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Faculty of Physics, Babeş-Bolyai University, 400084 Cluj, Romania

Received on 29 July, 2005

Interference effects in the ionization of H2 by charged particle and photon impact have been investigated. For
the charged particle impact the influence of the residual molecule on the final state has been taken into account in
a perturbative way. In case of the photoionization various final-state wavefunctions have been used. The effects
of the molecular orientation on the differential photoionization cross sections and the contribution of different
partial waves have been also analyzed.
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I. INTRODUCTION

Interference effects in the photoionization of the hydrogen
molecule due to the two-center character of the target have
been predicted by Cohen and Fano [1] long time ago. In the
last few years special interest was given to the study of these
effects. Interference has been evidenced experimentally [2–
5] and has been investigated theoretically [6–10] by several
groups for the charged particle impact ionization. In case of
the photoionization there are mainly theoretical descriptions
[11, 12], but interference can be evidenced from the published
experimental data [13], as it was shown in [14].

In our previous studies [6, 14], in order to perform the cal-
culations analytically, the final states have been described by
plane waves, and the interference pattern was governed only
by the two-center character of the initial wavefunction. The
experimental study of Stolterfoht et al. [4] suggested that the
details of the interference effects may be influenced by the
two-center character of the final state.

In the present paper we improve the description of our final
state by two different methods. In the case of ionization by
charged projectiles the interaction of the ejected electron with
the nuclei is taken into account as a perturbation. For the pho-
toionization we have tried two different types of two-center
continuum wavefunctions.

II. THEORY

A. Ionization by fast charged particles

Concerning the ionization by charged projectiles, the theory
for the first-order [6] and second-order [15] theory have been
described in detail elsewhere. The cross section is obtained by
integrating over the impact parameter and averaging over the
angles of the molecular axis the transition probability, which
is the sum of the first and second-order amplitudes

σ =
1

4π

Z
dD̂
Z

d2b|a(1) +a(2)|2. (1)

In the second-order amplitude the first perturbation, V (Z), is
the interaction of the electron with the projectile, while the

second one, W , is the electron-nuclei interaction. As ex-
plained in [16], this amplitude can be written as

a(2) =− π
vp

Z
KdK̂

Z +∞

−∞
dZ〈Ψk|W |ΨK〉eiqZ〈ΨK|V (Z)|Ψi〉.

(2)
Here Ψi stands for the initial and Ψk(r) for the final state of
the active electron, while vp is the velocity of the projectile,
Z the coordinate of the projectile, K and k are the momenta
of the electron in the intermediate and final state, respectively,
and q the minimum momentum transfer. In spite of the fact
that Ψk(r) is taken to be a plane wave, the two-center charac-
ter of the final state is introduced by the perturbation W .

B. Photoionization

In the case of photoionization, the differential cross section
for a linearly polarized radiation may be expressed as

σ =
4π2α

ω
|M f i(ω)|2, (3)

where α is the fine-structure constant, ω the photon angular
frequency and M f i the transition matrix element. In the dipole
approximation the matrix element may be written as

M f i(ω) = 〈ψi|ε∇r|ψ f 〉 (4)

in velocity form, while in length form we have

M f i(ω) = iω〈ψi|εr|ψ f 〉, (5)

ε being the polarization vector of the electromagnetic wave.
The initial state of the active electron is given by a linear com-
bination of two atomic orbitals

ψi =
1√

2(1+S)
[ψ0(ra)+ψ0(rb)], (6)

where ψ0(ra,b) are the atomic 1s orbitals centered at the nu-
clei a or b, while S is the overlap integral between these two
orbitals.

For the description of the final state we have used two types
of two-center wavefunctions. The first is the 2C wavefunction
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FIG. 1: σ(H2)/2σ(2H) ionization cross section ratio for 68 MeV/u
Kr33+ projectiles as a function of the ejected electron velocity. Our
first-order (solid lines) and second-order (dashed lines) results are
compared with the experimental data of Stolterfoht et al. [3].

used also by Walter and Briggs [11], a plane wave multiplied
by two Coulomb distortion factors centered at the nuclei

ψ2C = (2π)−
3
2 eikre−πγeik(ra+rb)Γ2(1+ iγ)

×H(1+ iγ,1;−i(kra− rak)H(1+ iγ,1;−i(krb− rbk). (7)

H(a,b;x) is the confluent hypergeometric function and γ =
ρ/k is the Sommerfeld parameter. The second wavefunction
is a linear combination of two Coulomb functions:

ψ2CA =
1
2
(2π)−

3
2 e−

πγ
2 Γ(1+ iγ)

×
[
eikraH(1+ iγ,1;−i(kra−kra)) +

eikrbH(1+ iγ,1;−i(krb−krb))
]

(8)

This wavefunction does not reproduce correctly the asymp-
totic behavior, but it describes well the two-center character
of the final state in the vicinity of the nuclei.

