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Interference effects in electron emission from H2 by 68-MeVÕu Kr 33¿ impact:
Dependence on the emission angle
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Angle- and energy-dependent cross sections for electron emission were measured for 68-MeV/u Kr331 ions
impacting on H2. These results show, in accordance with our earlier observation, that interference effects are
produced by the coherent emission of electrons from the two H atoms, in analogy with Young’s two-slit
experiment. Furthermore, the present results demonstrate that the observed oscillatory pattern varies with the
electron observation angle, contrary to our earlier expectations but in agreement with recent theoretical pre-
dictions.
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Studies of particle-induced ionization have devoted p
ticular attention to the molecular target H2, which is the sim-
plest molecule composed of two atoms. While the ove
ionization is well understood@1–5#, little is known about
phenomena associated with the indistinguishability of
atomic H centers. In this case, the contributions to ionizat
from each center add coherently, and interference eff
may be expected in the ionization spectra. Such elec
emission from H2 may be closely related to Young’s two-sl
experiment, which played an essential role in the early
velopment of quantum mechanics.

In the past decades, effort has been devoted to re
these interference effects in atomic collisions with H2. Early
studies of collisionally induced interferences from H2 cen-
tered on the processes of electron capture@6# and photoion-
ization @7#. These studies were followed by additional the
retical work~see Refs.@8,9# and references therein!, whereas
experimental work was limited@10#. Related experimenta
investigations with synchrotron radiation@11,12# focused on
heavier molecules where one atomic center is photoion
~e.g., in an inner shell!, followed by electron scattering at th
other center. These scattering phenomena differ, howe
from Young’s experiment, where both slits simultaneou
emit radial waves. The different cases are discussed by M
siah @13#.

Recently, experimental evidence for interference effe
has been found in H2 electron emission spectra induced
very fast projectiles@14#. In that work, hereafter referred t
as I, the analysis indicated that the use of a high projec
velocity is important because it enhances interference effe
The spectra obtained at forward angles~e.g., 30°) exhibited
an oscillatory structure in good agreement with model cal
lations. Results obtained at backward angles~e.g., 150°) in-
dicated a similar trend which, however, was not conclus
due to limited statistics. More recent data for 3- and 5-M
H11H2 collisions also show evidence for interference
fects in electron emission spectra@15#.

The experimental work motivated various theoretic
studies@16–19# that reveal detailed properties of the inte
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ference effects. It was recognized that dipole transitions
binary-encounter processes play different roles in the ion
tion process leading to interference@14,18#. In I, due to the
high projectile velocity, model calculations focused on dipo
transitions at forward angles, which seemed to indicate
the interference pattern is quite independent of the elec
emission angle. However, at 90°, electron emission
strongly dominated by binary encounter collisions@20# and,
consequently, the interference structures are expected t
minish. Moreover, a new theoretical work@17# shows explic-
itly that the frequency of the oscillation should decrease
the emission angle increases up to 90°.

In the present work, we provide decisive experimen
evidence for interference effects in electron emission fr
H2 resulting from 68 MeV/u Kr331 ion impact. Specifically,
measurements with improved statistics reveal pronoun
oscillatory structures at forward and backward angles. Mo
over, the measurements exhibit a previously unexpected
pendence of the interference structures on the electron e
sion angle, indicating a varying oscillation frequency. Th
result is shown to be consistent with a new model predict
@17# and calculations based on the Born approximation.

In accordance with previous work@14,16,18#, the cross
section for electron emission from H2 relevant for the presen
experiment is given by~atomic units are used throughout
not otherwise stated!

dsH2

dV de
5E ds2H

dq dVde F11
sin~pd!

pd Gd2q' , ~1!

where the solid angledV and the energyde refer to the
outgoing electron. The cross sectionds2H /dqdVde de-
scribes incoherent electron emission from the two indep
dent H atoms~denoted by the label 2H!, but with mutually
altered effective charges. The term in parentheses repres
the interference caused by coherent emission from the
centers, whered is the internuclear distance of the H2 mol-
©2003 The American Physical Society02-1
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ecule andp5uk2qu is the difference between the electro
momentumk and the momentum transferq.

Equation~1! is obtained after averaging over the rando
orientation of the internuclear H2 axis. The presence of th
interference term shows that the averaging procedure
serves the oscillatory features of the electron emission s
tra. Moreover, Eq.~1! must be integrated over the mome
tum transfer vectorq' perpendicular to the beam directio
As discussed below, this integration was carried out us
analytic cross sectionsds2H /dq dV de for independent H
atoms obtained from the Born approximation@5#.

