
PHYSICAL REVIEW A 69, 012701 ~2004!
Frequency doubling of interference structures in electron emission interferences from H2
by 68-MeVÕu Kr 33¿ impact
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Interference structures associated with the emission of electrons from H2 by fast Kr331 ions (v/c5 0.3) are
found to exhibit oscillations of second order superimposed on the main oscillatory structure. The secondary
oscillations occur with about twice the frequency of the main oscillations. While the primary structure is
produced by the coherent emission of electrons from the two atomic centers, similar to Young’s two-slit
experiment, our theoretical analysis indicates that the frequency doubling is a second-order effect, where the
electron wave emitted at one center interferes with the wave backscattered at the other center.
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Single ionization in atomic collisions is a fundamen
process that has attracted considerable interest for se
decades since Bethe conducted his pioneering work in
field @1#. While considerable attention has been paid to
ionization of molecular hydrogen~see Refs.@2,3#, and refer-
ences therein!, comparatively little is known about phenom
ena associated with coherent electron emission from the
distinguishable atomic centers. In the simplest ca
ionization of H2 resembles Young’s two-slit experimen
where the atomic H centers~or slits! simultaneously emit
radial waves, leading to interferences in the electron em
sion. Such interference effects consequently reveal the w
aspect of electrons.

Early studies of collisionally induced interferences fro
H2 focused on the processes of electron capture@4# and
photoionization@5#. These studies were followed by add
tional theoretical work ~see Refs. @6,7# and references
therein!, whereas experimental work remained limited@8#.
Related effects have been observed in investigations
heavy molecules with synchrotron radiation@9,10#, where
one atomic center is photoionized in an inner shell follow
by electron scattering at the other center. Each of these v
ous studies can be attributed to scattering processes of fir
second order as discussed in detail by Messiah@11#.

Interference effects of first order were recently observ
in H2 electron emission spectra induced by fast Kr project
@12#. The spectra obtained at forward observation angleu
520° and 30° exhibit oscillatory structures in good agre
ment with model calculations. More recent data for 3 an
MeV H1 impact show similar interference effects in electr
emission from H2 @13#. It has been recognized that dipo
transitions and binary encounter processes play fundam
tally different roles in the ionization process leading to int
ferences@12,14#. Interference effects are favored by dipo
transitions which are dominant at forward angles, especi
for fast projectiles. Nearu590°, binary encounter collision
are strongly enhanced@15# and, hence, first-order interfer
ences are expected to diminish in importance@12,16#.
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Recent theoretical studies@14,17–19# revealed additional
properties of the interference effects in H2. Calculations@18#
based on the semiclassical approximation showed explic
that the frequency of the oscillation decreases as the e
sion angle increases up to 90°. Moreover, the frequency
found to depend mainly on the momentum component of
ejected electron parallel to the beam direction. This pred
tion was essentially confirmed by further measurements
electron emission from H2 by fast Kr impact@16#, where
good agreement was also found with calculations using
Born approximation. However, various specific structures
the spectra remained unexplained.

In the present work, evidence is found for interferences
second order in collisions of 68-MeV/u Kr331 with H2.
These second-order interferences occur when the elec
wave emitted at one center interferes with this same w
after it is backscattered at the other center. The experime
results show an interference pattern, superimposed on
main interference structure, with an oscillation frequen
about double that of the first-order oscillation. The observ
doubling of the oscillation frequency is supported by mod
calculations obtained with the Born approximation and me
ods known from wave optics.

In the Born approximation the cross section for ion i
duced electron emission from H2 is proportional to the
square of the transition matrix element~atomic units are used
throughout if not otherwise stated!

dsH2

dq dV de
;u^wkueiq•ruw0&u2, ~1!

where r is the electron coordinate andq is the momentum
transferred in the collision. The solid angledV and the en-
ergyd« refer to the outgoing electron. The initial wave fun
tion w0 represents the electronic two-center state of the2
molecule and the final wave functionwk describes the out-
going electron of momentumk. When the initial H2 state is
approximated by the~normalized! linear combinationw0
©2004 The American Physical Society01-1
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5@w1s(r )1w1s(r2d)#/N of atomic 1s states separated b
the internuclear distanced, it can be readily shown tha
@12,17,14#

dsH2

dqdVd«
5

ds2H

dqdVd«
$11cos@~kÀq!•d#%. ~2!

The cross sectionds2H /dq dVd« describes electron emis
sion from the two H atoms acting as independent partic
~denoted by 2H!. The term in parenthesis represents the
terference caused by thetwo H centers.

To compare the theoretical results with the measu
cross sections it is necessary to average over the orient
of the H2 molecule. This average is performed in closed fo
yielding

dsH2

dq dV d«
5

ds2H

dq dV d« F11
sin~ uk2qud!

uk2qud G . ~3!

The remaining oscillatory term shows that the averaging p
cedure preserves the interference features of the elec
emission spectra.

