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Dissociative electron attachment cross sections (DEA) on vibrationally excited H2 molecule taking place
via the 2Rþg Rydberg-excited resonant state are studied using the local complex potential (LCP) model for
resonant collisions. The cross sections are calculated for all initial vibrational levels (vi = 0–14) of the
neutral molecule. In contrast to the previously noted dramatic increase in the DEA cross sections with
increasing vi, when the process proceeds via the X 2Rþu shape resonance of H2, for the 2Rþg Rydberg res-
onance the cross sections increase only gradually up to vi = 3 and then decrease. Moreover, the cross sec-
tions for vi P 6 exhibit pronounced oscillatory structures. A discussion of the origin of the observed
behavior of calculated cross sections is given. The DEA rate coefficients for all vi levels are also calculated
in the 0.5–1000 eV temperature range.

� 2011 Elsevier B.V. All rights reserved.
1. Introduction

The dissociative electron attachment (DEA) process for mole-
cules plays a decisive role in many hydrogen plasmas. The impor-
tance of DEA in the negative ion sources, for instance, is well
known; in these sources, the production of the H� species comes
mainly from dissociative attachment to vibrationally excited H2

molecule, and the formation of these ions is dramatically enhanced
if the nuclear modes of the molecules are highly excited [1,2]. In
general, the DEA process plays a significant role in all non-
equilibrium hydrogen plasmas, in which a strong non-Boltzmann
distribution generates a high density of vibrationally and rotation-
ally excited H2 molecules. The divertor region in thermonuclear
fusion devices [3] and the physical environment of the early Uni-
verse [4] provide further examples of such plasma/gas conditions.

Among the various theoretical approaches to the resonant elec-
tron–molecule collisions [5–10], a proper description of DEA and
related processes (such as the resonant vibrational excitation) is
provided by the nonlocal resonance theory. This theory is usually
formulated using the projection-operator formalism and leads to
an integro-differential equation for the nuclear motion, involving
ll rights reserved.
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the coupling of discrete and continuum electronic states of the res-
onant system. This coupling is accounted for by the nonlocal cou-
pling matrix of the electronic Hamiltonian, V(�,R) = hUdjHeljW�i,
expressed in terms of the discrete and continuum electronic wave
functions, Ud and W�, which both parametrically depend, within
the Born–Oppenheimer approximation, on the internuclear separa-
tion R. The coupling matrix derives the attribute nonlocal from its
dependence on the continuum electron energy, �, which gives rise
to a complex, energy-dependent, nonlocal potential in the equation
for the nuclear motion [11,12].

If certain physical conditions are fulfilled, the energy depen-
dence of the coupling matrix can be suppressed, and an approxi-
mate local differential equation for the nuclear motion is
obtained. This happens, for example, when the real part of the
potential energy curve of the resonant state is well separated from
that of the neutral molecule involved in the collision. This implies
high energy-threshold values for the process and, consequently,
high incident electron energies. Under these conditions, the rovi-
brational spacing of the neutral molecule can be considered as
negligible, with respect to the incident electron energy, and the
collapse of the nuclear eigenvalues, to certain suitable selected
value can be assumed. The coupling matrix then no longer depends
on the incident electron energy and a local complex potential (LCP)
arises from the assumption of rovibrational degeneracy.

This situation occurs in the e–H2 collision system when the inci-
dent electron is temporarily captured to H2 and forms a Feshbach
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resonance associated with the Rydberg-excited 2Rþg electronic
state of the molecular ion. The processes associated with the for-
mation of this resonance,