The calculations have been performed also directly, but
with an expansion of the initial and final wavefunctions in
terms of spherical harmonics.

III. RESULTS

A. Ionization by fast charged particles

For the charged particle impact, calculations were per-
formed for 68 MeV/u Kr33+ projectiles. Fig. 1 represents the
σ(H2)/2σ(H) differential cross section ratio as a function of
the ejected electron velocity for 300 and 900 electron ejection
angles. As one may observe, the improvement of the descrip-
tion of the electron-nuclei interaction in the final state leads
to a better agreement with the experimental data. Specifically,
the decrease of the cross section ratio as the velocity tends to
0 is reproduced by only this second-order calculation.

B. Photoionization

In the case of photoionization, the calculations were made
for fixed orientations of the molecular axis, and a fixed di-
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FIG. 2: Differential cross section for the photoionization of H2 as
a function of the ejected electron momentum, with electron ejection
and the molecular axis in the direction of the polarization vector,
obtained with different final-state wavefunctions.
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FIG. 3: Partial-wave contributions to the differential cross section
for the photoionization of H2 as a function of the ejected electron
momentum, with electron ejection and the molecular axis in the di-
rection of the polarization vector, obtained with the 2C wavefunction

rection of the ejected electron momentum. In these condi-
tions direct comparison with the results of Fojón et al. [12]
is not possible, but interesting conclusions can be formulated.
Fig. 2 shows the differential photoionization cross section as
a function of the electron momentum, when the electron is
ejected in the direction of the polarization vector, and the axis
of the H2 molecule has the same direction. This geometry
was chosen because in this case interference effects are max-
imal. Comparing to our previous results (obtained with plane
waves, in velocity and length gauge), the results seem to be
improved. First, we obtain the first minimum in the cross
section at higher value of the momentum than for the plane
waves, in accordance with the findings of Fojón et al. [12].
Second, if the momentum of the ejected electron approaches
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FIG. 4: Polar representation of the normalized differential photoionization cross section of the H2 for 82.4 eV photon energy as a function of
the ejection direction for the two main partial wave channels and for two different orientations of the R0 axis (solid line – 2C, dashed line –
2CA wavefunctions).

zero, the cross section decreases much more rapidly than for
plane waves, leading to a decreasing molecule-to-atom ratio,
in accordance with the experiment [13] and the calculations
of Fojón et al. [12]. Our finding suggests that not only elec-
tron correlation (as stated by Fojón et al. [12]) but also the
two-center character of the wavefunction lead to this effect.

The partial-wave analysis (Fig. 3) of the photoionization
shows, as expected, that the l = 0→ l = 1 channel is dominant
for most of the momenta values, but also this channel shows
more pronounced interference effects than the l = 2 → l =
3 channel. It is interesting that the interference between the
different channels leads to a more pronounced minimum than
the l = 0→ l = 1 channel alone.

The polar graphs on Fig. 4 show the angular distribution
of the ejected electron for the two main channels, for 82.4
eV photon energy and two different molecular orientations.
For the molecular axis in the direction of the polarization vec-
tor, the p and the f character of the final states may be easily
recognized. Molecular orientation has a less influence for the

l = 0 → l = 1 channel, but for the l = 2 → l = 3 channel we
observe a tendency of ejecting the electron in the molecular
axis direction, mainly for the 2C wavefunction.

IV. CONCLUSIONS

In conclusion, taking into account the two-center charac-
ter of the final-state wavefunction in the ionization of H2 is
important in the study of interference effects. In the case of
charged particle impact the electron–residual ion interaction
has been taken into account as a perturbation, and the behav-
ior of the cross section ratio at low ejected velocities has been
improved. In the case of photoionization, two different types
of final wavefunctions have been tried. At this stage no di-
rect comparison with the experiment is possible, but the 2C
function seems to be more realistic.
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