetic energy distributions
of H� (a) and observed one (b). In the lower panel, results of a
least-squares fit using the theoretical predictions for the 2s�g,
2p�u, and 2p�u transitions are shown by broken lines. The solid
line represents their sum.
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tus, of which a detailed description is given elsewhere [9]
together with an account of the data reduction; only a brief
account is given here. Figure 1 shows a schematic diagram
of the experimental setup. Here the symmetric noncoplanar
geometry is employed, in which two outgoing electrons
having equal energies (E1 � E2) and equal polar angles
(�1 � �2 � 45�) with respect to the incident electron mo-
mentum vector p0 are detected in coincidence. Electron
impact ionization occurs where an incident electron beam
collides with a gaseous H2 target. Two outgoing electrons
emerging at �1 � �2 � 45� are selected by a pair of en-
trance apertures extending over the azimuthal angle �1 and
�2 ranges from 70� to 110� and from 250� to 290�. Then
the electrons are energy analyzed and detected by means of
a spherical analyzer followed by a pair of position-
sensitive detectors (not depicted in the figure). Fragment
ions are detected by the time-of-flight (TOF) technique
using seven channel-electron multipliers (CEMs) placed
in the plane (�M � 90�) perpendicular to p0. The azimu-
thal angular positions (�M’s) of the CEMs are 0�, 45�,
90�, 150�, 195�, 240�, and 285�. A retarding electric field
is applied in front of each CEM to collect only axial recoil
fragments with large kinetic energies.

In the symmetric noncoplanar geometry, the magnitude
of the recoil momentum q of the residual H2

� ion, before
dissociation, is described by the following equation [2–4]:

q �
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Here p0 and p1 are magnitudes of the momenta of the
incident electron and one of the two outgoing electrons,
and �� ( � �2 ��1 � �) is the azimuthal angle differ-
ence between the two outgoing electrons. Equation (1) tells
us that at sufficiently high impact energy where p0 
���
2

p
p1 the recoil momentum vector q is dominated by its

component [q?; q? �
���
2

p
p1 sin���=2�] perpendicular to

p0, i.e., q 
 q?. Moreover, in our experimental setup that
covers the �1 and �2 ranges, the percentage of q’s pointing
within �10� from the � � 0� or 180� directions is about
74%, and that within �15� is more than 90%. Hence,
keeping in mind that the homonuclear target H2 has inver-
sion symmetry [molecular frame (e; 2e) cross section ��q�
is equal to ���q�], �M can be approximated as the angle
�DMD of q from the molecular axis, i.e., �M 
 �DMD.
Thus the experimental setup makes it possible to probe
anisotropy or �DMD dependence of molecular frame (e; 2e)
cross section in the case of �M � 90�.

Since all the transitions to excited states of H2
� are

followed by direct dissociation, there is no doubt that their
fragmentation is largely axial, as demonstrated by photo-
electron angular distribution measurements for fixed-in-
space H2 molecules [11,12]. Theoretical kinetic energy
distributions (KEDs) of such axial recoil fragments from
several of the excited ion states are shown in Fig. 2(a),
which were obtained by applying the reflection approxi-
mation to Franck-Condon transition profiles calculated
using the BCONT program [13] with the relevant potential
21320
energy curves [14]. It can be seen that fragment H� ions
with kinetic energies larger than about 3 eV are produced
from the excited states of H2

�. On the other hand, the 1s�g

ground state of H2
� is known to produce fragments having

relatively small kinetic energy up to 1 eV [12]. Thus a
retarding voltage of 2.5 V was used for the �e; 2e�M�
experiment to detect the axial recoil H� ions from the
excited ion states only.

