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Abstract

Photoionization cross section for the hydrogen molecule has been calculated using two-center wavefunctions for the description of the

initial and final states. Interference effects which appears due to the two-center character of the molecular target were identified and

analyzed. The angular distribution of outgoing electron and the contribution of partial waves have been also studied. The obtained

results are very sensitive to the description of the final state.

r 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Interference effects, which are analogous with the
Young’s two slit interference, may occur in the photo-
ionization of molecular hydrogen due to the two-center
character of the target molecule. The possibility of such
kind of interference phenomena in the ejected electron
spectra have been predicted for the first time by Cohen and
Fano (1966).

Similar effects were observed by Stolterfoht and cow-
orkers (Stolterfoht et al., 2001, 2003) in the case of
ionization of hydrogen molecule by fast charged projectiles
where the ratio of the molecular and atomic cross section
shows an oscillatory pattern.

There are many experimental data (Backx et al., 1976;
Samson, 1976; Lee et al., 1976; Samson and Haddad, 1994)
and theoretical descriptions (Cohen and Fano, 1966;
Flannery and Öpik, 1965; Khare, 1968; Cacelli et al.,
1993; Yan et al., 1998; Martı́n, 1999; Walter and Briggs,
1999; Semenov and Cherepkov, 2003; Nagy et al., 2004;
Fojón et al., 2004) devoted to the photoionization of the
hydrogen molecule, but only a few of them (Cohen and
ee front matter r 2006 Elsevier Ltd. All rights reserved.
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Fano, 1966; Walter and Briggs, 1999; Nagy et al., 2004;
Fojón et al., 2004) analyze the interference effects.
In a previous paper, the photoionization cross section

for hydrogen molecule has been calculated using a
simplified description of the final state by plane waves
(Nagy et al., 2004). This approximation provides a good
description of the main features of interference effects, but
it is gauge dependent (the angular distribution of the
outgoing electrons depend on the used gauge and the cross
section in length gauge is nearly four times higher then in
velocity gauge, Nagy et al., 2004).
Our aim in the present paper is to analyze the influence

of the two-center character of the final state on the
interference effects. We also perform a deeper analysis of
interference effects by the study of the contribution of
different partial waves.
2. Theory

The differential cross section for a linearly polarized
radiation is expressed as

s ¼
4p2a
o
jMfiðoÞj2, (1)

where a is the fine-structure constant, o the photon angular
frequency and MfiðoÞ the transition matrix element.
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The transition matrix element in dipole approximation may
be written in velocity form as

MfiðoÞ ¼ êhcf jrjcii, (2)

while in length form is

MfiðoÞ ¼ iêohcf jrjcii. (3)

Here, ci and cf are the initial and final states of the active
electron, and ê is the polarization vector of the photon.

The initial state of the active electron in the hydrogen
molecule is approximated by a linear combination of two
atomic orbitals

ci ¼
1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2ð1þ SÞ
p ½c0ðraÞ þ c0ðrbÞ�, (4)

where c0ðra;bÞ are the atomic 1s orbitals centered to the
nuclei a or b, with an effective charge of 1.16 (Shull and
Ebbing, 1958). S is the overlap integral between the two
atomic orbitals. The simplest description of the final state is
a plane wave (Cohen and Fano, 1966; Nagy et al., 2004),
neglecting all the nucleus–electron and electron–electron
interaction in the final state. This description has the
advantage that the results and the interference pattern can
be expressed by simple analytic formulae, but the results
strongly depend on the gauge, both for the angular
distribution of the ejected electron and for the absolute
value of the cross section (Nagy et al., 2004).

We investigate two methods of taking into account the
nucleus–electron interaction in the final state. One is to
multiply the plane wave with two Coulomb distortion
factors (Walter and Briggs, 1999) centered to the nuclei a

and b, which lead us to the 2C wavefunction

c2C ¼ ð2pÞ
�3=2e�pge�irkeikðraþrbÞG2ð1þ igÞ

�Hð1þ ig; 1;�iðkra � kraÞÞ

�Hð1þ ig; 1;�iðkrb � krbÞÞ. ð5Þ

Another simple final state wavefunction can be obtained by
a linear combination of two Coulomb wavefunctions,
which we call 2CA

c2CA ¼
1
2
ð2pÞ�3=2e�pg=2Gð1þ igÞ

�½eikra Hð1þ ig; 1;�iðkra � kraÞÞ

þ eikrb Hð1þ ig; 1;�iðkrb � krbÞÞ�. ð6Þ

This wavefunction also takes into account the two-center
character of the final state. The 2CA wavefunction does
not have a proper asymptotic behavior, but it describes
well the active electron in the vicinity of nuclei, which is
required in this case. The Coulomb distortion factor and
the Coulomb wavefunction were used in a modified form
(we applied the Kummer transformation (see Abramowitz
and Stegun, 1972 relation 13.2.1) on the Hða; b; xÞ confluent
hypergeometric function), where k is the wave vector of the
ejected electron, R0 is the half of the nuclear separation and
g ¼ r=k is the Sommerfeld-parameter with r, the effective
charge of nuclei ‘‘seen’’ by the active electron.
The influence of the electron–electron interaction on the
final state was taken into account by the screening effect of
the passive electron on the nucleus–electron interaction.
This means that the effective charge of the nuclei a or b

