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Primary and secondary interference structures attributed to coherent electron emission from the identical
atomic centers of H2 have been observed in the velocity distributions of ejected electrons resulting from
�1–5�-MeV H+ impact. The primary interference structures are found to depend on the projectile velocity, in
addition to the previously observed dependence on electron ejection angle. In contrast, the secondary struc-
tures, attributed to intramolecular scattering, do not change with projectile velocity and show only slight
variations with the electron ejection angle. The data also provide evidence for significantly higher-frequency
structures for which no explanation currently exists.
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The observation �1� of oscillatory structures in the veloc-
ity distributions of electrons ejected from H2 confirmed long-
standing predictions �2–4� of interferences resulting from co-
herent emission from identical atomic centers, and led to
theoretical �5–7� formulations of this phenomenon. Subse-
quent studies revealed the angular dependence of the oscil-
latory structures �8�, and the existence of secondary oscilla-
tions superimposed on the main interference structures �9�.
The primary structures are analogous to Young-type interfer-
ences resulting from the passage of light through closely
spaced slits, while the secondary oscillations �with �2–3
times higher frequency� have been attributed to additional
scattering within the molecule �9�, an effect that has no anal-
ogy in Young’s two-slit experiment. The observations to date
have prompted several experimental �10–14� and theoretical
�15� investigations

For collisions of charged particles with H2, electron inter-
ference effects are manifested as oscillations in the cross
section for electron emission as a function of the ejected
electron velocity �1,3�, and can be conveniently displayed
according to the relation
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where the solid angle d� and the energy d� refer to the
outgoing electron. The cross-section �H2

denotes the molecu-
lar two-center emission and �2H describes incoherent elec-
tron emission from the two H atoms. The sinusoidal term
represents the interference caused by coherent emission from
the two centers, where 	k−q	 is the difference between the
outgoing electron momentum k and the momentum transfer
q, and d is the molecular internuclear distance. This normal-
ized cross-section ratio ��H2

�norm is obtained after averaging
over the random orientation of the internuclear H2 axis. To
compare with experiment, the right-hand side of the Eq. �1�
must be integrated over q.

In this Rapid Communication, we report interference
phenomena, manifested as oscillations in the ejected
electron velocity distributions, for the ionization of H2 by
�1–5�-MeV H+ impact. These results extend previous obser-
vations by examining the unexplored dependence of the in-
terference structures on the collision velocity, and at the
same time reveal additional features associated with the in-
terference. In the present paper, the primary oscillatory struc-
ture is found to be velocity dependent at low collision ve-
locities, and then become nearly constant for velocities
greater than �15 a.u. In addition to the primary interference
structures, as in Ref. �9�, secondary structures with higher-
frequencies superimposed on the main structure are ob-
served. However, these latter oscillatory structures, attributed
to interference of the primary wave with the secondary wave
produced by scattering at the other atomic center, are essen-
tially independent of the collision velocity and, furthermore,
exhibit only a small dependence on the electron observation
angle. Evidence for still higher-frequency structures is also
seen, although the origin of these latter structures is not yet
clear.

The measurements were conducted at Western Michigan
University using the tandem Van de Graaff accelerator. Well-
collimated beams of 1-, 3-, and 5-MeV H+ ions and intensi-
ties 0.1–0.5 �A were directed into the scattering chamber.
The H2 target was supplied by a gas jet of �2-mm diam,
with the flow rate set to maintain a pressure of a few times
10−5 Torr in the scattering chamber. A parallel-plate electron
spectrometer equipped with a channel electron multiplier
�CEM� was used to detect ejected electrons in the energy
range �3–300 eV at observation angles 30°, 60°, 90°, and
150° relative to the incident H+ beam direction. Magnetic
fields inside the scattering chamber were minimized by
shielding with a �-metal liner. The incident beam intensity
was counted downstream in a Faraday cup. The beam-
induced electron background was determined by taking spec-
tra without the target gas.