In Fig. 2(b) we show an experimental KED of H�,
calculated from observed times of flight of fragment ions
detected in coincidence with the two outgoing electrons. In
the calculations small momentum components perpendicu-
lar to the TOF axis, which originate in the finite acceptance
angle of the ion detectors, are neglected. Nevertheless, the
experimental result is qualitatively reproduced by a fit
(solid line) using the theoretical KEDs (broken lines) for
the 2s�g, 2p�u, and 2p�u transitions, the first two of
which have been found to be dominant over other binary
�e; 2e� ionization-excitation processes [15–18]. Thus the
experimental KED was used to check the quality of the
measured �e; 2e�M� data, as discussed below.

First, the observed kinetic energy range was divided into
three regions, as indicated by I, II, and III in Fig. 2(b).
�e; 2e�M� binding energy spectra were subsequently
generated by summing triple coincidence signals over the
�� and �M ranges selectively accepting events associated
with the H� kinetic energy corresponding to the regions
I–III, as shown in Figs. 3(a)–3(c), respectively. Likewise, a
summed �e; 2e�M� binding energy spectrum was gener-
ated using the contributions from the entire kinetic energy
range covered, and is presented in Fig. 3(d) with bars to
show the vertical ionization energies of the relevant tran-
sitions. The calculated Franck-Condon transition profiles
were folded with the instrumental energy resolution of
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about 7.6 eV (FWHM), and the resulting profiles were
subsequently employed for deconvolution. The best fit to
the experiment is shown in Fig. 3(d).

Figure 3 shows the results of energy correlation between
the two outgoing electrons and the fragment ion. First,
although the �e; 2e� cross section for the transition to the
1s�g ground state of H2

� is several tens times larger than
those for ionization-excitation processes [15–18], no peak
corresponding to the 1s�g transition is observed in any
spectrum of Fig. 3 because of the effect of the retarding
field applied. Traces of the large cross section for the
1s�g transition are left in the relatively large error bars
at around 16 eV. Second, since selection of the H� kinetic
energy is equivalent to highlighting parts of the Franck-
Condon transition profiles of particular transitions, specific
ionization-excitation transitions predominate in Figs. 3(a)–
3(c). The spectrum for selection I exhibits a peak at
36 eV and that for II at 39 eV; these peaks can be
ascribed to the 2p�u and 2s�g transitions, respectively.
Similarly, the spectrum for region III shows a relatively
large contribution of the 2p�u transition at 34 eV, to-
gether with some contributions from the transitions to
2s�g and higher excited ion states such as 3s�g and
H2

��. These observations confirm that successful mea-
surements of vector correlations among the three charged
particles have been achieved and that contributions of the
individual ionization-excitation transitions can be ex-
tracted by deconvolution as in Fig. 3(d). A similar fitting
procedure was repeated for a series of summed binding
energy spectra at each angle �M to produce molecular
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FIG. 3 (color online). �e; 2e�M� binding energy spectra of
H2 associated with the H� kinetic energies corresponding to the
regions (a) I, (b) II, (c) III, and (d) the entire range defined in
Fig. 2(b). The broken and solid lines in (d) represent the
deconvoluted curves and their sum.
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frame �e; 2e� cross sections, summed over the q range
covered, for the dominant 2s�g and 2p�u transitions.

The molecular frame �e; 2e� cross sections thus obtained
for the two transitions are shown in Fig. 4, where they are
plotted as a function of �DMD with the molecular axis
drawn in the vertical direction. Here, by taking advantage
of the inversion and rotation symmetry of the molecular
frame �e; 2e� cross sections about the molecular axis for a
homonuclear molecule, the results are presented so as to
give the 24 data points, whereas the measurement was
performed at only seven �M’s. Distance from the origin
to each data point represents the relative magnitude of the
cross section obtained at the corresponding angle �M.

