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An improved nonlocal resonance model proposed byČížek, Horáček, and Domcke[J. Phys. B31, 2571
(1998)] is used for the calculation of cross sections of electron dissociative attachment and vibrational excita-
tion of molecular hydrogen by the impact of low-energy electrons in the range of2Su

+ resonance. The model is
based onab initio data and takes full account of the nonlocality of the effective potential for the nuclear
motion. The dissociative attachment cross sections and rate constants are calculated for all target statessv ,Jd
of relevance and compared with other theoretical and experimental data. It is found that the present dissociative
attachment cross section calculated under the conditions of the experiment carried out by Schulz and Asundi
reproduces the larger of the two values proposed by them, i.e.–2.8310−21 cm2. A detailed discussion of the
dissociative attachment cross section as a function of the vibrational and rotational target states is given. Very
narrow peaks, with a width of 1 meV, are observed in the dissociative attachment cross section for large values
of the orbital quantum numberJ. These structures are interpreted as shape resonances in H−+H collision
dynamics. It is shown that for large values ofJ rotational excitation of the hydrogen molecule enhances the
dissociative attachment more efficiently than vibrational excitation. The largest dissociative attachment cross
section of 28.3310−16 cm2 is obtained forv=1 and J=29. The process of vibrational excitation will be
discussed in a separate paper.
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I. INTRODUCTION

The processes of dissociative electron attachment(DA)

e+ H2svi,Jid → H + H−, s1d

associative detachment(AD)

H + H− → e+ H2sv f,Jfd, s2d

and vibrational excitation(VE)

e+ H2svi,Jid → e+ H2sv f,Jid s3d

play a decisive role in many applications. In astrophysics, for
example, it is assumed[1] that the process of AD is respon-
sible for the creation of the hydrogen molecule in early
stages of the development of the Universe. The existence of
molecular hydrogen represents a very efficient cooling
mechanism of hot matter which eventually leads to the cre-
ation of stars, galaxies, etc. It was suggested[2,3] that DA to
vibrationally excited molecular hydrogen plays an important
role in molecular-activated recombination in fusion divertor
plasmas. This process is also believed to be the primary
source of negative-ion production in low-density hydrogen
plasmas; see, e.g.,[4–6].

In addition, these processes are of importance in gas la-
sers, planetary atmospheres, etc. The inelastic electron scat-
tering from H2 may also have some significance for the un-
derstanding of molecular conductance[7].

The production of H− in the processe+H2→H+H− was
first observed by Kchvostenko and Dukelskij almost 50 years
ago [8] and studied later in detail by Schulz[9] and Schulz
and Asundi[10]. It was found that the DA cross section
peaks at 3.75 eV with a magnitude of about 10−5 Å2; two
higher peaks are observed at energies of 8 eV and 14 eV.
The magnitude of the low-energy peak is measured relative
to the strong 14-eV peak, for which two values were reported
[10]. Consequently, two values of the magnitude of the low-
energy DA cross section are found in the literature[10]:
1.6310−5 Å2 (this generally accepted value is based on
Rapp’s measurement[11] of the 14-eV peak) and 2.8
310−5 Å2, based on the measurement of Schulz[9]. An ex-
traordinarily strong isotope effect was observed in this en-
ergy range by Rappet al. [11] and Schulz and Asundi[12].
The shape of the DA cross section was remeasured recently
by Drexel et al. [13]. The DA cross section at higher tem-
peratures,T=1400 K for H2 and 1350 K for D2, was mea-
sured by Allan and Wong[14]. The DA cross section was
found to increase very rapidly with increasing temperature,
indicating a strong dependence of the DA on the vibrational
quantum number of the target.

A large effort has been devoted to the development of a
theoretical description of the DA, AD, and VE processes,
ranging from simple phenomenological models to elaborate
models involving all essential ingredients of the processes, in
particular also the nonlocality of the effective nuclear poten-
tial stemming from the breakdown of the Born-Oppenheimer
approximation during the energy transfer from the electronic
degrees of freedom to the nuclear motion. A vast literature is*Electronic address: horacek@mbox.troja.mff.cuni.cz
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devoted to the theoretical study of the DA process in molecu-
lar hydrogen(see[15] for a recent review). Although there
were some attempts to describe the process directly using the
zero-range potential approximation[16] or the frame-
transformation method[17], most of the calculations were
based on the assumption that a metastable anion state(shape
resonance) is formed during the collision. The initial studies
employed the local-complex-potential approximation
[18–23]. The data of local-complex-potential calculations
with a semiempirical potential[19,22] are used for plasma
modeling[24] up to date. In the work of Domcke and col-
laborators [25,26] the vibrational dynamics of H2

− was
treated using the nonlocal energy dependent effective poten-
tial, resulting from the use of the Feshbach projection opera-
tor formalism, without any further approximations. The time-
dependent version of the theory was also derived and used to
calculate DA cross sections for H2 [27,28]. It was found that
the cross section for DA to the ground state of the hydrogen
molecule differs from the one obtained within the local com-
plex potential approximation by one order of magnitude.
Since it is time consuming to treat the dynamics using the
full nonlocal potential for many rovibrational states of the
target molecule, some approximations halfway between the
nonlocal resonance description and the local complex poten-
tial approximation have been derived[29–31]. The semiclas-
sical version of the nonlocal resonance theory has also been
derived by Fabrikant and co-workers and applied to calculate
DA to a rovibrationally excited H2 molecule[15,32–36]. Ef-
ficient numerical methods which account fully for the non-
local effects for arbitrary rovibrational states of diatomic
molecules were developed and implemented by the present
authors,[37–39].