For comparison with experiment, a further integration
required with respect to the momentum transferq. Following
the work of Bethe@1#, the cross section given by Eq.~3! can
be separated into dipole and binary encounter terms. Th
terms can then be integrated by means of ‘‘peaking’’ appro
mations@12# by setting

q'0 for dipole transitions,

q5k2pi'k for binary encounters, ~4!

where pi is the initial momentum of the bound electro
Hence, the binary-encounter process leads to a rather
stant term, so that the oscillatory structure in the cross s
tion is associated primarily with the dipole term. The furth
analysis by Nagyet al. @18# noted above, in which Eq.~3!
was integrated over the momentum transferq, showed that
the interference term is governed primarily by the elect
momentum component parallel to the beam direction,
ki5k cosu.

The data acquisition and analysis have been describe
our previous work@12,16#. The experiments were performe
at the Grand Acce´lérateur National d’Ions Lourds~GANIL !
Caen, France. A beam of 68-MeV/u Kr331 ions with a cur-
rent of 1 –2mA was collimated to a size of about
32 mm2 and directed onto a H2 target of;4-mm diameter
obtained from a gas jet. Electrons emitted from the tar
were measured with a parallel-plate electron spectromete
energies up to a few hundred electron volts and for sev
electron emission angles.

The measured cross sections are found to vary by sev
orders of magnitude with the electron energy@2,3#. Since the
variation due to the interference term is expected to be
than a factor of 2@see Eq.~3!#, this strongly varying energy
dependence must be removed in order to examine the in
ference structures. This was done by dividing the measu
cross sections by the corresponding calculated cross sec
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using the continuum-distorted wave–eikonal initial sta
~CDW-EIS! method@20# for electron emission by two inde
pendent H atoms as described in more detail in Ref.@16#.
The results for the electron observation angles 30°, 60°,
90° are shown in the upper part of Fig. 1. These cro
section ratios are plotted versus velocityv, since the inter-
ference term is governed by the momentumk ~or velocityv)
of the ejected electrons@see Eq.~3!#.

The cross-section ratio exhibits oscillatory structur
~e.g., at 30°) that are well outside the experimental unc
tainties of the relative cross sections, which are better t
65%. Due to spurious instrumental effects larger uncerta
ties exist for energies below aboutv'0.6 a.u.~i.e., 5 eV! so
that no data are shown below this value. For 30° the sta
tical error, increasing with velocity, becomes larger than 5
above;4 a.u. The observed oscillatory structure has be
attributed to first-order interference effects@12#. The experi-
mental results indicate that the frequency of the oscillat
varies with the electron emission angle@16# in consistency
with the prediction by Nagyet al. @18#.

To obtain information about additional spectral structur
the cross-section ratios were fit by an oscillatory functio
similar to expression~3!, with a variable frequency@16#

f ~k!5FF11
sin~kc d!

kc d G1G, ~5!

whereF andG ~with F1G'1) are the interfering and non
interfering contributions to the normalized cross section,
spectively, andc is an adjustable frequency parameter. T
results are shown as the solid lines in the upper diagram
Fig. 1, and are seen to agree well with the overall structure
the data for each angle.

FIG. 1. Ratios of experimental to theoretical CDW-EIS cro
sections for electron emission by 68-MeV/u Kr331 impact on H2 for
different electron observation angles. In the upper diagrams the
tios are shown together with fits to an analytic function~see text!.
The ratios are divided by the corresponding fit functions and plo
in the lower diagrams together with a second-order fit.
1-2
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Careful inspection of the cross-section ratios plotted in
upper part of Fig. 1 shows, however, evidence for high
frequency oscillations superimposed on the main oscillat
structure for each of the angles displayed. Indeed, by di
ing the cross-section ratios by the fit curves just describ
these secondary oscillations are clearly revealed as see
the lower part of Fig. 1. In addition to a higher frequenc
these secondary oscillations appear to have nearly equa
quencies for the electron emission angles considered he

An attempt was made to reproduce the secondary osc
tions by using a fit function similar to Eq.~5!. To allow for a
phase shift in the oscillation, the quantitykc d was replaced
by kc d1f, where f is the phase shift. The resulting fi
curves are given as the solid lines in the lower diagrams
Fig. 1. The fit parameters were set to have the same va
for all angles, yieldingc52.5 andf5p with fitting uncer-
tainties of about615%.

To interpret the present observations, the interference
terns are deduced from phase differences using meth
known from wave optics. First, it is shown that Eq.~2! can
be recovered from this method, and then the second-o
contribution is analyzed. The important aspect of the pres
analysis is that we interpret the Born operatoreiq•r in Eq. ~1!
as an electromagnetic wave interacting with the two H c
ters. Thus, as shown in the upper diagram of Fig. 2,
centers labeleda andb each emit outgoing waves of mome
tum k associated with the~first-order! amplitudesAa and
Ab , respectively.

