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Detailed analyses of previous measurements, combined with additional measurements reported here, have
been made of electron interference structures observed in 60 MeV/u Kr34++H2 collisions. Results are used to
characterize the angular dependence of the primary interference structures over a wide range of electron
ejection angles, particularly backward angles, and, additionally, to search for high-frequency structures as
reported recently for 1–5 MeV/u H++H2 collisions �Hossain et al., Phys. Rev. A 72, 010701�R� �2005��. The
data for backward ejection angles, in combination with earlier data, permit a detailed comparison with theory
over the range 30°–150°, showing that none of the existing theories predict accurately the observed oscillation
frequencies for backward angles. Electron spectra for 90° and 150° taken in small energy steps and with
improved statistics compared to earlier measurements were examined by means of a Fourier analysis but no
evidence of the high-frequency structures reported for H++H2 collisions was found.
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I. INTRODUCTION

The observation �1–4� of oscillatory structures in the
ejected electron energy spectra of H2 confirmed the long-
standing prediction �5� of Young-type interferences resulting
from the coherent emission of electrons from identical
atomic centers. Subsequent measurements showed evidence
for secondary oscillations, superimposed on the main inter-
ference structures, that were attributed to additional scatter-
ing within the molecule �6�. While the primary interference
structures depend strongly on the ejected electron observa-
tion angle �2,7�, and to a lesser extent on the collision veloc-
ity �7�, the secondary oscillations do not �6,7�. �In earlier
publications the terms “first-order” and “second-order” were
commonly used, but here we use “primary” and “secondary”
to conform with the most recent published work �7�.� Com-
parisons of the measured angular dependence of the primary
oscillation frequencies with theoretical formulations �8–10�
show fair agreement for forward angles, but the theories un-
derestimate significantly the measured frequency for the
backward angle 150°.

Very recently, evidence for additional small amplitude
structures with significantly higher frequency superimposed
on the secondary structures was reported for 1–5 MeV H+

+H2 collisions �7,11�. Possible origins considered for these
structures were �1� coherent electron emission from the tran-
sient molecule formed by the passing H+ ion and the H2
molecule, and �2� interference between direct electron emis-
sion and autoionization involving continuum doubly excited
H2 states 2l�l� giving rise to so-called free-free transitions
�12�. For the former case of coherent emission, it was sug-
gested that the colliding identical projectile and target nuclei
might be a factor in producing interferences from the tran-
sient molecule that is formed �7,11�, an effect that was iden-
tified theoretically for low velocity 20 keV H++H collisions

�13�. In support of the second possibility, interference be-
tween direct emission and autoionization was recently ob-
served for bound doubly excited states in e−+D2 collisions
�14�. However, neither of these hypotheses for the high-
frequency oscillations has been verified, and indeed the very
existence of the high-frequency structures is not yet fully
established.

In the present work, new measurements for 60 MeV/u
Kr34+ ions ��40 a.u.� with experimental conditions similar
to those of Refs. �1,2,6� have been made at the backward
electron ejection angles 120° and 150°. The new data for
150° provide a verification of earlier results �2�, for which a
significantly higher frequency primary interference structure
was found compared to forward angles. The data for 120°
give additional information at backward angles that, when
combined with previous data for forward angles �2�, more
fully characterize the varying oscillation frequency of the
primary interference structures over a wide range of electron
ejection angles. These results are compared with predictions
of three different theoretical formulations. Additionally, data
taken in small energy steps with improved statistics com-
pared to earlier measurements have been obtained at 90° and
150° for the purpose of providing further insight into the
previously reported evidence for high-frequency structures
associated with electron emission in 1–5 MeV H++H2 col-
lisions �7,11�. The use of fast krypton projectiles
��60 MeV/u� provides an important test because the obser-
vation of similar high-frequency structures for these hetero-
nuclear collisions would rule out the hypothesis of coherent
emission from the transient molecule consisting of identical
atomic centers. On the other hand, if no high-frequency
structures are found for krypton projectiles, coherent emis-
sion from transient molecules consisting of identical atomic
centers remains a possibility.
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II. EXPERIMENTAL PROCEDURE