It is the purpose of this paper to present the results of
calculations of a complete set of cross sections of DA and
VE processes based on the use of the improved nonlocal
resonance model(NRM) of Čížek, Horáček, and Domcke
[39]. This models differs from previousab initio—based
nonlocal resonance models[25,27] by a more accurate de-
scription of the long-range part of the H2

− potential-energy
function [40]. The paper[39] was focused on the AD pro-
cess, which has not been studied with a nonlocal resonance
model before. Since the model represents(to our knowledge)
the most accurate treatment of the dynamics of the vibra-
tional motion of the H2

− collision complex, we found it use-
ful to present and discuss a complete set of data for inelastic
low-energy electron H2 scattering within this model.

The present work is published in two parts. The process of
DA is discussed in the first part, while vibrational excitation
is studied in the second part. We will refer to these parts as
papers I and II in the following. Paper I is organized as
follows. The basic theory and the numerical methods used
are briefly explained in Sec. II. Section III contains the main
results of the present work. The role of target excitation(ro-
tational and vibrational) on the DA cross section is dis-
cussed. The calculated cross sections are compared with the
experimental data of Schultz and Asundi[10] and Drexelet
al. [13]. The temperature effect on DA is also discussed and
the calculated cross sections are compared with the experi-
mental data of Allan and Wong[14]. Finally, the present DA
cross sections are compared with the results of several other

calculations. It is found that there are significant discrepan-
cies among the various theories as far as the ground-state DA
cross section is concerned. In Sec. IV, narrow resonances
found in the DA cross sections of highly rotationally excited
H2 are discussed. Section V is devoted to the study of isotope
effects. The results are summarized in Sec. VI. The model
used for the calculations is described in detail in the Appen-
dix. The process of vibrational excitation of hydrogen by
electron impact will be addressed in a separate paper.

II. BASIC THEORY

A. Description of the DA process

The nonlocal resonance model is based on the assumption
that a temporary molecular negative-ion state(resonance) is
formed and that this resonance accounts for the coupling of
the electronic scattering dynamics with the nuclear motion
(see[26] for a comprehensive review). The resonance is rep-
resented by a square-integrable discrete stateuwdl which in-
teracts with a continuum of scattering statesuw«l via cou-
pling matrix elementsVd«. Note that the discrete stateuwdl is
explicitly removed from the continuum using the projection
operator formalism. The statesuwdl and uw«l are assumed to
be diabatic states; that is, their wave functions should vary
smoothly with internuclear distanceR. Their derivatives with
respect toR can then be neglected in the spirit of the Born-
Oppenheimer approximation. The essential ingredient of the
nonlocal resonance model is the explicit consideration of
threshold effects which enter through the threshold expan-
sion of the energy-dependent width function

Gs«d = 2puVd«u2 s4d

and the associated level shiftDs«d [26]. The behavior of the
function Gs«d close to origin is determined by long-range
interaction potentials of the electron with the molecule. In
the case of electron scattering from the H2 in its X1Sg

+ ground
state, the negative-ion resonance is of2Su symmetry and can
decay by releasing electrons with odd angular momentuml.
It is assumed that for low energies onlyl =1 is important.
The threshold law of Wigner then yields

Gs«d , «3/2 s5d

for «→0. There is another resonance of2Sg symmetry asso-
ciated with the H−+H asymptote. However, its potential-
energy function is repulsive and we neglect its influence on
low-energy cross sections. The effect of this resonance on
the scattering cross section has been studied within the local
complex potential method in[20] and was found to be im-
portant only for electron energies«.6 eV.

The basic equation of the nonlocal resonance theory is the
equation for nuclear motion in the short-lived anion state
described by the projection of the full wave function of the
system on the discrete state[26]:

uCdl = kwduCll. s6d

With the double-ketull notation we want to emphasize the
fact that the full wave function contains both electronic and
nuclear coordinates as dynamical variables, while the elec-
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tronic coordinates are absent in the projected wave function
uCdl. The form of the equation of motion foruCdl depends
on the boundary conditions which are different—for ex-
ample, for electron-molecule scatteringse+H2d and ion-atom
scatteringsH−+Hd. In the case of the DA process, it is sim-
pler to calculate the cross section from the wave function
fulfilling the outgoing wave boundary condition for the H−

+H channel. The equation of motion in its integral form then
reads[26]

uc jl = uf jl + GjsEdfVd + Fjguc jl, s7d

where uc jl is the j th component of the partial-wave expan-
sion of the wave functionuCdl andVd is the diabatic poten-
tial energy for the discrete stateuwdl. The wave functionuf jl
and the Green’s functionGjsEd are known solutions for the
free motion of the nuclei(see[39] for details). The action of
the nonlocal energy-dependent potentialFj in the coordinate
representation is

Fjc jsRd =E dR8E d«Vd«sRdgjsE − «,R,R8dVd«
* sR8dc jsR8d,

s8d

gjsEd being the partial-wave component of the Green’s func-
tion for the adiabatic motion of nuclei in the ground-state
potentialV0sRd of neutral H2. The non-Hermitian operatorFj

is the nonlocal energy-dependent effective potential which
accounts for the decay of the discrete electronic state through
the coupling with the electronic scattering continuum.