In Fig. 1, the primary oscillatory interference features are
displayed as a function of the electron velocity �in atomic
units� for the observation angles 30°, 90°, and 150° with
respect to the incident beam direction and for 1-, 3-, and
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5-MeV H+ projectiles impacting on H2. To obtain the plotted
ratios, measured doubly differential �in electron energy and
observation angle� cross sections for electron emission from
H2 have been divided by corresponding theoretical Born
cross sections for the ionization of atomic hydrogen �1,8�
�see Eq. �1��. Because of limited statistics, the measured
cross sections are less accurate for electron velocities greater
than �2.5 a.u. �85 eV�, while below �0.5 a.u. �3.5 eV� the
accuracy is limited by the difficulty of detecting very low
energy electrons.

The Born approximation was used to normalize the mea-
sured electron emission from H2 to that for two independent
H atoms, and the calculated cross section ratios shown in
Fig. 1 �dashed curves� were obtained by numerical integra-
tion of Eq. �1� using analytic cross sections obtained from
hydrogenic wave functions �16,17� for atomic H. Because of
the moderately high projectile velocities and the small Zp
�atomic number of the projectile� of the present paper, the
two-center projectile-target effects �17� are expected to be
small. Thus, it is fully justified to use the Born approxima-
tion to calculate the theoretical cross sections for 2H. As a
check on the Born results, the calculated cross section ratios
were compared with the corresponding ratios determined
from continuum-distorted-wave-eikonal-initial-state �CDW-

EIS��18� calculations �not shown� and the agreement is ex-
cellent. Furthermore, cross-section ratios obtained in the
impact-parameter formulation of Nagy et al. �5� are essen-
tially indistinguishable from the Born results shown in Fig.
1, and from CDW-EIS results �18�.

The measured interference structures in Fig. 1 show
strong variations with the electron ejection angle as reported
previously �8�, and additionally the oscillation frequencies
vary with the projectile velocity for both forward and back-
ward angles. Similar frequency variations with projectile en-
ergy were found for 60° �results not shown�. At forward
angles the interference structure oscillates more slowly at
1 MeV than at 5 MeV. On the other hand, for the backward
angle of 150°, the opposite dependence is seen with the in-
terference pattern oscillating faster at the lowest projectile
energy. Furthermore, the interference structure for 150°
shows a significantly higher oscillation frequency than for
30° for all projectile energies. The 90° data show a collision
velocity dependence similar to 150° but with a very much
lower oscillation frequency, particularly for 5 MeV. At 90°,
electron emission is strongly dominated by binary encounter
electrons with the result that interference structures are ex-
pected to diminish �19�. The observed collision velocity de-
pendences are in qualitative agreement with predictions of
the Born approximation as given by the dashed curves, al-
though deviations from the predicted oscillation frequencies
exist. It is emphasized that cross section ratios nearly identi-
cal to the Born ratios are obtained from CDW-EIS calcula-
tions �18� and from the formulation of Nagy et al. �5�, as
already noted above. Thus, similar deviations occur between
the measured ratios of Fig. 1 and these latter theories, point-
ing to inadequacies in each these theoretical formulations of
interference phenomena.

In order to parametrize the changing frequency, an ana-
lytical function of the form

f�k� = A�1 + sin�kcd�/�kcd�� + B �2�

was fitted to the normalized ratios of Fig. 1, a procedure
that has been used in Refs. �8,9�. In this function, A and
B �A+B=1� are constants representing the interfering and
noninterfering cross-section fractions, respectively, and c is
an adjustable frequency parameter. This function is based on
the impact-parameter formulation of Nagy et al. �5�, where it
is found that the argument of the sine function governing the
interference term �see Eq. �1�� can be approximated by
�k cos �−qmin�, i.e., the electron momentum component par-
allel to the beam direction �� is the electron observation
angle� minus the minimum momentum qmin transferred in the
collision. Here, qmin=�E /vp where �E is the energy trans-
ferred to the electron and vp is the velocity of the projectile.
The results of this fit, the solid curves in Fig. 1, are seen to
represent very well the measured cross-section ratios.