H2 X1Rþg
� �

þ e ! H�2
2Rþg
� �

! exit channels ð1Þ

have been studied experimentally and theoretically, and cross sec-
tions for the vibrational excitation and dissociative attachment
channels obtained. Measurements have been performed by Comer
and Read [13] who reported vibrational excitation cross sections,
along with precious information on potential curves and widths,
for several resonance series. The vibrational exit channel, for pro-
cess (1) were labeled series ‘‘a’’. The 2Rþg quasi-stable state, which
is characterized by a small autodetachment width, was also identi-
fied by the same authors as a Feshbach resonance, energetically
lying above the excitation thresholds of the first few bound excited
molecular states. The theoretical counterpart of the Comer and
Read’s work, was provided by Stibbe and Tennyson [14], who, using
the R-matrix method [15], obtained potential curves and local
widths for numerous resonances arising in the H2 + e system. In
particular, the Rydberg 2Rþg resonance involved in processes (1),
gave vibrational structures in agreement with the experimental
measurements of Comer and Read and explained the seemingly
contradictory measurements on the isotopically substituted sys-
tems [16]. These calculations underpinned the theoretical evalua-
tion of the resonant vibrational cross sections for processes (1), in
the frame of the LCP model, which were found to be in excellent
agreement with the Comer and Read experiments [17,18].

Cross sections for dissociative electron attachment (DEA) were
measured by Schulz [19] and Rapp et al. [20], who observed two
peaks at electron energies of 10 and 14 eV. The first maximum
was assumed to be generated by the B 2Rþg resonant excited state
of the H�2 anion, which can be associated with the repulsive parent
state b 3Rþu of the H2 molecule. The second, and the largest peak,
was ascribed to a resonant state, of Rydberg nature, which dissoci-
ates to an n = 2 excited H atom besides the H� negative ion [21,22].
However the magnitude of this, the stronger peak, differed be-
tween the two measurements by more than the experimental er-
rors. Assuming that this state is the one identified by Comer and
Read as responsible for series a, Celiberto et al. [23] calculated
the LCP dissociative attachment cross sections for the 14 eV pro-
cess which were found to be in striking agreement with Schulz’s
measurements. Although these results cannot be considered defin-
itive in confirming Schulz’s cross sections [19], they showed,
together with the good results achieved for the vibrational excita-
tion discussed above, the reliability of the LCP model in describing
realistically the collision processes occurring through the 2Rþg Ryd-
berg resonance.

In the present work we extend the application of the LCP meth-
od to study the DEA processes from vibrationally excited H2 mole-
cules, namely

H2 X1Rþg ;v i

� �
þ e ! H�2

2Rþg
� �

! Hðn ¼ 2Þ þH�ð1s2Þ ð2Þ

and calculate the DEA cross sections for all vi = 1–14 for a wide
range of electron energies. The corresponding rate coefficients,
important in plasma modeling and diagnostic, have been also calcu-
lated in the temperature range from about 0.5 to 1000 eV.

In the next section we summarize the main points of the reso-
nant theory, while the results are presented and discussed in
Section 3. In Section 4 we give our conclusions.

2. Theoretical model

In this section only a brief account is given of the concepts and
relevant equations of the theory of electron–molecule resonant
processes. For a deeper insight in the subject, the reader is directed
to the previous literature [5,6,17,22].

A molecular resonant state can be described as an overlap of a
discrete state, formed by the extra electron captured by the target
molecule, with the continuum states where the electron acts as an
unbound particle. The scattering wave function can then be writ-
ten, within the Born–Oppenheimer approximation, as

W ¼ Udðri; RÞ þ
X
v;J

Z 1

0
d�fv;Jð�Þw�ðri; RÞvv ;JðRÞ ð3Þ

where Ud(ri;R) and w�(ri;R) are the discrete and continuum wave
functions respectively, both of which depend on the electron posi-
tion vectors, collectively denoted by ri, and parametrically on the
internuclear distance R. � is the continuum energy, fv,J(�) is a linear
combination coefficient, and vv,J(R) is the rovibrational wave func-
tion of the target molecule. The sum runs over the bound and con-
tinuum rovibrational levels. Substitution of Eq. (3) in the
Schrödinger equation leads to the nonlocal integral equation of
the form [17]:

� �h2

2M
d2

dR2 þ
�h2JiðJi þ 1Þ

2MR2 þ V�ðRÞ � E

" #
niðRÞ

¼ �f ð�iÞFiðRÞvv i ;Ji
ðRÞ �

X
v;J

cv;JFðRÞvv;JðRÞ

�
Z 1

0
dR0v�v;JðR

0ÞF�ðR0ÞniðR0Þ ð4Þ

where the coupling matrix has been factorized as a product of two
functions respectively dependent on the energy and on the internu-
clear distance:

Vð�;RÞ ¼ f ð�Þ � FðRÞ ð5Þ

The matrix element V(�i,R) = f(�i) � Fi(R) is known as the entry ampli-
tude and describes the capture of the incoming electron, with
kinetic energy �i, by the target molecule, assumed here in its ground
electronic state X 1Rþg . The coupling matrix element, in general, is
related to the resonance nonlocal width by the expression

Cð�;RÞ ¼ 2pjVð�;RÞj2 ¼ 2pjf ð�Þ � FðRÞj2 ð6Þ

ni(R), in Eq. (4), is the resonant nuclear wave function, with the sub-
script i denoting the initial rotational state Ji. V�(R) is the adiabatic
potential of the resonant state, and vv,J(R) is the radial rovibrational
target wave function. The coefficient cvJi

is given by

cvJi
¼ P

Z 1

0
d�
jf ð�Þj2

�v Ji
� �� ipjf ð�vJi

Þj2 ð7Þ

Here P denotes the principal value of the integral and �vJi
is defined

by �vJi
¼ E� EvJi

, where E is the total energy end EvJi
the molecular

energy eigenvalues.
In the present work Eq. (4), for process (2), has been solved by

assuming the local form of the input parameters for the resonant
state (i.e. resonance potential and widths) the same as those used
in Refs. [17,23] and taken from [14]. In particular, the local reso-
nance width C(R) = 2pjF(R)j2, the partial width CX(R) = 2pjFi(R)j2,
and the resonance potential V�(R), in the interval R = 1.1 � 4.0 a0,
were taken from this last reference. The extrapolation of these
quantities outside this range has been implemented by adopting
suitable analytic functions [17,23]. The dimensionless energy
dependent part in Eq. (5) has been put equal to 1, which is consis-
tent with the width being very narrow. Finally, the bound vibra-
tional wave functions vv ;Ji

ðRÞ, were obtained by solving the
nuclear Schrödinger equation for the H2 molecule using the poten-
tial curve of Kolos and Wolniewicz [24] for the ground electronic
state. Fig. 1 gives a representation of the relevant input quantities,
namely, the potential energy curves for the resonant and neutral
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Fig. 1. Potential energies and widths required in the cross section calculations. Full
lines: potential energies for the H2 electronic ground state (lower curve) and H�2
resonant state (upper curve); dashed lines: total C(R) (long dashed) and partial
CX(R) (short dashed) resonance widths.
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Fig. 2. Cross sections for the DEA process for H2 starting from the level vi shown in
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electronic states respectively (left scale), as well as the total and
partial local widths (right scale) as a function of the internuclear
distance [17,23]. One of the general features of the widths shown
in the figure is that, unlike the well known case of the broad X
2Rþu shape resonance, they are characterized by a relatively small
magnitude, which is consistent with the long-lived Feshbach nat-
ure of the Rydberg state.

Eq. (4) can be cast in local form by applying the degenerate-
state approximation, discussed in the introduction, and assuming
that the coefficient cvJi

is almost constant. In this case, the coef-
ficient cvJi

can be carried out of the sum, and making use of the
closure relation for the vibrational wave functions, Eq. (4)
becomes

� �h2

2M
d2

dR2 þ
�h2JiðJi þ 1Þ

2MR2 þ V�ðRÞ þ DðRÞ � i
2

CðRÞ � E

" #
niðRÞ

¼ �FiðRÞvv i Ji
ðRÞ ð8Þ

where the level shift, D(R), is given by

DðRÞ ¼ jFðRÞj2 � P
Z 1

0
d�
jf ð�Þj2

��vJi
� � ð9Þ

and the energy width C(R) is given by Eq. (6) with f(�) = 1. The
quantum numbers �v; Ji, in the above equation, indicate a selected
rovibrational state, representative of the whole manifold of the
rovibrational levels. However, in the present calculations, following
an often adopted approximation [17,23,25,26], the level shift has
been included in the anion potential V�(R).