To investigate specific ionization mechanisms, in I t
cross section was split into dipole and binary terms follow
the early work of Bethe@21#. The dipole term was derived
using a peaking approximation, i.e., settingq50, whereas
the binary encounter process contributes only a constan
terference term. Thus, in I the integrated cross section
obtained as

dsH2

dV de
5

ds2H
dip

dV de F11
sin~kd!

kd G1
ds2H

bin

dV de
s, ~2!

where ds2H
dip/dV de and ds2H

bin/dV de are integrated cros
sections referring to the dipole and binary parts, respectiv
and s'1.6 is a constant. Equation~2! suggests that the os
cillatory structure in the cross section is produced solely
the dipole term. This term predicts a full sinusoidal oscil
tion when the productkd varies from 0 to 2p. With d
51.42 a.u. for H2, this oscillation is governed by the elec
tron momentumk varying within the range of 024.3 a.u. It
is noted, however, that the dipole approach is limited prim
rily to forward and backward angles.

In an extended model, Nagyet al. @17# evaluated cross
sections with an interference term that is governed by
momentumpuu5ki2qi parallel to the beam direction. This i
plausible, since theq' integration in Eq.~1! tends to dimin-
ish the perpendicular components due to averaging effe
Thus, it follows@17# that

dsH2

dVde
5

ds2H
int

dVde F11
sin@~ki2qmin!d#

~ki2qmin!d
G1

ds2H
non

dVde
, ~3!

whereds2H
int /dV de and ds2H

non/dV de are, respectively, in-
terfering and noninterfering parts of the cross section@17#.
The componentki5k cosu is determined by the electro
ejection angleu, andqi is equal to the minimum momentum
transferqmin5DE/vp obtained from the energy transferDE
and the projectile velocityvp . For the highvp used here,
qmin is small. Thus, Eq.~3! predicts that the frequency of th
oscillatory structure varies approximately with cosu.

The experiments were performed at the Grand Acce´léra-
teur National d’Ions Lourds~GANIL !, Caen, France. The
scattering chamber and the electron spectrometer were
same as those used in I. A beam of 68 MeV/u Kr331 ions
with a current of 122 mA was collimated to a size of abou
232 mm2 and directed onto an H2 target of;4 mm diam-
eter obtained from a gas jet. Electrons emitted from the
get were measured with a parallel-plate electron spectr
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eter for energies ranging from about 2 to 500 eV and
angles of 30°, 60°, 90°, and 150° with respect to the be
direction.

Auxiliary measurements were performed with a He tar
as a benchmark for the H2 results, and to put the cross se
tions for both targets on an absolute scale. This was don
normalizing the He cross section for 90° to theoretical
sults obtained by means of the continuum-distorted-w
eikonal-initial-state approximation~CDW-EIS! @22#. Earlier
He ionization measurements with fast projectiles@23# have
shown that the experimental data at 90° are well reprodu
by these CDW-EIS calculations.

In Figs. 1~a! and 1~b!, typical results for electron emissio
from H2 and He, respectively, are shown for observati
angles of 30° and 90°. Also plotted are theoretical CDW-E
cross sections obtained for atomic targets. As in I, the
data were calculated using Hartree-Slater wave functions
the initial and final electron states@22#. The calculations for
H were performed using an initial hydrogenic wave functi
with an effective target charge of ZT51.19 in accordance
with Ref. @18#.

The cross sections are seen to vary strongly by sev
orders of magnitude with the electron energy@4,5#. Since the
variation due to the interference term is less than a facto
2, it is important to remove this strongly varying energ
component. This is done by dividing the measured cross

FIG. 1. Cross sections and ratios for electron emission
68 MeV/u Kr331 impacting on H2 and He as a function of the
ejected electron energy. In~a! and~b!, experimental and theoretica
cross sections are compared for H2 and He, respectively, obtained a
the observation angles 30° and 90°. In~c! and ~d!, cross-section
ratios of experimental and theoretical results are given for H2 and
He, respectively. The peaks labeled ‘‘Ai’’ are attributed to autoio
ization.
2-2
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tions by the corresponding CDW-EIS cross sections. The
sults for 30° and 90° associated with H2 and He are given in
Figs. 1~c! and 1~d!, respectively. The He data indicate a d
tinct peak labeled Ai near 33 eV produced by autoionizat
@23#. Apart from this peak structure, the He data show
smooth and nearly monotonic dependence on the eje
electron energy.

On the contrary, the 30° cross-section ratio for H2 shows
a non-monotonic behavior suggestive of an oscillatory str
ture. This structure is well outside the experimental unc
tainties of the relative cross sections which are typica
610%. Larger uncertainties up to630% may exist for en-
ergies below about 5 eV, where the measured cross sec
can be affected by spurious instrumental effects. A cru
point of the H2 analysis is the possible contribution of aut
ionization electrons. In I, autoionization was estimated
contribute negligibly to the measured H2 electron spectra
Nevertheless, we attribute the reproducible peak structur
about 13 eV to autoionization electrons~which, to our
knowledge, have not been observed before in the elec
emission from H2). However, as outlined in I, the presenc
of the autoionization peak is not likely to alter the essen
features of the interference pattern.