Values of the frequency parameter c obtained from the fit
function are plotted vs vp in Fig. 2 along with the values for
high-velocity �vp�40 a.u.� Kr33+ projectiles �8,9�. Also
shown are the values of c determined from the Born approxi-
mation, which follow well the trends of the fit values, al-
though for 90° and 150° the fit values are underestimated,
particularly so for 150°. While the observed variations in c

FIG. 1. Ratios of cross sections from Eq. �1� for electron emis-
sion from H2 by 1-, 3-, and 5-MeV H+ impact normalized to the
corresponding atomic H cross sections for electron observation
angles 30°, 90°, and 150°. Solid points are measured H2 cross sec-
tions divided by theoretical Born approximation cross sections for
atomic H. Dashed curves are ratios of theoretical Born cross sec-
tions for H2 divided by those for H. The theoretical results were
calculated using an analytical form for the Born cross sections ob-
tained from hydrogenic wave functions �16,17� for atomic H. The
solid curves are fits to the data using Eq. �2�.
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with the electron ejection angle and collision velocity can be
understood in terms of the above-mentioned dependence on
�k cos �−qmin�, the magnitudes of c for 90° and 150° are not
accurately represented by the Born theory. Moreover, since
each of the theoretical formulations considered here �Born,
Nagy et al. �5�, and CDW-EIS �18�� predict nearly identical
cross-section ratios, the discrepancies suggest that these
theories do not properly describe the oscillatory part of the
interference structure, especially for backward angles.

Closer inspection of the measured ratios shown in Fig. 1
suggests the existence of additional reproducible higher-
frequency structures superimposed on the main oscillatory
structure. To display these higher-frequency structures more
clearly the measured cross-section ratios from Fig. 1 have
been divided by their corresponding fits �from Eq. �2�� to
give the results shown in Figs. 3�a� and 3�b� �cross-section
ratios for 60° are not shown in Fig. 1�. In these figures, the
plotted ratios exhibit small amplitude �note the ordinate
scale� secondary oscillations indicated by the solid curves
�discussed below� as a function of the ejected electron veloc-
ity, and, additionally, suggest the existence of still weaker
structures of even higher frequency. Neither the secondary
nor the high-frequency structures appear to exhibit strong
dependences on the collision velocity or the observation
angle. It is noted that the data of Fig. 1 were taken at differ-
ent times, and measurements were repeated for all collision
energies and all electron observation angles. The higher-
frequency structures always appeared at the same points in
the spectra with nearly constant intensities. Careful attention
was paid to all experimental parameters to avoid spurious
instrumental effects. A detailed statistical analysis of the data
was carried out to ensure that the observed structures are
outside expected statistical variations �20�. Hence, there is
high confidence in the accuracy of these data. Additionally,
more recent measurements with improved statistics for
3-MeV H++H2 at 90° show similar high-frequency struc-
tures that are outside the estimated statistical uncertainties
�21�.

To quantify the secondary oscillatory structures of Figs.
3�a� and 3�b�, the ratios were fit to a function similar to that
of Eq. �2�, but with the sine argument kcd replaced by
kc�d+�� �9�, thereby allowing for a phase shift associated
with these secondary structures. The results of this fitting,
indicated by the solid curves in Fig. 3, give values for c� of
2.9, 2.9, 3.3, and 2.7 for the ejection angles 30°, 60°, 90°,
and 150° �not shown�, respectively, and a phase shift ��
��. Moreover, c� does not vary with the collision velocity
as seen in Fig. 3�a�. In Ref. �9� for 68 MeV/u Kr33++H2
collisions similar secondary structures were found with c�
�2.5 and ����.