Also included in the figure are associated PWIA pre-
dictions, shown by solid lines, which were obtained by
calculating molecular frame electron momentum densities
for the 2s�g and 2p�u transitions using a configuration-
interaction H2 wave function and by summing the momen-
tum densities over the q range covered at each �DMD. To
place the experiment and theory on a common intensity
scale, we have used a normalization procedure similar to
that in Ref. [9], as follows. Conventional spherically aver-
aged �e; 2e� data also are obtainable from the present
�e; 2e�M� measurement by the analysis of events where
the two outgoing electrons are detected in coincidence but
the fragment ion is in accidental coincidence. The idea
(b)2p  uσ

FIG. 4 (color online). Experimental molecular frame �e; 2e�
cross sections of H2 for the transitions to the (a) 2s�g and
(b) 2p�u excited ion states, obtained at an impact energy of
1200 eV. The molecular axis is in the vertical direction. The solid
lines represent associated PWIA calculations.
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used in the normalization procedure is that the strengths of
the 2s�g and 2p�u transitions relative to the 1s�g tran-
sition are maintained in the �e; 2e� data, and hence all the
experimental momentum profiles (XMPs) can be placed on
an absolute scale by fitting the area of the 1s�g XMP
integrated over the entire q range to the PWIA 1s�g
theoretical momentum profile (TMP). Note that the
PWIA has been found to give a very good description of
the 1s�g transition [15–18]. The ratio of the area of the
absolute-scale 2s�g XMP to that of the 2s�g TMP has
been estimated as 1.8, which is slightly larger than in the
previous �e; 2e� experiments [17,18]. Assuming the valid-
ity of this ratio for the 2s�g transition of the fixed-in-space
H2 molecules, the experimental �e; 2e�M� 2s�g results
are normalized in Fig. 4 so that their sum has the same ratio
relative to the associated theoretical intensity. The normal-
ization factor is applied to the experimental �e; 2e�M�
2p�u results also. Thus all the molecular frame (e; 2e)
cross sections in Fig. 4 share a common intensity scale
under the above assumption.

Although the statistics of the data leave much to be
desired, one can see anisotropy of the molecular frame
�e; 2e� cross section that is peculiar to each ionization
transition. Geometry effects of molecular orientation on
the �e; 2e� amplitudes are evident and the 2s�g and 2p�u

experiments are strikingly different from each other. The
former angular distribution is relatively isotropic, while the
latter shows maxima along the molecular axis. This can be
understood by considering the role of the first-order PWIA
mechanism. It allows us to probe electron momentum
densities of the 2s�g and 2p�u excited components in-
volved because of electron correlation in the target H2

wave function. Indeed, the PWIA calculations predict
such angular distributions which reproduce qualitatively
the shapes experimentally observed.

However, noticeable differences between experiments
and PWIA calculations can be seen in intensity. For the
2p�u transition, in particular, the experimental results
show several times larger intensity than the associated
PWIA prediction. This is consistent with our previous
�e; 2e� study of H2 [18], in which contributions of the
second-order two-step (TS) mechanism [19,20] have
been found to play a crucial role, especially in the 2p�u
transition. Since the extent of the intensity difference be-
tween experiment and PWIA is a rough measure of con-
tributions of the TS mechanism, the 2p�u results may offer
one an opportunity to study geometry effects of molecular
orientation in the mechanism. Unfortunately, poor statis-
tics of the present data make it difficult to discuss such
geometry effects, and hence we leave the issue for later
experiments with improved data. Another promising direc-
tion would be to perform similar �e; 2e�M� experiments
for various linear molecules at high impact energy where
the PWIA is valid, in order to look at three-dimensional
molecular orbitals in momentum space.

In summary, we have reported the first observation of
transition-specific anisotropy in molecular frame �e; 2e�
21320
spectroscopy. The experimental results for the 2s�g and
2p�u transitions of H2 are a visible proof of geometry
effects of molecular orientation on the scattering amplitude
depending upon the nature of each �e; 2e� process. We
believe that further attempts along this line would develop
unexploited possibilities of the �e; 2e� method, opening the
door for detailed studies of bound electronic wave func-
tions of molecules as well as of electron-molecule collision
stereodynamics.
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