In Fig. 1~c!, the H2 cross-section ratios show an overa
decrease with increasing energy. This decrease is contra
the ratios obtained in I, which increased with energy. T
difference is caused by the use of the effective chargeZT
51.19 for the initial state in the present work instead ofZT
51.05 in the earlier CDW-EIS reference calculations. W
found that ZT51.19 ~due to a variational treatment@18#!
better reproduces the nonoscillating behavior of the cr
sections than doesZT51.05~which follows from the binding
energy!. Thus, the corrections to the cross-section ratios
were required in I are not needed here.

From Eq.~2!, we recall that the interference term is go
erned by the momentum k~or velocity v) of the ejected
electrons. Accordingly, we plot the cross-section ratios ver
velocity v in Fig. 2, where results for different electron emi
sion angles are given. Figures 2~a! and 2~d! show sinusoidal
oscillations at forward and backward angles, respectiv
The data for 30° are in good agreement with the previ
measurements in I. From inspection of the results for
other angles, it appears that the frequency of the oscilla
structures varies with the electron emission angle.

To understand more quantitatively the interference str
tures, the experimental data are compared with theore
results. Numerical calculations were performed using Eq.~1!
in conjunction with analytical Born cross sections for atom
hydrogen@5#. These calculations were normalized to the c
responding integrated Born cross sections and are show
the solid curves in Fig. 2. For all emission angles and velo
tiesv*1, the Born results are found to be in excellent agr
ment with the calculations obtained from Eq.~3!. Therefore,
the results from Eq.~3! are not shown~keeping in mind that
they are very close to the Born results!.

To gain more information about the oscillation frequen
we used an analytical fit function based on the interfere
term that is common to Eqs.~2! and ~3!. This function has
the form A@11sin(kcd)/(kcd)#1B, whereA and B ~with A
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1B51) are interfering and noninterfering cross section fra
tions, respectively, andc is an adjustable frequency param
eter. For simplicity, the fractionsA andB were set equal to
0.5. ~The Born calculations were based on similar fraction!
The actual values are of minor importance, since we
primarily interested in the oscillation frequency. The fun
tions fitted to the experimental data are shown in Fig. 2, a
thec values are given in Table I in comparison with cosu. It
is recalled from Eq.~3! that nearly equal values are expect
for c and cosu.

For the electron emission angles of 30° and 60°, ther
excellent agreement between the experimental data and
normalized Born results as seen from Figs. 2~a! and 2~b!.

FIG. 2. Ratios of experimental to theoretical CDW-EIS cro
sections plotted as a function of the ejected electron velocity for
electron observation angles indicated. The solid lines repre
Born calculations from Eq.~1! and the dash dotted lines are o
tained from fits to an analytic function~see text!.

TABLE I. Fit values of the frequency parameterc as a function
of the electron observation angleu. The values of cosu are shown
for comparison.

u cosu c

30° 0.87 0.96
60° 0.5 0.52
90° 0 0.29
150° 0.87 1.46
2-3
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Accordingly, the experimental data are well reproduced
the analytic function with a frequency parameterc nearly
equal to cosu ~Table I!. This finding supports the predictio
of Eq. ~3! that the interference term is governed by the m
mentum componentki @17#.

On the other hand, for the 90° ratio in Fig. 2~c!, there is a
significant deviation between the experimental results
the Born calculations. Consequently, thec value differs from
cosu ~Table I!. For 90°, the models predict the cross-sect
ratio to be essentially constant. This constancy may be
derstood from the fact that electron emission at 90°
strongly dominated by binary-encounter processes@20#.
Then, Eq.~2! predicts the normalized cross sections to
equal to s'1.6, in agreement with the Born results. Th
experimental data decrease with velocity, however. Nev
theless, the experimental 90° data show the weakest de
dence on the electron velocity in qualitative agreement w
theory.

The experimental data for 150°, acquired with improv
statistics compared to I, show an extended sinusoidal o
lation giving rise to a distinct interference pattern. The e
perimental data and the fitted function are seen to oscil
faster than the Born results, and accordingly,c is found to be
larger than cosu ~Table I!. The Born results exhibit a highe
frequency at 150° than at 30°, in accordance with Eq.~3! for
qmin*0. However, the experimental data at 150° still exhi
a significantly higher frequency. This striking observation
not yet understood.
d.
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In conclusion, the present experiments confirm oscillat
structures in H2 electron emission spectra attributed to t
Young-type interferences. Furthermore, evidence is provi
for the fact that the oscillation frequency of the interferen
pattern varies sigificantly with the electron ejection ang
Theoretical approaches provide insight into the nature of
observed interference structures. The prediction@17# that the
oscillation frequency is governed mainly by the electron m
mentum component parallel to the beam direction is found
agree with Born calculations, and is generally confirmed
experiment, although finer details remain unexplained.
particular, neither theory explains fully the significant
higher frequency that is observed for 150°. This latter fin
ing can be the starting point for the future work to bet
determine the origin of the apparently varying oscillati
frequency of the oscillation pattern.
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