The present measurements were carried out at the Grand
Accélérateur National d’Ions Lourds �GANIL� facility in
Caen, France. Since the experimental setup consisting of the
scattering chamber and the electron spectrometer was nearly
the same as that used in the work of Refs. �1,2,6�, only a
brief summary is given here. A beam of 60 MeV/u Kr34+

ions with a current of �2 �A was collimated to a size of
about 2�2 mm and directed onto a H2 target of �4 mm
diameter obtained from a gas jet. Electrons emitted from the
target were measured with a parallel-plate electron spectrom-
eter for energies ranging from about 2–300 eV and for
angles of 90°, 120°, and 150° with respect to the incident
beam direction. For 90° and 150° the spectra were taken in
small energy steps to search for high-frequency structures. At
the backward angles 120° and 150° it is difficult to obtain
reliable data for the higher electron energies due to the sig-
nificantly smaller cross sections for backscattering. For all
measurements the target gas pressure was kept below �3
�10−5 Torr, corresponding to a range where single-collision
conditions prevailed. Additionally, background spectra were
recorded with no target gas so that the spectra of interest
could be corrected for these residual gas events. Care was
also taken in the experimental setup to ensure that contami-
nants were not inadvertently introduced into the H2 target
gas. As a check, no measurable Auger intensity from com-
mon contaminants such as C, N, or O were observed in the
spectra.

III. RESULTS AND DISCUSSION

Here the new measurements for the backward angles 120°
and 150° are combined with our earlier data for forward
angles �2� to analyze the varying oscillation frequency of the
primary interference structures. Additionally, the small
energy-step size data for 90° and 150° are subjected to Fou-
rier analysis to determine if there is evidence for the high-
frequency oscillatory structures reported for 1–5 MeV H+

+H2 collisions �7,11�. In the following, these angular depen-
dent and high-frequency aspects are treated separately.

A. Angular dependence of interference structures

In order to examine the expected relatively small interfer-
ence structures as a function of ejected electron velocity, the
exponentially decreasing cross sections for the ionization of
H2 are normalized to the corresponding theoretical atomic H
cross sections, as in Refs. �1,2�.

��H2
�norm =

d2�H2

d� d�
� d2�2H

d� d�

=� d3�2H

dq d� d�
�1 +

sin	k − q	d
	k − q	d 


�dq�� d3�2H

dq d� d�
dq . �1�

In Eq. �1�, the solid angle d� and the energy d� refer to the
outgoing electron, �H2

denotes the molecular cross section

for two-center electron emission, and �2H is the cross section
for incoherent �i.e., noninterfering� electron emission from
the two H atoms. The sinusoidal term represents the interfer-
ence 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 normalized cross sec-
tion ratio ��H2

�norm, which more readily reveals interference
behavior in the momentum distributions of the ejected elec-
trons than in the actual cross sections alone, is obtained after
averaging over the random orientation of the internuclear H2
axis.

In calculating experimental and theoretical ratios from Eq.
�1�, the denominator �the atomic H cross sections integrated
over the momentum transfer q� is the same in both cases.
However, in order to avoid structures produced by differ-
ences in the Compton profiles of H2 and H �15,16�, and
unrelated to interferences, the effective atomic H cross sec-
tions �2H in the denominator of Eq. �1� must represent the
noninterfering part of the molecular cross section �H2

. To
properly represent these noninterfering cross sections, an ef-
fective atomic number Zeff=1.19 was used to calculate the
atomic H cross sections in Eq. �1� �see Ref. �15��. All of the
theoretical cross sections in this work were obtained from the
continuum-distorted-wave-eikonal-initial-state �CDW-EIS�
approximation �17�, using the formulation of this theory de-
scribed in Ref. �9� that specifically includes the molecular
nature of the H2 cross sections in calculating the numerator
of Eq. �1� �18�.

In Fig. 1, the primary oscillatory interference features are
displayed as a function of the electron momentum k �in
atomic units� for the observation angles 120° and 150° with
respect to the incident beam direction. The results for 150°
substantially confirm the earlier results obtained for this
angle �2�, while the 120° data provide new information to
more fully characterize the angular dependence at backward
angles, particularly with respect to the frequency enhance-
ment observed for 150°. To obtain the experimental ratios
shown by the solid points, the measured doubly differential
�in electron energy and observation angle� cross sections for
electron emission from H2 have been divided by the corre-
sponding theoretical cross sections for ionization of atomic
hydrogen �18� according to Eq. �1�, and then plotted as a
function of the electron momentum in a.u. Because of back-
ground limited statistics at 150°, the measured cross sections
are reliable only for electron velocities up to �2.5 a.u.
�85 eV�.