The cross section for DA of an electron of energy«i to a
molecule in the vibrational stateuxj

vl with the energyEj
v is

given by [26]

sDAs«id =
4p2m

«i
ukc juVd«i

ux j
vlu2. s9d

Here the total energyE equals the sum of the initial electron
energy«i and the energy of the initial molecular stateEj

v.
In the above description of the dynamics we neglected the

coupling of the angular momentuml =1 of the electron with
the angular momentumj of the nuclear motion. The elec-
tronic and nuclear angular momenta are thus conserved. This
is a good approximation as the consequence of the large
mass difference of electrons and nuclei. In the previous work
[39] we have included angular momentum recoil. We found
only a small effect on the final integral DA cross sections
which lies within the difference between the cross sections
for angular momentumj and j ±1. Let us stress, however,
that thep-wave character of the resonance is contained in the
threshold behavior(5) of the discrete state-continuum cou-
pling.

The nonlocal resonance model is characterized by the
three functions V0sRd, VdsRd, and Vd«sRd. The target
potential-energy functionV0sRd can directly be obtained
from ab initio calculations. The functionsVdsRd andVd«sRd
representing the H2

− resonance(at short internuclear dis-
tance) and the H2

− bound state(at intermediate and large
internuclear distances) have been obtained using the projec-
tion operator formalism[25,41]. The potential function

VdsRd for largeR [39] has been recovered from accurateab
initio calculations[40] of the H2

− potential energy function.
All parameters of the model are thus determined byab initio
calculations. For convenience(and to correct some misprints
in [25]) we provide a complete description of the model in
the Appendix.

B. Numerical methods

The nuclear wave functionCdsRd is represented by a
partial-wave expansion with respect to rotational angular
momentum. The Lippmann-Schwinger equation(7) is solved
for the individual partial-wave componentsc jsRd. For this
purpose, the efficient Schwinger-Lanczos continued-fraction
method[42] is employed. The Green’s functiongj in Eq. (8)
is expanded in the basis of eigenstates ofV0sRd including a
discretized continuum. Typically much fewer than 100 states
are needed to get converged results. A more detailed descrip-
tion of the numerical procedure is given in[39]; see also[38]
for further developments of the method. The high efficiency
of this method allows the cross sections to be calculated on a
very fine mesh of collision energies for many channels.

III. DISSOCIATIVE ATTACHMENT CROSS
SECTIONS

A. Target molecule in the ground rovibrational state

The calculated DA cross section for the ground rovibra-
tional state of the hydrogen molecule is shown in Fig. 1. The
DA cross section is rather small, reaching a peak value of
about 5310−5 Å2 at the threshold. The cross section has a
near-perpendicular onset, followed by an exponential de-
crease.

B. Role of vibrational excitation of the target

It is well known [21] that the magnitude of the DA cross
section in the low-energy range increases rapidly with in-
creasing vibrational quantum number of the target molecule;
the magnitude of the DA cross section increases by nearly

FIG. 1. Calculated dissociative attachment cross section for the
target statev=0, J=0.
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five orders of magnitude fromv=0 to v=8–9.This feature
can be used, for example, as a diagnostic tool for the detec-
tion of vibrationally excited hydrogen[43–47] and also ex-
plains the high current of H− ions in H− production devices.
This feature is illustrated in Fig. 2 where DA cross sections
calculated by the present theory are plotted for a series of
initial vibrational states,v=0–11.

C. Role of the rotational excitation of the target

It is generally accepted that the effect of rotational exci-
tation on the DA cross sectionsDA is comparatively small
and that the effect of vibrational excitation is responsible for
the observed increase ofsDA with temperature; see, e.g.,
[48]. The effect of rotational excitation of the target as ob-
tained by the present method is shown forv=0 in Fig. 3. As
in the case of vibrational excitation, the DA cross section
increases with increasing rotational quantum numberJ.

In Fig. 4 we analyze the relative sensitivity of the DA
cross section on vibrational and rotational excitations by
comparing several DA cross sections with nearly identical
threshold energies. The DA cross section for the statev=1,
J=0 is indeed much larger than the cross section forv=0,
J=8. This is true only, however, at low values of the rota-
tional quantum numberJ. With increasingJ, the DA cross
section changes its form; the onset becomes smooth and the
cross sections attain their maxima at energies above the
threshold. With increasingJ, the rotational heating becomes

more efficient than the vibrational heating. The largest DA
cross section predicted by the present model arises forv=1,
J=29 with a peak value of 28.3 Å2 at E=134 meV. At this
energy the DA process is exothermic; see Fig. 5. The highest
cross section for an endothermic DA process is obtained for
v=2, J=23. This reaction opens at 113 meV and the cross
section reaches the value of 20.1 Å2 at 249 meV. The
maxima of DA cross sections for allJ are given in Table I.
The third column in Table I denotes the energy at which the
respective DA cross section attains its maximum.