‘‘seen’’ by the active electron depends on it’s position.
This screening effect was reproduced by a simple trial
function

rðrÞ ¼ r1 þ Dr
1

1þ expðr� rh=cÞ
, (7)

where r is the distance of the active electron from the center
of the molecule, c and rh are parameters which fix the shape
of trial function. r1 was set to 0.5 a.u. and Dr to 0.66 a.u.
in order to fulfill the following requirements for the trial
function:
�
 the asymptotic value of the effective charge has to be
0.5 a.u. (because the two nuclei are screened by one
electron);

�
 the value of the effective charge in the region of the

nuclei has to be 1.16 a.u., the same value as for the
bound wavefunction (Shull and Ebbing, 1958);

�
 the final state wavefunction and it’s first order derivate

has to be continuous.

In order to study the contribution of the partial waves, the
initial and final wavefunctions have been expanded into
series of spherical harmonics

cf ¼
X
l1;m1

cl1;m1
Y m1

l1
ðy;jÞ, (8)

ci ¼
X
l2;m2

bl2;0Dl2
m2;0
ða;b; gÞY m2

l2
ðy;jÞ. (9)

The final state wavefunction has been expanded in the
laboratory frame (fixed to the polarization vector �̂),
while the initial state wavefunction was expanded in the
body-fixed frame and transformed into laboratory
frame by the use of Wigner D-functions. The a;b; g are
the Euler angles of the frame rotation. By the use
of the above formulae (8,9), the transition matrix element
may be expressed as a sum of partial matrix elements as
follows:

Mfi ¼ iofi ê
X

l1;l2;m

hcl1;m1
Y m1

l1
ðy;jÞjrjbl2;0

�Dl2
m2;0
ða; b; gÞY m2

l2
ðy;jÞi. ð10Þ

The matrix elements were evaluated numerically by using
Gauss quadratures and Simpson’s method for the involved
integrals. The total cross section was found after averaging
over the molecular orientation and integrating over the
ejected electron’s polar angles of the differential cross
section s given by (1)

stotal ¼
1

4p

Z
dR̂0

Z
dk̂s. (11)
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3. Results and discussion

The polar graphs on Fig. 1 represent the differential
cross sections for the photoionization of the hydrogen
molecule for different photon energies and for fixed
molecular orientation, if the molecular axis is parallel to
the polarization vector. Our results using 2C and 2CA
wavefunctions in length and velocity gauge are represented
along the random phase approximation (RPA) results of
Semenov and Cherepkov (2003), our previous results for
plane waves (Nagy et al., 2004) in velocity and length
gauge, and a few available experimental data (Hirosika and
Eland, 2003). At low photon energies all the results are in
good agreement with each other (all the curves are identical
on Fig. 1a), length and velocity gauges lead to the same
angular distribution, which is a typical dipole one.

It is not shown, but the angular distribution is not
sensible to the used method in the case of the perpendicular
orientation of the molecular axis to the polarization vector,
for all energies. In this case interference effects are
negligible.
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Fig. 1. Polar representation of the differential photoionization cross section of

(a) and 82.4 eV (b–d) photon energies. Cross sections are normalized to the m

(2003), open circles—experimental data (Hirosika and Eland, 2003), Solid line

approximations. The results in velocity gauge are represented by thick lines, w
Interference effects become important in case of the
parallel orientation, at higher photon energies, around
80 eV. In this case the plane waves in different gauges lead
to different angular distribution. (Results should be
gauge-independent for exact wavefunctions.) This gauge
dependence of angular distribution is reduced by the use of
two-center wavefunctions. The 2C and 2CA wavefunctions
at this photon energies lead to different angular distribu-
tion, but both are less gauge dependent than plane waves.
Here is also a disagreement between our and RPA results.
The cause of this disagreement is, that interference effects
cause a very low minimum (in the cross section as a
function of photon energy) for parallel ejection, but in
different models this minimum is located at different
energies.
On Fig. 2 we show the polar graphs of the contributions

of different partial waves to the differential cross sections
for the two significant photoionization channels (0! 1
and 2! 3—the numbers are the orbital quantum numbers
of the initial and final partial waves, respectively, see
Eqs. (8) and (9)), and for various photon energies. There is
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Fig. 2. Polar representation of the differential photoionization cross section of the H2 for the molecular axis parallel to the polarization vector, for

channels 0! 1 (a, b) and 2! 3 (c, d), while the photon energy is 21.1 eV (a, c) or 82.4 eV (b, d). Cross sections are normalized to the maximum value.