Also shown in Fig. 1 are the corresponding theoretical
ratios calculated from the CDW-EIS formulation �9,17,18�
according to Eq. �1�. While there is qualitative agreement
with the calculated ratios, the experimentally determined am-
plitudes are overestimated for low electron velocities, and
the oscillation frequencies are underestimated in each case.
Because the amplitude of the experimental ratios depends on
the multiplication factor used to normalize the measured
relative molecular H2 electron cross sections to the theoreti-
cal atomic H cross sections, the actual value of the amplitude
is arbitrary and, consequently, the discrepancy is not signifi-
cant �see Ref. �2��. On the other hand, the frequency of the
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oscillation does not depend on the normalization factor �the
calculated frequencies in Ref. �2� are the same as those found
here�, and, hence, a meaningful comparison between experi-
ment and theory can be made. Concerning the underestima-
tion of the measured frequencies, similar discrepancies have
been found previously for Kr34+ projectiles �2� and for H+

projectiles �7,11�.
In order to parametrize the changing frequency, an ana-

lytical function of the form

f�k� = A�1 + sin�kcd�/�kcd�� + B �2�

was fit to the normalized ratios of Fig. 1, a procedure that has
been used previously �2,6,7,11�. In this function, A and B

�A+B�1, see Ref. �2�� are constants representing the inter-
fering and noninterfering cross section fractions, respec-
tively, and c is an adjustable frequency parameter. This func-
tion is based on the impact-parameter formulation of Nagy et
al. �8�, where it is found that 	k−q	 in Eq. �1� can be ap-
proximated by �k cos �-qmin�, i.e., the electron momentum
component parallel 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 transferred to the electron and vp is the velocity of
the projectile. Hence, for the high collision velocity of the
present work qmin�0, and c�cos � in the model of Nagy et
al. �8�. The results of fitting Eq. �2� to the data of Fig. 1,
shown as the solid curves, are seen to represent well the
measured cross section ratios.

Values of the frequency parameter c obtained from the fit
function Eq. �2� for the present data, as well as the earlier
data for Kr34+ projectiles from Ref. �2�, are plotted in Fig. 2
as a function of the electron observation angle �. Also shown
are the calculated values of the frequency parameter from the
formulation of Nagy et al. �8� �in which c�cos ��, the
CDW-EIS calculations of Galassi and co-workers �9�, and
the classical-trajectory-Monte-Carlo �CTMC� calculations of
Sarkadi �10�. While there is qualitative agreement of the ex-
perimentally determined values of c with the trends predicted
by the calculations, and moreover the observed variations in
c with electron ejection angle can be understood in terms of
the above-mentioned dependence on �k cos �-qmin�, there are
also significant and systematic discrepancies, particularly for
backward angles. The new measurements for 120° confirm
the rather strong asymmetry in the oscillation frequency, by
nearly a factor of 2, previously observed for 30° and 150°,
while the calculations predict a nearly symmetric depen-
dence, with the exception perhaps of the CTMC calculations
of Ref. �10�.

These various discrepancies suggest that the existing
theories do not properly describe the angular dependence of

FIG. 1. Ratios of cross sections, determined according to Eq.
�1�, for electron emission from H2 by 60 MeV/u Kr34+ impact nor-
malized to the corresponding atomic H cross sections for the elec-
tron observation angles 120° and 150°. Solid points are the mea-
sured H2 cross sections divided by theoretical continuum-distorted-
wave-eikonal-initial-state �CDW-EIS� cross sections for atomic H
�17,18�. The dashed curves are ratios of theoretical CDW-EIS cross
sections for H2 �9,18� divided by those for H. The theoretical results
for atomic H were calculated using Zeff=1.19 in the denominator of
Eq. �1� to account for differences in the Compton profiles of H2 and
H �see text�. The solid curves are fits to the data using Eq. �2�, and
the resulting values obtained for the frequency parameter c are in-
dicated. The dotted line drawn at a cross section ratio of 1.0 indi-
cates the limiting value of the sinusoidal function appearing in Eqs.
�1� and �2�.