D. Comparison with experiment

The first measurement of the DA cross section of H2 in
the 4-eV region was carried out by Schulz and Assundi[10].
H− formation was observed with a very sharp onset at an
electron energy 3.73±0.07 eV. The measured cross section
was found to be small, of the order of 10−5 Å2. The magni-
tude of the 4-eV peak was measured relative to the height of
the 14-eV peak. Schulz and Asundi found that the ratio of the
magnitudes of the two peaks is approximatively 8%. Two
absolute measurements of the 14-eV peak exist in the litera-
ture. A value of 3.5310−4 Å2 has been measured by Schulz
and Asundi[9], while a value 2.1310−4 Å2 was obtained by
Rappet al. [11]. As a consequence of this uncertainty, two
values of the peak cross section—namely, 2.8310−5 Å2 and
1.6310−5 Å2, exist in the literature. The measurement of

FIG. 2. Calculated DA cross section for a set of initial vibra-
tional target statesv. The rotational quantum number isJ=0.

FIG. 3. Calculated DA cross sections forv=0 and J
=0,1, . . . ,30.
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Schulz and Asundi was done at a temperature of about 300 K
with an energy resolution of about 450 meV. If our cross
section is evaluated at this temperature1 and convoluted with
the assumed experimental energy resolution, we obtain a
value of 2.85310−5 Å2, in full agreement with the measure-
ment of Schulz and Asundi[10], provided we accept the
larger experimental value; see Fig. 6.

It has been known for a long time that the shape of the
measured DA cross section does not agree with the shape
predicted by any of the proposed theories; all calculated DA
peaks were broader than the measured peak. The shape of the
DA cross section in the 4 eV region was recently remeasured
by Drexel et al. [13]. They found that in the experiment of
Schulz and Asundi the extraction field used to collect the
emerging negative ions was too low to collect all of them. If
a higher extraction field is applied, the DA peak gets broader,
in full agreement with the calculations. This is demonstrated
in Fig. 7, where we show different measurements normalized
to the peak value of the theoretical cross section to reveal the
differences in the cross-section shapes.(Here the experimen-
tal cross section denoted as Drexel1 was obtained with a low
extraction field; the Drexel2 cross section corresponds to a
higher extraction field. For details, see the original paper
[13].) The theoretical cross section is calculated at the tem-

peratureT=400 K and convoluted with the energy resolution
of 0.2 eV according to[13]. As it should be the calculated
DA cross section agrees very well with Drexel1 in the low-
energy region and with Drexel2 at higher energies.

E. Temperature effect

Experimentally, it is difficult to prepare the target mol-
ecule in a specific vibrationally excited state. However, a
mixture of excited states with populations given by the Bolt-
zmann distribution can be prepared by heating the target gas.
The DA cross sections at higher temperatures were measured
by Allan and Wong[14]. The measured(relative) cross sec-
tions are compared with the calculated ones in Fig. 8 for H2
and in Fig. 9 for D2. The experimental relative cross section
are normalized to calculated absolute values at the peak
value. An almost perfect agreement can be obtained by as-
suming a temperature which is higher than that specified by
the experiment. The dashed line was obtained for the tem-
perature of 1670 K in the case of H2 and for 1550 K in the
case of D2. At higher energies(above about 3.8 eV) the cal-
culated cross section is higher than the measured one even at
the increased temperature. This may reflect the problem of
low detection efficiency for higher ion energies discussed by
Drexelet al. [13] and mentioned in the previous section. This
may also explain the difference in the temperatures, since the
measured cross sections for each excited state may be too
narrow, thus lowering the summed cross section at the posi-
tion of the main peak. We tried to compensate for such an
affect including different detection efficiencies for H− with
different energies into our calculation. We found that such a
modification can slightly improve the disagreement in tem-
peratures, but it cannot explain difference of several 100 K.
Further experimental investigations would be highly desir-
able.

F. Other theoretical data

Figure 10 gives a comparison of selected theoretical DA
cross sections of H2 in its ground rotational and vibrational

1The cross section is calculated by averaging the individual DA
cross sections of rovibrationally excited states over the Maxwell-
Boltzmann distribution for a given temperature. Excited states do
not contribute significantly for 300 K.

FIG. 5. DA cross sections for rotationally excited hydrogen mol-
ecules. The largest DA cross section is obtained forv=1 and high
rotational states.