Although the input parameters were provided in local form
[14], in this work we actually used the nonlocal equation in its gen-
eral form (4); as discussed below, we used the local Eq. (8) only to
check some particular results. Throughout the paper we will as-
sume Ji = 0 and no rotational transitions will be considered.

3. Results

Once the non-local Eq. (4) has been solved, and the nuclear
wave function obtained, the DEA cross sections can be calculated
from [23]

rð�iÞ ¼ 2p2 m
M

K
ki

lim
R ! 1

jniðRÞj2 ð10Þ
where m and M are the electron and reduced nuclear masses
respectively, K is the relative atom-negative-ion outgoing momen-
tum and ki the initial momentum corresponding to the incident
electron kinetic energy �i.

The cross sections obtained from Eq. (10), as a function of the
incident electron energy, are shown in Figs. 2–6, for each initial
vibrational level vi (indicated in the panel) of the molecule H2.
For ease of comparison, all panels in Figs. 2–6 are constructed with
same scale and same range of cross sections and electron energies.
The cross section for vi = 0 (Fig. 2), taken from Ref. [23], is also in-
cluded in this figure for completeness and comparison. Two
remarkable features can be observed in the energy behavior of
the cross sections shown in Figs. 2–6: (i) the cross section peaks in-
crease with increasing initial vibrational level up to vi = 3 and then
start to decrease, and (ii) for vi P 6 oscillatory structure appears in
the cross sections, the number of oscillations increasing with the
increase of vi. This energy behavior is in contrast with the one ob-
served in the case of DEA cross sections in the e–H2 system when
the process is mediated by the X 2Rþu shape resonance [1,2,27],
the figure.
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Fig. 3. Cross sections for the DEA process for H2 starting from the level vi shown in
the figure.
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showing a steady and dramatic increase in the cross section peaks
when vi increases with no oscillatory structures. It should be noted
that oscillations in the DEA cross sections for higher vi have previ-
ously been predicted (within the LCP model) for the of e–N2 system
[28]. Qualitatively similar oscillatory behavior has been observed
also in vibrational-state dependence of the b parameters for reso-
nance enhanced photoionisation of H2 [29].

In order to check our calculations (performed, as mentioned
earlier, using the non-local Eq. (4), but with the local form of
parameters of the resonant state), we have solved also the local
Eq. (8). As illustrated in Ref. [17], Eq. (4) is solved by utilizing a
numerical algorithm based on the calculation of the Green’s func-
tion by the Numerov method. The corresponding Green’s function
for Eq. (8) was obtained using the integral method formulated in
Ref. [30] (see also Ref. [31]), modified for the appropriate boundary
conditions. It was applied to the calculation of the regular and
irregular solutions of the homogeneous equation associated to
Eq. (8), through which the resonant wave function can be ex-
pressed in the form [5]
niðRÞ ¼ �
1
W
� 2M

�h2

Z 1

0
dR0uIðR<ÞuIIðR>ÞFiðR0Þvv i

ðR0Þ ð11Þ

where uI(R) and uII(R) are the two solutions and W is their Wrons-
kian. All other relevant quantities, such as the potential curves,
widths and molecular wave functions, were the same as those used
in Eq. (4). The cross sections from the two calculations were found
to be identical.

At the first sight, the oscillatory cross section behavior as a func-
tion of the energy would suggest, according to the reflection prin-
ciple [32], that oscillations in the cross sections are caused by
oscillations of the ground state vibrational wave function. This pos-
sibility has been mathematically investigated by O’Malley [33],
who, after rewriting Eq. (11) in its asymptotic form,

niðR ! 1Þ ¼ � 1
W
� 2M

�h2 uIIðR ! 1Þ
Z 1

0
dR0uIðR0ÞFiðR0Þvv i

ðR0Þ

ð12Þ
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Fig. 5. Cross sections for the DEA process for H2 starting from the level vi shown in
the figure.
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required in Eq. (10), resorted to a semi-classical approximation for
the regular part of the Green’s function, which was replaced by a
d-function centered at the classical turning point Rc, and showed
that the cross sections can be qualitatively expressed as
rð�iÞ / jvv i