Solid line—2C wavefunction length gauge, dashed line—2CA wavefunction length gauge.
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Fig. 3. Differential photoionization cross section for different channels as

a function of the momentum of the ejected electron, for the molecular axis

parallel to the polarization vector.
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for each partial photoionization channel a characteristic
angular distribution, for channel 0! 1 a p type, while for
channel 2! 3 an f type. The shape of angular distribution
for a given channel varies very slow with the increasing
photon energy, especially the 2C.

Fig. 3 shows the contribution of different partial waves
to the differential cross section as a function of ejected
electron momentum. Only channels 0! 1 and 2! 3 have
significant influence on the value of the cross section. In the
investigated energy region the contribution of channel 2!
1 is negligible. Evidence of interference in the channels and
between channels could be observed. For k ¼ 4 the cross
section has a very deep minimum, while partial channels
have only smooth minima. The deep minimum forms
because the two significant partial waves at this value of the
momentum interferes destructively. This interesting feature
is more visible when using 2C wavefunctions.

The total photoionization cross section (see Eq. (11)) was
evaluated by Monte Carlo integration and the results are
presented in Fig. 4. Our theoretical cross sections for 2C
and 2CA wavefunctions with and without screening in
velocity gauge are represented along the experimental data
of Samson and Haddad (1994) with the theoretical results
of Fojón et al. (2004) and our previous results obtained
with plane waves (Nagy et al., 2004). For the total cross
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section by the use of two-center but unscreened wavefunc-
tions we get worse results than in case of plane waves. This
tendency appears because in this approximation the
electron–electron interaction is neglected and the nucleus–
electron interaction is overestimated. By the introduction
of the screening effect caused by the other electron, a
significant improvement was obtained, and there is a
reasonably good agreement between our screened 2CA
result in velocity gauge and experimental data. The results
presented on the previous figures, because of the better
quality of the method, are those obtained with the screened
wavefunctions. The screening effect was described by the
trial function (7), where the shape-parameters were set to
rh ¼ 1:9 a:u: and c ¼ 0:2 a:u: values. In spite of this
important improvement there is a significant difference
between our results and experimental data at low electron
velocities. Moreover, the absolute value of the cross
sections show a significant gauge dependence. Fojón
et al. (2004) has obtained results in very good agreement
with the experiment, because they have used more
sophisticated wavefunctions.

4. Conclusions

Interference effects caused by the two-center character of
the target in the photoionization of hydrogen molecule
have been studied. We have completed our previous
calculations (Nagy et al., 2004) by taking into account
the two-center character of the final state. By the two used
models the previously observed gauge dependence of
angular distribution of ejected electron has been reduced.
It is obvious the different angular distributions of the
photoelectrons relative to atomic case, when the molecular
axis is parallel with the polarization vector. A partial wave
analysis has been also performed, and interference between
different partial waves has been investigated. We have also
calculated total ionization cross sections. We have obtained
results in reasonable agreement with the experiment only, if
the screening effect has been taken into account. Better
agreement with the experiment may be obtained only by
the use of more sophisticated wavefunction. The strength
of our method is simplicity, and the possibility of
interpretation of interference effects.
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Nagy, L., Borbély, S., Póra, K., 2004. Phys. Lett. A 327, 481.

Samson, J.A.R., 1976. Phys. Rep. 28, 303.

Samson, J.A.R., Haddad, G.N., 1994. J. Opt. Soc. Am. B 11, 277.

Semenov, S.K., Cherepkov, N.A., 2003. J. Phys. B 36, 1409.

Shull, H., Ebbing, D., 1958. J. Chem. Phys. 28, 866.

Stolterfoht, N., Sulik, B., Hoffmann, V., Skogvall, B., Chesnel, J.Y.,

Rangama, J., Frémont, F., Hennecart, D., Cassimi, A., Husson, X.,

Landers, A.L., Tanis, J.A., Galassi, M.E., Rivarola, R.D., 2001. Phys.

Rev. Lett. 87, 023201.

Stolterfoht, N., Sulik, B., Gulyás, L., Skogvall, B., Chesnel, J.Y.,

Frémont, F., Hennecart, D., Cassimi, A., Adoui, L., Hossain, S.,

Tanis, J.A., 2003. Phys. Rev. A 67, 030702.

Yan, M., Sadeghpour, H.R., Dalgrano, A., 1998. Astrophys. J. 496, 1044.

Walter, M., Briggs, J., 1999. J. Phys. B 32, 2487.


	Study of the interference effects in the ionization of H2 �by the use of two-center wavefunctions
	Introduction
	Theory
	Results and discussion
	Conclusions
	Acknowledgment
	References