FIG. 4. DA cross sections for several excited target states with
nearly identical threshold energies.
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states. The calculated cross sections are denoted as follows:
(a) present results,(b) Bardsley and Wadehra[19,20], (c)
Fabrikantet al. [15], (d) Gauyacq[16], (e) Gertitschke and
Domcke[28], and (f) Hickman [29]. The shape of all cross
sections is very similar: a near-vertical onset followed by an
exponential decrease. The peak values of the cross sections,
however, differ significantly, ranging from 1.6310−5 Å2 to
5310−5 Å2. The largest value is obtained by the presentab
initio calculation(solid line). Next to it is the DA cross sec-
tion of the nonlocal resonance model of Gertitschke and
Domcke[28]. Both calculations treat the process on the same
level of theoretical description, but in the present model the
long-range part of the H+H− potential at large and interme-
diate distances is more accurate. The long-range H+H− po-
tential of the present model is more attractive than the inter-
action of the older model of Gertitschke and Domcke[28].

This feature is reflected in the increase of the DA cross sec-
tion near threshold. The calculation of Fabrikantet al. is
based on a similar treatment of the nonlocal dynamics, but
the parameters of the model are slightly different and the
semiclassical approach[15,32] is used for the solution of the
dynamical equation. The cross section of Gauyacq[16] has
been obtained by a completely different approach. This
theory is based on a zero-range model for the electron- H2
interaction and a resonance is not explicitly introduced. The
parameters of the zero-range model have been partly taken
from ab initio calculations and partly fitted to reproduce the
experimental cross section. The theory of Bardsley and Wa-
dehra[19,20] uses the local approximation and the param-
eters are fitted to the experimental data. Finally, the calcula-
tion of Hickman [29] treats the nonlocal problem in the
approximation of open channels. The nonlocal complex po-
tential is determined from theab initio data of[25]. This list
of calculations is not complete; see, for example,[17,23,36].

TABLE I. Maximum DA cross sections for individual states
sv ,Jd. The threshold energies are given in the third column. In the
fourth column the energy at which the cross section attains its maxi-
mum is given.

J v Ethr (eV) Emax (eV) Cross sectionsÅ2d

0 8 0.396 0.402 6.688

1 8 0.387 0.393 6.716

2 8 0.370 0.376 6.764

3 8 0.343 0.349 6.818

4 8 0.309 0.315 6.847

5 8 0.266 0.272 6.785

6 8 0.216 0.262 6.593

7 7 0.453 0.460 6.939

8 7 0.384 0.390 7.276

9 7 0.309 0.315 7.477

10 7 0.228 0.244 7.276

11 6 0.440 0.446 7.630

12 6 0.341 0.347 8.207

13 6 0.238 0.245 8.208

14 5 0.435 0.441 8.498

15 5 0.316 0.322 9.452

16 5 0.194 0.201 9.301

17 4 0.374 0.381 10.52

18 4 0.239 0.245 11.50

19 3 0.414 0.430 11.63

20 3 0.265 0.281 15.08

21 3 0.116 0.132 17.16

22 2 0.238 0.330 17.80

23 2 0.113 0.249 20.10

24 2 0.0 0.159 22.14

25 2 0.0 0.101 21.97

26 1 0.0 0.320 20.31

27 1 0.0 0.262 24.12

28 1 0.0 0.197 26.97

29 1 0.0 0.134 28.32

30 1 0.0 0.095 26.70

FIG. 6. DA cross section in H2 calculated for the temperature
T=300 K with three energy resolutions of the electron beam:DE
=0, 50, and 450 meV. In the experiment of Schulz and Asundi[10]
the resolution was 450 meV.

FIG. 7. Comparison of the shape of the DA cross section be-
tween the present theory and experiments of Schulz and Asundi
[10] and Drexelet al. [13].

HORÁČEK et al. PHYSICAL REVIEW A 70, 052712(2004)

052712-6



All the theories mentioned above predict an increase of
the DA cross section withv, but the extent of the increase
differs significantly from theory to theory. Usually, the de-
pendence of the DA cross section onv is plotted on a loga-
rithmic scale, which blurs the differences among the different
theories. To exhibit more clearly the differences among the
existing calculations we plot in Fig. 11 the peak values of the
DA cross sections calculated by various theories relative to
the present results[i.e., sDAsvd /sDA presentsvd] on a linear
scale for a range of vibrational target states:(a) present re-
sult, (b) Hickman [29], (c) Fabrikant et al. [15], and (d)
Bardsley and Wadehra[19,20]. The dependence of the DA
cross section onv differs very much from theory to theory.
This behavior deserves further study.

In Fig. 12, the dependence of the peak value of the DA
cross section on the rotational quantum numberJ of the tar-
get obtained by various theories is plotted relative to the

present results[i.e., sDAsJd /sDA presentsJd]: (a) present results
defined as unity,(b) Launayet al. [23], case V1,(c) Bardsley
and Wadehra[19,20], and (d) Launayet al. [23], case V2.
Again the trends differ, significantly from theory to theory. It
is noteworthy that the other theories predict a less pro-
nounced enhancement of the DA cross section withJ than
the present calculation. Both nonlocal effects as well as dif-
ferences in the long-range part of the H2

− potential-energy
function in the earlier calculations may be responsible for
this effect.