ðaRc � igÞj2. Here the imaginary part g equals to the ratio
C(Rc)/Cd(Rc), where Cd ¼ �2V�

0 ðRcÞ=a, a = (Mx/⁄)1/2 and x is the
harmonic oscillator frequency. To ascertain whether the cross sec-
tions follow the behavior of the vv i

, we have tested the above rela-
tion, without the imaginary term (g � 0), since C(Rc), for a Feshbach
resonance, is small. In fact, an estimate of Cd showed that C/Cd� 1
for the repulsive branch of V�(R), above the DEA threshold where
the classical turning points fall. The test has shown that, except
for vi = 0, the behavior of jvv i

ðRcÞj2 does not reproduce the shape
of the cross sections, and, for high vibrational levels, not even the
number of maxima. This failure of the d-function approximation
shows that the overlap between vv i

and the regular Green’s func-
tion in Eq. (12) at the classical turning point is not dominant, and
that it covers a wider range of internuclear distances. Therefore,
the cross section structure could be produced by the oscillating
behavior of the regular Green’s function with the energy. In order
to verify this possibility we have assumed, for the square of the
nuclear wave function of Eq. (10), the approximate form

jniðR ! 1Þj2

� 1
W
� 2M

�h2 uIIðR ! 1ÞFiðRÞ
����

����
2

�
Z 1

0
dR0WmðR0Þvv i

ðR0Þ
����

����
2

ð13Þ

This expression is derived from Eq. (12) by assuming for the entry
width a constant value, FiðRÞ, and by replacing the complex function
uI(R) by the real continuum wave function Wm(R). This last approx-
imation is justified by the long-lived nature of the Rydberg reso-
nance which, being characterized by small widths, can be
considered, to a first approximation, as a true stable state. Assuming
thus that C(R) and Fi(R) are negligibly small, we may rewrite the
resonant Eq. (8) as (Ji = 0)

� �h2

2M
d2

dR2 þ V�ðRÞ � E

" #
WmðRÞ ¼ 0 ð14Þ
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with the real boundary conditions Wm(0) = 0 and Wm(R ?1) � K�1/

2sin(KR + g), where g is the phase shift, and m = ⁄2K2/2M =
E � V�(R ?1) [30].

After inserting Eq. (13) in Eq. (10), the cross section becomes
proportional to the quantity Qv im ¼

R1
0 dRWmðRÞvv i

ðRÞ
��� ���2 which can

be considered as a Franck–Condon density describing a dissociative
transition between two stable electronic states. Fig. 7 shows Qv im

along with the calculated DEA cross sections for the process start-
ing from the vibrational levels vi = 5, 8, 10 and 14, as a function of
the incident electron energy. Qv im is normalized to the last peak of
the DEA cross sections. The qualitative behavior of Qv im as a func-
tion of the energy, closely following that of the DEA cross section,
shows convincingly that the origin of the oscillatory structure in
the cross section is the overlap of the initial and final state nuclear
wave functions involved in the process.

As mentioned earlier, the DEA cross sections, when the process
is mediated by the shape resonance X 2Rþu , increase dramatically
(by many orders of magnitude) as the initial vibrational level in-
creases [1]. This is illustrated in Fig. 8 where the peaks of DEA cross
sections, calculated in the present work, are shown as a function of
the internal energy of the molecule (the vibrational levels are indi-
cated on the upper scale) and compared with the cross section
peaks of the first six levels when the process proceeds via the X
2Rþu resonance (the latter reduced by a factor of 0.005). We note
that the peak of X 2Rþu DEA cross section reaches the value of about
10�16 cm2 already for vi = 5 (see Fig. 8) (from its value of
1.65�10�21 cm2 for vi = 0) and continues to significantly increase
with increasing vi [1,2,27]. The peaks of the present Rydberg 2Rþg
DEA cross sections are confined to the range 0.5–4.5 � 10�19 cm2.
From a physical point of view, the large difference in the magni-
tude of cross sections for the two DEA processes can be ascribed
to the Feshbach nature of the Rydberg resonance characterized
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by small width, which reduces the inhomogeneous term on the
right-hand side of nuclear wave Eq. (8). This term, called entrance
probability, is responsible for the generation of the resonance.