FIG. 2. Experimental and theoretical values of the primary in-
terference frequency parameter c as a function of the electron ob-
servation angle. The solid �present data� and open �from Ref. �2��
symbols were obtained by fitting Eq. �2� to cross section ratios as
shown in Fig. 1, while the theoretical values were taken from Refs
�8–10� as indicated.
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the oscillation frequency, particularly with respect to comple-
mentary forward and backward angles. While the exact ori-
gin of the frequency asymmetry is not known, it is noted that
electron emission at backward angles involves significant
backscattering �19�. Furthermore, such backscattering is re-
quired to produce the secondary interferences that have been
observed to have 2–3 times higher frequencies than the pri-
mary interference structures �6,7�. Thus, there may be an
interplay of the secondary interferences with the primary
ones that gives rise to enhancement of the oscillation fre-
quency �20�. However, the exact characterization of the en-
hanced frequencies for backward angles remains a challenge
for theory.

B. Search for high-frequency structures

Here we examine the electron spectra for the existence of
structures with much higher frequencies than the primary
oscillations discussed above, and also significantly higher
than the secondary oscillations �not considered in the present
work� that have been attributed to intramolecular scattering
of the primary ionization “wave” at the second atomic center
�6�. These secondary oscillations, which are superimposed
on the primary oscillations and expected to exhibit one full
oscillation in the range of electron velocities from �1–3 a.u.
�6�, are not apparent in the experimental ratios of Fig. 1
without further analysis. However, the existence of these sec-
ondary oscillations has been confirmed in H++H2 collisions
�7,11� for both forward and backward emission angles. Since
an examination of the secondary oscillations is not the intent
of the present work they will not be considered further here.

Evidence for high-frequency structures, superimposed on
the primary and secondary interference structures, was re-
ported in electron spectra associated with ionization of H2 by
1, 3, and 5 MeV H+ ions �7,11�. By fitting the oscillations
with a function similar to Eq. �2�, but without the damping of
the sine term, a high-frequency oscillation interval corre-
sponding to �k�0.25 a.u. was determined �11�. As noted in
the Introduction, no definitive conclusions concerning either
the existence or the origin of the oscillations have been
reached. More recently, anomalous oscillations with high fre-
quencies similar to those of Refs. �7,11� were observed in the
ionization spectra of 20 keV He+ and 40 keV He2+ ions col-
liding with atomic He �21�. Again, several causes of the os-
cillations were considered but no conclusion could be made
regarding their origin.

As mentioned above, data were taken in small energy
steps for 90° and 150° to determine if there is evidence for
high-frequency structures in the electron spectra for the fast
60 MeV/u Kr34++H2 collisions studied here. The measured
electron momentum spectra were subjected to Fourier analy-
sis to ascertain if the transformed inverse momentum spectra
contain discrete components corresponding to high oscilla-
tion frequencies. In this analysis the raw electron spectra,
following background subtraction and conversion of the en-
ergy scale �in eV� to electron momentum k �in a.u.�, were
subjected directly to Fourier transformation, rather than us-
ing the normalized ratios. The raw spectra were used to mini-
mize the possibility of introducing spurious oscillatory struc-

tures resulting from the normalization of the data to
theoretical cross sections �spurious structures can be intro-
duced depending on the step size of the theoretical calcula-
tions used for normalization�. Additionally, the spectra were
smoothed using three-point and five-point adjacent averaging
and then subjected to the same Fourier analysis, giving re-
sults essentially identical to those for the raw spectra.

The inverse momentum spectra resulting from Fourier
transformation of the electron momentum spectra are shown
in Fig. 3 for the observation angles 90° and 150°. The dashed
curve in each case is the inverse spectrum that results when
the measured momentum spectrum is analyzed for the entire
range of measured k values, whereas the solid curve is the
result when the spectrum is subjected to analysis only for k
�1.2 a.u. The reason for using this latter reduced range is to
eliminate any effect due to the peak that occurs in the mo-
mentum spectra near k�1.0 a.u. �see Fig. 1�. This peak,

FIG. 3. Inverse spectra resulting from the Fourier analysis of
measured electron momentum spectra, after residual background
subtraction and conversion of the measured electron energy values
�in eV� to electron momentum k �in a.u.�, for the observation angles
90° and 150°. The Fourier analysis was carried out for all k values
�dashed curves� and for the restricted range k�1.2 a.u. �solid
curves�. The small maximum near 1/k=5 a.u, corresponding to an
electron momentum oscillation interval of �k�0.2 a.u., seen in the
dashed curves in each case, is attributed to the H2

* autoionization
peak that occurs near 1 a.u. �see Fig. 1�.
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which is attributed to autoionization of doubly excited H2
*

�1,14�, has a width �k�0.2 a.u. �see Fig. 1� that is coinci-
dentally close to the width �k�0.25 a.u. expected for the
high-frequency structures based on the results for H++H2
collisions �11�.