IV. ORBITING RESONANCES IN DA

Resonance theories often use the local complex negative-
ion potential for the interpretation of the results. The math-
ematical relation of this potential to model paratersV0, Vd,
andVde has been discussed elsewhere[26,39]. The real part

FIG. 8. Calculated DA cross section of H2 for two temperatures,
in comparison with the experimental data of Allan and Wong, for
T=1400 K.

FIG. 9. Calculated DA cross section of D2 for two temperatures,
in comparison with experimental data of Allan and Wong, forT
=1350 K.

FIG. 10. Theoretical cross sections for DA to the ground target
statev=0 andJ=0. (a) Present results,(b) Bardsley and Wadehra
[19,20], (c) Fabrikantet al. [15], (d) Gauyacq[16], (e) Gertitschke
and Domcke[28], and(f) Hickman [29].

FIG. 11. Calculated peak values of DA cross sections plotted
relative to the present resultfsDAsvd /sDA presentsvdg for a set of
vibrational statesv. (a) Present result,(b) Hickman[29], (c) Fabri-
kant et al. [15], and(d) Bardsley and Wadehra[19,20].
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VressRd of this potential corresponds to the energy of the
negative-ion resonance state at short internuclear distances
and to the energy of the bound state at large distances. The
latter exhibits the polarization form −C4R

−4 at largeR. Con-
trary to the vibrational excitation of the target, which essen-
tially only puts energy into the system, the rotational excita-
tion changes the underlying interactions by adding the
centrifugal termJsJ+1d /R2 to all radial potentials. Owing to
this modification, all potential curves shift to higher energies
with increasingJ and a barrier develops at intermediate in-
ternuclear distances. In Fig. 13, upper part, the potentials
V0sRd, VdsRd, andVressRd of the model are plotted forJ=0.
In the lower part of Fig. 13, the real part of the negative ion
potential,VressRd, is plotted for three values ofJ, J=22, 23,
24. Two types of barriers are recognized: the centrifugal bar-
rier at a distance of about 15 a.u.(only partly seen in this
figure) and a short-range barrier atR,3 a.u. For the par-
ticles to escape the autoionization region, the former barrier
must be overcome. As a result one should expect that the DA
cross section will be reduced near threshold for these values
of J.

The role of the inner barrier is somewhat less clear. The
barrier is located in the region of smallR, where nonlocal
forces are important and the local approximation is only of
descriptive value. In fact, in our approach the resonance po-
tential VressRd never enters the calculation. One may expect,
however, that aroundJ,23 the DA cross section may
change its shape at energies close to the threshold and irregu-
larities in theJ dependence and energy dependence of the
cross section may appear.

Figure 14 shows a detailed view of such an irregularity. A
very sharp structure, with a width of about 1 meV, is ob-
served here. At the threshold the cross section is very small.
At an energy of about 20 meV above the threshold, the cross
section rapidly increases, reaching a value of about 0.65 Å2,
and then drops again. To interpret this structure, we plot in
Fig. 14, lower part, the squared modulus of the nuclear wave
functions at three energies around the peak energy. The wave
functions are typical for an orbiting resonance. Note that the

function is found from Eq.(7) with an outgoing boundary
condition, which means that the normalization for largeR is
prescribed. At energies outside the sharp peak, the magnitude
of the inner part of the wave function is strongly suppressed.
At the peak energy the wave function penetrates strongly
into the inner part between the outer and inner barriers. At
the peak energy the nuclear wave function is localized in the
inner part of the interaction region in between the inner bar-
rier and the outer(centrifugal) barrier. The resonance is thus
the manifestation of tunneling enhancement due to the exis-
tence of quasibound states inside the double-barrier struc-
ture. The inner barrier prevents the broadening of the reso-
nance due to fast decay through autodetachment in the region
R,3 a.u. Observe that the wave function has four nodes
between the barriers. This means that four other resonances
with lower energies are to be expected. They are located
below the DA threshold but can be observed in vibrational
excitation cross sections and will be discussed briefly also in
paper II. The quasibond states H2

− associated with the reso-
nances have lifetimes many orders of magnitude higher than
the natural lifetime of the H2

− collision complex. The prop-
erties of these unusual species will be discussed in a separate
paper.

V. ISOTOPE EFFECT IN DA

Another open problem in low-energy electron hydrogen
scattering is the magnitude of the isotope effect. It is well

FIG. 12. The role of rotational excitation of the target on the
peak DA cross sections plotted relative to the present results:(a)
Present results,(b) Launayet al. [23], case V1,(c) Bardsley and
Wadehra[19,20], and(d) Launayet al. [23], case V2.

FIG. 13. Upper part: the potential-energy functions of the non-
local resonance model forJ=0: Solid line: resonance-state poten-
tial. Dashed line: discrete-state potential. Double-dashed line: mo-
lecular ground-state potential. Lower part: real part of the negative-
ion potential for three values ofJ, J=22, 23, and 24. Two types of
barriers are recognized as indicated. Outer radius of the autodetach-
ment region is marked by the vertical line.
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known that in the energy range considered in this paper, the
DA cross section exhibits an extremely large dependence on
the nuclear mass of the molecule. According to the measure-
ment of Schulz and Assundi[10], the peak cross section is
reduced by a factor of about 10 in HD relative to H2 and the
D2 DA cross section is about 200 smaller than the H2 DA
cross section. This large isotope effect is explained by the
extremely short autodetechment lifetime of the2Su

+ reso-
nance which results in a strong decrease of the survival fac-
tor for D2 relative to H2. In Table II we summarize results for
the isotope effect of some representative calculations in com-
parison with the experimental data.

