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Introduction

Three resonance inelastic processes in electron−molecular
hydrogen system, namely:

vibrational excitation (VE)

e + H2(vi, J) → e + H2 (vf, J),

disociative attachment (DA)

e + H2 → H + H−

and associative detachment (AD)

H + H− → e + H2 (v, J)

can be described in the framework of a single nonlocal
resonance model [3, 4]. Understanding of these processes
is important for a number of practical applications. AD
and DA determine the thermal equilibrium densities of
H− ions and H2 molecules in many astrophysical plasmas.
Neutral molecules produced in AD are vibrationally excited
and the emission spectra of such molecules are quite
different from those of molecules excited by ultraviolet
pumping or shock excitation. DA of electrons to molecular
hydrogen is thought to be the primary source of the H−

ions produced in hydrogen plasmas. These ions may serve
for the generation of neutral particle beams, the injection
of ions into controlled thermonuclear devices, or for
electromagnetic propulsion of space vehicles.

The main purpose of this contribution is to discuss the
role of the rovibrational excitation of the target on the rate
of all processes listed above. It is shown that the rotational
heating of molecular hydrogen strongly enhances the
process of dissociative attachment as well as the process of
vibrational excitation. Oscillatory structures, sometimes
known as “boomerang oscillations”, were observed in
vibrational excitation cross sections of hydrogen by
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M. Allan [1]. The present model reproduces these
structures in excellent agreement with the experimental
data. The calculation shows that these structure appear also
in the elastic cross section for vibrationally excited target
states. It is found that the boomerang structures get more
pronounced as the rotational quantum number J increases
and that these structures dominate the cross sections at
higher vibrational target states. The processes of VE and
DA for molecular hydrogen were studied by several
authors, for recent work see [2, 4−6, 8−11] in various degrees
of approximation ranging from simple local approximation
to elaborated nonlocal calculations. To the best of our
knowledge the present approach represents the most
elaborated and the most accurate method for treating
resonance process in the system electron−diatomic
molecule.

Nonlocal resonance model

The calculation of VE and DA cross sections reported here
is based on the use of an improved nonlocal model [3].
This model uses ab initio e-H2 scattering data at short
internuclear distances, ab initio data for the bound 2Σu

+  state
of H−

2 at intermediate distances and exhibits the correct
polarization at large internuclear distances. This model also
takes full account of the nonlocality of the process. For
detailed description of the nonlocal resonance and its
application to other molecules see [4].

Dissociative attachment

The calculated DA cross sections for nonrotating hydrogen
molecules in various vibrational target states are shown in
Fig. 1. In each panel two cross sections are plotted: the
solid line corresponds to lower vibrational state, the dotted
line to a higher vibrational state of the target molecule as
denoted in each panel. This calculation confirms the well
known fact that the DA cross section for molecules in
ground vibrational state is very small but the cross section
increases very rapidly with increasing vibrational quantum
number v. In our calculation the highest DA cross section
is obtained for v = 8. At v = 10 the DA process gets
exothermic and the cross section decreases with increasing
v. The role of rotational excitation of the target molecules
is much less studied than the role of vibrational excitation
mainly for highly rotationally excited states. In Fig. 2 the
calculated DA cross sections for hydrogen molecules in
their ground vibrational state are plotted for a range of
rotational quantum numbers J, J = 0−30. It is seen that
the DA cross section increases with increasing J and that
at high values of J the shape of the DA cross section
changes. The sharp onset of the DA cross section typical
for low lying states gradually disappears and gets smooth
even for endothermic processes. This is caused by the build-
up of a centrifugal barrier. This calculation shows that huge
DA cross sections are obtained even for vibrationally
unexcited molecules provided the rotational excitation is
high enough. This fact is of importance in astrophysics

Fig. 2. Dissociative electron attachment cross sections for
hydrogen molecules in their ground vibrational state v = 0 and
various rotational states J.

Fig. 1. Dissociative electron attachment cross sections for
nonrotating hydrogen molecules and various vibrational initial
states v.



Resonance contributions to low-energy electron collisions with molecular hydrogen 111

where highly excited hydrogen molecules, J ≅  30, were
observed.

Vibrational excitation

Calculated vibrational excitation cross sections for non-
rotating hydrogen molecules in their ground vibrational
state are shown in Fig. 3 for the transitions v = 0 → 1, 2,
…, 6. The cross sections for the transitions v = 0 → 1, 2 are
smooth functions of electron energy but in the higher
transitions oscillatory structures appear which eventually
dominate the cross sections. Such structures appear for
short-living resonances and are sometimes called the
boomerang oscillations. Here, however, the origin of the
oscillations is different from the boomerang oscillations
well known, for example, in the case of N2. The oscillations
are related to bound states in the H + H− system at inter-
mediate internuclear distances.

The present nonlocal resonance model provides only
resonance contributions to all cross sections. For inelastic
cross sections the direct scattering in the low energy range
is usually negligible and the present results represent an
excellent approximation. For elastic scattering, however,
the direct scattering is generally large even outside the
resonance region and cannot be neglected. The direct
scattering is usually a smooth function of electron energy

and all rapid changes are caused by the presence of the
resonance. The resonance contributions to the elastic
scattering for ground and vibrationally excited hydrogen
molecules are shown in Fig. 4. In analogy with the
vibrational excitation, the oscillatory structures in elastic
scattering get more pronounced at higher vibrational states
of the molecules. This feature might serve as a diagnostic
tool of vibrationally excited molecules. The rotationally
resolved elastic scattering cross section was measured by
Linder and Schmidt [7]. The calculated resonance contri-
bution to the elastic scattering cross section is quite large.
In fact for v = 0 the resonance contribution to elastic
scattering at 3 eV obtained by the present model represents
over 90% of the experimental value [7].

Finally, in Fig. 5 the dependence of the vibrational
excitation cross section for the transition v = 0 → 1 on the
rotational state of the target is shown. The oscillatory
structures are seen even for the transition v = 0 → 1 if the
rotational quantum number J is sufficiently large.

Conclusions

The improved nonlocal resonance model represents the
most elaborated method of calculating inelastic resonance
cross sections in the system electron−molecule. This model
provides accurate cross sections for the processes of
vibrational excitation, dissociative attachment and as-
sociative detachment. In this paper VE and DA cross
sections were reported and the role of rotational excitation

Fig. 3. Cross section for vibrational excitation v = 0 → 1, 2, …, 6
of nonrotating molecular hydrogen.

Fig. 4. Resonance contribution to the electron elastic scattering
with molecular hydrogen at various initial vibrational states, v = 0,
1, …, 5 of the target.
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discussed. A more detailed study will be published in a sub-
sequent paper.

Fig. 5. Vibrational excitation cross section v = 0 → 1 of hydrogen
molecules as a function of the rotational state J of the target.
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