From wave optics it follows that the intensity at larg
distances is equal to the coherent sumI 15uAa1Abu2. For
identical centersuAu5uAau5uAbu we obtain I 152uAu2(1
1cosd), whered is the relative phase between the amp
tudes. Now,d5dk2dq , wheredq and dk are ~additional!
phases created along the paths crossing the centersa andb,
respectively~Fig. 2!. It is readily shown thatdq5q d cosaq
5q•d anddk5kd cosak5k•d so that

I 152uAu2$11cos@~k2q!•d#%. ~6!

Consequently, by setting 2uAu25ds2H /dqdV de we re-
cover Eq.~2!.

Next, we consider the interference of the first- a
second-order amplitudes, which are shown in the lower d
gram of Fig. 2. The diagram is restricted to one branch
rected at centera, which shall be treated first. The incide
wave of momentumq emits at centera the first-order wave
with amplitudeAa which is backscattered at centerb to pro-
duce a second-order wave of amplitudeBa and the outgoing
momentumk. In the latter case, the phasedd5k d is ac-
quired as the wave propagates from one center to the o
and the interference is obtained from the phase differe
d5dk2dd . The intensity in second order restricted to t
brancha is given byI 2

a5uAa1Bau2, which yields the expres
sion

I 2
a5uAau21uBau212uAaBau cos~k•d2k d!. ~7!

An additional analysis, performed in analogy with th
second-order treatment by Messiah@11#, revealed the propor
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tionalities for the amplitudesAa;^wkueiq•ruw1s& and Ba
;^wkuVHuwkd

&^wkd
ueiq•ruw1s&, where wkd

is a Coulomb

wave propagating along the internuclear vectord andVH is
the ~screened! Coulomb potential representing elastic ele
tron scattering at a single H center.

The latter expression indicates that the backscattering
plitude Ba depends on the alignment of the H2 molecule.
Thus, the average ofI 2

a over the orientation of the molecul
cannot be carried out in closed form, as was done to arriv
Eq. ~3!. Nevertheless, to obtain a qualitative understand
of the oscillation frequency produced in second order,
neglect this dependence and focus our attention instea
the phases involved in the cosine function of Eq.~7!. The
average can then be performed in closed form by integra
over the orientation ofd and division by 4p yielding the
result

Ī 2
a5uAau21uBau212uAaBau

sin~2k d!

2k d
. ~8!

It is seen that the frequency of the oscillation is doub
when the primary wave is backscattered. Also, the doub

FIG. 2. Wave diagrams to visualize phase differences relev
for interferences in first and second order.
1-3
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appears to be independent of the electron observation a
These results essentially agree with our experimental ob
vations~Fig. 1!.

When the primary emission from the second centerb is
included, two additional waves with amplitudesAb and Bb
are created and the intensity in second order is deduced
I 25uAa1Ab1Ba1Bbu2. After integration over the molecu
lar orientation~neglecting again the angular dependencies
Ba andBb) this gives

Ī 25 Ī 11uBa1Bbu212uAu~ uBau1uBbu!

3Fsin~2k d!

kd
12

cos~k d!sin~q d!

qd G , ~9!

where Ī 1 is the first-order interference given by Eq.~3!.
Thus, the sum of the terms inside the square brac

appears as an oscillatory structure superimposed on the
order structure described byĪ 1. The first term in parenthesi
indicates that the frequency of the second-order structur
doubled in comparison with the results of Eq.~3!. The sec-
ond term is more complicated. For forward angles, dip
transitions withq'0 dominate so this latter term has th
same frequency as the first-order term, however, the
function is replaced by a cosine. For binary encounter co
sions withq'k, the second term is also doubled in the o
cillation frequency and adds directly to the first term.

Hence, the most pronounced oscillation of the double
quency is likely to occur at 90° where electron emission
binary encounter processes dominates. Indeed, from Fi
the second-order oscillations are most clearly revealed
90°. The same is true for 60° where binary-encounter co
sions retain importance. However, also at smaller ang
d.

m
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e.g., 30°, we expect a secondary oscillatory contribut
with a frequency doubling from the first term in parenthes
and this result is also seen in the data of Fig. 1.

It is recalled that the frequency doubling involves a pha
shift by aboutp in Eq. ~5!. This finding shows that furthe
work is needed to examine additional phase shifts produ
during the primary emission and secondary scattering at
centers. Moreover, the angular dependence of the b
scattering amplitudes has to be considered to allow for
adequate integration of the second-order expressions ove
H2 orientation.

In conclusion, interference effects originating fro
second-order scattering at the two atomic centers of H2 are
observed. The frequency of the second-order interfere
pattern is predicted to be larger by a factor of 2 than
frequency obtained in first order for forward angles. Th
prediction is confirmed by the experimental results acqui
at various electron observation angles. Second-order eff
are most clearly seen at electron observation angles
90°, where binary-encounter collisions dominate the elect
emission and first-order interferences are small. Hence,
dence is provided that first- and second-order interfere
patterns can be observed at different observation angle
the spectra of electrons ejected from H2 by fast projectiles.
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