It is seen that most calculations predict qualitatively cor-
rectly the pronounced isotope effect. Quantitatively, the re-
sults differ by a factor of more than 2(excluding the early
calculation[18]). The present model yields a value of about
300 for the ratio of the H2/D2 peak cross sections, whereas
the earlier model of Mündel, Berman, and Domcke[25] pre-
dicted a value of about 200, in excellent agreement with the
measurement. As explained above, these two models differ
mainly in the long-range part of the H+H− interaction; this
potential function is more attractive in the present model.
The isotope effect is thus sensitive to the long-range part of
the interaction.

To reveal the role of the rotational excitation, we present
in Table III the DA cross sections for H2, HD, and D2 to-

gether with their ratio as a function ofJ. The ratio of the DA
cross sections increases rapidly withJ. This feature does not
indicate, however, a rapid increase of the isotope effect with
temperature, because the rapid increase is partly caused by
the different shift of the DA thresholds to lower energy for
H2 and D2 molecules. This problem was discussed some time
ago by Christophorou[48]; see also[18].

It is important to stress that the DA cross section for D2 is
extremely small and very difficult to measure precisely.
Moreover, this cross section was measured only once a long
time ago. A new measurement of the DA cross section of D2
is highly desirable.

The present value of the isotope effect shown in Table II
was obtained forv=0 andJ=0. In a real experiment carried
out at a finite temperature, higher rotational states are in-
volved. In order to render our comparison with experiment
more reliable, we calculated the DA cross section assuming a
target temperature ofT=300 K as in the experiment of
Schulz and Asundi. Moreover, it has been shown above that
the finite energy resolution of the electron beam reduces the
DA cross section. This is shown in Fig. 6 for H2 and in Fig.
15, upper part, for D2. In the lower part of Fig. 15 the cal-

FIG. 14. Upper panel: detailed view of the DA cross section
near threshold forJ=23. The threshold energy and the top of outer
centrifugal barrier are marked with arrows. Lower panel: the wave
function squared for three energies around resonance at 0.8015 eV.
The classically forbidden regions for inner and outer barriers are
marked together with the autodetachment region. The energies at
which the wave functions are calculated are also indicated by dots
on the energy axis in the upper panel.

TABLE II. Isotope effect in DA. Expt.: experimental data of
Schulz and Asundi[12]. CP67: survival probability calculation of
Chen and Peacher[18]. BW79: local calculation of Bardsley and
Wadehra[20]. DP80: calculation of Drukarev and Pozdneev[49]
based on the use of Faddeev equations. G85: calculation of Gauy-
acq [16]. MBD85: calculation of Mündel, Berman, and Domcke
[25]. CHD98: calculation ofČížek, Horáček, and Domcke[39].
XF01: calculation of Xu and Fabrikant[35].

Expt. CP67 BW79 DP80 G85 MBD85 CHD98 XF01

D2 1 1 1 1 1 1 1 1

HD 12 5.01 - 17 - - 8.7 10

H2 200 55.9 533 200 430 200 300 402

TABLE III. Isotope effect for the ground vibrational statev=0.
DA H2: DA cross section for H2. DA HD: DA cross section for HD.
DA D2: DA cross section for D2. Last column: ratio of DA cross
sections for H2 and D2.

J DA H2 DA HD DA D 2 DA H2/D2

0 4.86s−5d 5.61s−6d 1.60s−7d 304

1 5.05s−5d 5.86s−6d 1.61s−7d 314

2 5.56s−5d 6.33s−6d 1.74s−7d 320

3 6.36s−5d 7.19s−6d 1.91s−7d 333

4 7.72s−5d 8.47s−6d 2.18s−7d 354

5 9.69s−5d 1.03s−5d 2.59s−7d 374

6 1.26s−4d 1.32s−5d 3.12s−7d 404

7 1.74s−4d 1.76s−5d 3.90s−7d 446

8 2.51s−4d 2.40s−5d 5.05s−7d 497

9 3.71s−4d 3.37s−5d 6.66s−7d 557

10 5.74s−4d 4.95s−5d 9.17s−7d 626

15 8.61s−3d 5.47s−4d 6.56s−6d 1294
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culated DA cross section for H2 is shown together with the
DA cross section for D2, multiplied by 342 to have equal
peak values. Some differences are immediately observable.
The H2 DA cross section peaks at an energyE=3.91 eV and
that for D2 at a slightly higher energyE=3.96 eV, reaching
the value 8.33310−8 Å2. The D2 peak is narrower than the
H2 peak by 90 meV full width at half maximum(FWHM).
Hence, the ratio of H2/D2 cross sections depends on the
energy resolutionDE of the electron beam. This is demon-
strated in Table IV.