These secondary oscillations have been attributed to inter-
ference of the primary ejected electron wave with the sec-
ondary wave that results from scattering at the other atomic
center �9�, an effect that has no analogy in Young’s two-slit
experiment, and can be interpreted from phase differences
using the methods of wave optics as discussed in Refs.
�9,22�. The secondary interference structures are inherently
different from the primary structures in that, based on the
present results, there is no collision velocity dependence and
at most a small dependence on the electron observation
angle, based on the present results and those of Ref. �9�.
Indeed, the theoretical formulations presented in Refs. �9,22�
indicate the secondary oscillatory structure to be governed
simply by the electron momentum k rather than by 	k−q	,
with the consequence that the oscillations should not depend
on either the collision velocity or on the electron emission
angle. This formulation predicts a secondary oscillation fre-
quency corresponding to c�=2 resulting from the additional
phase acquired by propagation of the primary electron wave

FIG. 2. Experimental and theoretical values of the primary in-
terference frequency parameter c as a function of collision velocity
vp in atomic units �data plotted near 40 a.u. are for Kr33+ projectiles
from Refs. �8,9��. The solid symbols are the fit values from Eq. �2�
and the open symbols are results from the Born approximation �see
text�. FIG. 3. Cross-section ratios of Fig. 1 divided by the correspond-

ing fit functions �Eq. �2�� showing small amplitude secondary os-
cillations �solid curves� and still weaker higher-frequency structures
as a function of ejected electron velocity for �a� 1-, 3-, and 5
-MeV H+ impact at 30° observation angle and �b� observation
angles of 30°, 60°, and 90° �ratios for 60° not shown in Fig. 1� for
3-MeV H+. The solid curves were obtained by fitting a function
similar to Eq. �2� to the plotted points, but with kcd replaced by
kc�d+�� �see text for details�.
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along the internuclear axis from one atomic center to the
other. Since the determination of this expected secondary
frequency in Refs. �9,22� required substantial approximation,
the agreement between theory and experiment is reasonable.
However, a more precise characterization of these secondary
oscillations as a function of the ejected electron velocity re-
mains a significant theoretical challenge.

Finally, we note that the ratios plotted in Fig. 3 also show
evidence for structures with significantly higher frequencies.
While the relatively strong peak centered near �1.0 a.u. is
due to autoionization electrons from doubly excited H2 �1,8�,
close inspection of Figs. 3�a� and 3�b� suggests other repro-
ducible structures both below and above this autoionization
peak. If these high-frequency structures can be confirmed by
further measurements, the results would point to a heretofore
unobserved aspect of electron emission from molecules.

The origin of such high-frequency structures is not obvi-
ous, however. Due to the high projectile velocity, coherent
electron emission from the transient molecule formed by the
passing H+ ion and the H2 molecule, as identified theoreti-
cally for much lower velocity 20-keV H++H collisions �23�,
is unlikely. A more likely explanation for high-frequency
structures is interference between direct electron emission
and autoionization involving continuum doubly excited H2
states 2l2�� giving rise to free-free transitions �24�. Such
interference was recently observed for bound doubly excited
states in e−+H2 collisions �25�. The presence of the rela-
tively large autoionization peak near 1.0 a.u. �1,8� indicates a
significant probability for forming autoionizing states, an ob-

servation that is consistent with such an explanation.
In summary, we have reported the observation of electron

interference effects due to coherent emission from the iden-
tical atomic centers of H2, as manifested in the velocity dis-
tributions of electrons ejected from H2 by �1–5�-MeV pro-
tons. The frequency of the primary oscillatory structure is
found to vary with the projectile velocity for low collision
velocities, reaching a nearly constant value for collision ve-
locities above �15 a.u. Variations of the primary structure
with the ejected electron observation angle are similar to
those reported previously �8�. On the contrary, the frequency
of the secondary interference structure, attributed to addi-
tional scattering within the molecule, does not appear to
change with the projectile velocity and varies only slightly
with the electron observation angle. Finally, there is the sug-
gestion of still higher-frequency structures superimposed on
the secondary oscillations, but the existence of the former
structures must be further confirmed. Thus, while the pri-
mary structures are reasonably well understood, it is clear
that additional experimental and theoretical work is needed
to properly characterize the secondary and high frequency
oscillations.
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