The Fourier transformed inverse momentum spectra of
Fig. 3 show strongly decreasing intensities with increasing
1/k �larger values of 1 /k correspond to higher frequencies in
the electron momentum spectrum�. Based on a width �k
�0.25 a.u. �see above�, a discrete component corresponding
to high-frequency structures would be expected in the in-
verse spectrum near 1 /k�4 a.u. if such structures exist. No
such component is observed in the solid curves of Fig. 3
resulting from Fourier analysis for electron velocities k
�1.2 a.u. Instead, these curves decrease monotonically up to
values of 1 /k�10 a.u. in each case. On the other hand, Fou-
rier analysis for all k values �dashed curves� for both 90° and
150° shows a small and broad maximum centered near 1 /k
�5 a.u. corresponding to an electron momentum width �k
�0.2 a.u. Thus, this maximum in the dashed curves can be
attributed to the presence of the H2

* autoionization peak that
occurs near k=1 a.u. The observation of this maximum for
the transformation over all k values is important because it
provides an indication of the sensitivity of the Fourier analy-
sis in precisely the region of interest. Moreover, the inverse
spectra are dominated by an intense and strongly decreasing
continuum �note the logarithmic scale of Fig. 3� near zero
resulting from the large nonoscillating “background” of con-
tinuum electrons in the raw momentum spectra. Thus, an
observation of discrete components corresponding to the pri-
mary and secondary oscillations, expected to occur in the
range 1/k	0.7 a.u., is precluded in the Fourier analysis. We
note that essentially identical inverse spectra �not shown�
were obtained when the same analysis was applied to the
three-point and five-point smoothed spectra, thus giving in-
creased confidence in the results shown in Fig. 3.

Because there is no indication of any discrete components
in the inverse spectra corresponding to k�1.2 a.u. in the
momentum spectra, it must be concluded that the present
electron emission spectra for 60 MeV/u Kr34+ ions do not
exhibit evidence for high-frequency oscillations. Thus, the
present results appear to be quantitatively different from
those reported in Refs. �7,11,21� for H++H2 and He1,2+

+He collisions, respectively, in which evidence for high-
frequency structures was found. Additionally, it should be
pointed out that the Fourier analysis, similar to that con-
ducted here, of H++H2 spectra does reveal the existence of a
small intensity discrete component in the inverse spectrum
near 1 /k�4 a.u. as expected for the high-frequency struc-
tures �22�.

The lack of evidence for high-frequency oscillations in
Kr34++H2 collisions seems to rule out electron emission

mechanisms that permit heteronuclear collision partners to
be the origin of the previously reported high-frequency os-
cillations for H++H2 and He1,2++He collisions. Thus, coher-
ent emission from the transient molecule formed by homo-
nuclear collision partners remains a possibility.

IV. CONCLUSION

In summary, we have made a detailed analysis of interfer-
ence structures associated with electron emission in
60 MeV/u Kr34++H2 collisions. Comparison of the mea-
sured frequencies of the primary interference structures with
three different theoretical formulations shows qualitative
agreement over the range 30°–150°. However, the theories
do not predict the large frequency asymmetry observed for
complementary forward and backward angles, and, further-
more, the calculated frequencies for backward angles under-
estimate the measured frequencies by 20–50 %. These results
point to an incomplete understanding of the causes for the
angular variation of the interference frequencies, although
some of the discrepancy may originate from an interplay
between the primary and secondary interferences �20�.

Additionally, small step-size energy spectra for 90° and
150° have been examined for evidence of the high-frequency
structures that have been reported for H++H2 collisions
�7,11� and for He1,2++He collisions �21�. Fourier analysis
was used to transform the present Kr34++H2 electron mo-
mentum spectra in order to reveal components in the result-
ing inverse spectra corresponding to high oscillation frequen-
cies. The transformed spectra produced no such evidence,
however. Thus, to summarize, evidence for high-frequency
structures has been found in the spectra for electron emission
from collisions involving partners with the same atomic
number �H++H2 and He1,2++He�, but not for partners of
different atomic number �Kr34++H2�. This latter result is sig-
nificant because it suggests the high-frequency oscillations
are dependent upon homonuclear collision partners, and,
consequently, coherent emission from the transient molecule
formed by such partners cannot be ruled out as a possible
origin.
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