Fig. 8 shows also three sets of peaks, corresponding to the three
series of peaks observed in the cross sections in Figs. 2–6 as the ini-
tial vibrational level vi increases. The three series start at vi = 0,6
and 10 respectively. A further isolated point appears at vi = 14
(cross), at the process threshold. The series were traced by exploit-
ing the fact that the corresponding peaks for different vi have sim-
ilar collision energy, well separated for each set (see the figure
caption).

The corresponding attachment rate coefficients, obtained by
convolution of the calculated cross sections with a Maxwellian
electron energy distribution function, are shown in Fig. 9 as a func-
tion of the electron temperature. The rate coefficients attain their
maximum values at about T = 10 eV and all are confined within a
factor of 30. The lowest maximum is for vi = 0 and amounts to
2.5 � 10�13 cm3 s�1. It is interesting to note that oscillations in the
DEA cross sections for the cases vi P 6 do not manifest themselves
visibly in the rate coefficients. We further note that well below
T = 10 eV, the rate coefficients decrease exponentially with
decreasing T, while well above T = 10 eV they decrease as T�3/2

with increasing T. This is in accordance with the dependences in
these temperature regions established for the rate coefficients of
the DEA process proceeding via the X 2Rþu shape resonance of H2

[1,2].
Fig. 10 shows the values of the rate coefficients at T = 10 eV for

all initial vibrational levels. The distribution of rate coefficients
shows a broad plateau between vi = 3 and vi = 10 with a value
around 7 � 10�12 cm3 s�1. In the same figure we also show the val-
ues of rate coefficients at T = 10 eV for the first few vi values when
the DEA process proceeds via the X 2Rþu shape resonance [34]. The
comparison shows that for vi 6 2 the rate coefficients for DEA pro-
cess mediated by the Rydberg 2Rþg resonance are larger (by more
than an order of magnitude for vi = 0,1) than those when the pro-
cess is mediated by the X 2Rþu shape resonance. This indicates that
at plasma temperatures around 10 eV, the DEA in the e � H2 sys-
tem, leading to H� ions and H (n = 2) excited atoms, can be an
important process in the plasma kinetics.

4. Conclusions

We have studied the dissociative attachment of electrons with
vibrationally excited H2 molecules when the process proceeds
through the Rydberg-excited 2Rþg resonant state. The cross section
calculations have been performed within the framework of the LCP
model of electron-molecule resonant processes, which for this par-
ticular resonant state has already been successfully tested previ-
ously [17,23]. With increasing initial vibrational excitation vi of
H2 the cross section maxima first gradually increase up to vi = 3
and then slowly decrease. For vi P 6, the cross sections show an
oscillating structure as a function of the electron energy. This
behavior of the cross sections is in sharp contrast to the dramatic
(by many orders of magnitude) increase in the cross section max-
ima with increasing vi where the DEA process proceeds through the
X 2Rþg shape resonance, where no oscillatory structures are ob-
served [1]. The difference in the magnitude of DEA cross sections
in these two cases is ascribed to the large difference in the widths
of the two resonances which makes the respective entrance prob-
abilities, corresponding to the inhomogeneous part of the nuclear
wave equation, quite different. The oscillatory structure in the
DEA cross sections for vi P 6 in the case of Rydberg resonance is as-
cribed to the overlap of the vibrational wave function of the target
molecule with the regular Green’s function of the resonant state.

The DEA rate coefficients for all initial vibrational states of H2,
(calculated with a Maxwellian electron velocity distribution) exhi-
bit maxima at about T � 10 eV, and demonstrate the expected T-
behavior at temperatures well below and above this value. The
comparison of the present rate coefficients shows that for vi 6 2
they are significantly larger than those when the process proceeds
via the X 2Rþu shape resonance.
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