VI. SUMMARY AND CONCLUSIONS

An exhaustive computational investigation of the low-
energy DA process in H2 and its isotopomers has been per-
formed within the framework of the nonlocal resonance

theory. The calculations are based on the model developed
by Čížek, Horáček, and Domcke[39] on the basis ofab
initio fixed-nuclei electron-molecule scattering data[41] and
an accurate calculation of the bound part of the H2

− potential
energy function [40]. The efficient Schwinger-Lanczos
continued-fraction method[42] has been employed for the
solution of the nuclear dynamical problem. The computa-
tional efficiency of this method has allowed us to obtain DA
cross sections for a large number of vibrational and rota-
tional channels on a very fine energy grid. The latter aspect
has been essential for the discovery of unexpected sharp
spikes in the DA cross section due to long-lived H+H− or-
biting resonances.

It has been shown that the theory reproduces the collision-
energy dependence of the DA cross section in H2 within the
accuracy of the measurements[10,13]. More accurate mea-
surements of the shape of the DA cross section with im-
proved electron energy resolution and improved detection
efficiency of H− are required to reveal possible limitations of
the theory. The calculations support the larger of two re-
ported values for the peak cross section in H2 at T=300 K
s2.8310−21cm2d. More accurate measurements of the H2/D2

isotope effect also are desirable to confirm or refute the theo-
retically predicted value of 342 for thesDAsH2d /sDAsD2d
cross section ratio atT=300 K.

The calculations confirm the expected strong increase of
sDA with increasing vibrational excitation of the target gas. It
has been shown that there is qualitative, but not quantitative,
agreement between the existing calculations in this respect.
The present calculations predict a considerably larger effect
of rotational excitation on the DA cross section than has been
found in previous calculations which invoked the local com-
plex potential approximation[19,20]. The largest DA cross
section, 28.3310−16 cm2, is obtained forv=1, J=29. Rota-
tional excitation thus contributes essentially to the enhance-
ment of the DA process at elevated temperatures. The calcu-
lated DA cross sections of H2 and D2 at T=1400 K andT
=1350 K, respectively, agree qualitatively with the measure-
ments of Allan and Wong[14], but quantitative deviations
exist.

As a new phenomenon, the existence of an unusual inner
barrier in addition to the usual centrifugal barrier has been
predicted for the radial potential energy function of the2Su

+

resonance[39]. This barrier suppresses the decay via autode-
tachment at short internuclear distances for certain values of
J(J<23 in H2). As a result, a long-lived H+H− orbiting
resonance exists and is reflected in a narrow spike in the DA
cross section near threshold.

The nonlocal resonance model predicts, in addition to the
DA cross section, also the cross sections for vibrational ex-
citation and the cross section for associative detachment as
well as the energy spectrum of the electrons resulting from
the associative detachment process. The latter data have been
discussed in detail in[39]. The results of a comprehensive
investigation of the vibrational excitation cross sections of
H2 and its isotopomers are described in the accompanying
paper II.

FIG. 15. DA cross section in D2 calculated for the temperature
T=300 K with three energy resolutions of the electron beam:DE
=0, 50, and 450 meV.(b) DA cross sections of H2 (dashed line) and
D2, scaled up by a factor of 342(solid line), for a target temperature
of 300 K and an energy resolution of the electron beam of
450 meV.

TABLE IV. Isotope effect as function of the energy resolution
DE of the electron for a target temperatureT=300 K.

T=300 K DA ratio

DE (meV) 0 50 450

H2/D2 305 311 342

H2/HD 8.6 8.7 9.0
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APPENDIX: NONLOCAL RESONANCE MODEL
FOR THE 2Su

+ RESONANCE OF H2
−

The construction of the model functions is described in
[39]. We considered it useful to include detailed description
of the model parameters here, since they were published
partly in [39] and partly in[25] (with some misprints in the
tables). Definition of the quantitiesVd«sRd and VdsRd in
terms of full electronic HamiltonianHel of the system with
internuclear distanceR fixed is given below, together with
analytic fit of theR and « dependences obtained fromab
initio data.

The original model of Mündel, Berman, and Domcke
(MBD) [25] was constructed from their “fixed-R ” ab initio
electron-molecule scattering calculations. The functionV0sRd
in the MBD model is constructed as the spline interpolation
of the data of Kołos and Wolniewicz[50]. The coupling of
the discrete state of2Su

+ symmetry to thep-wave continuum
was fitted with the formula

Vd«sRd ; kwduHeluw«l =
1

Î2p
o
i=1

3

f is«dgisRd, sA1d

where

f is«d = Ai«
a/2eBi«, i = 1,2,3,

gisRd = expf− Ci
2sR− R0d2g, i = 1,2,

g3sRd = expf− C3sR− R0dg.

The values of the constants are as follows(all quantities are
in atomic units):

A1=1.6618, A2=1.3603, A3=1.0467,

B1 = 18.863, B2 = 4.6559, B3 = 1.4504,

C1 = 0.2, C2 = 0.3302, C3 = 0.489,

a = 1.5.

The equilibrium distanceR0 of H2 is R0=1.4014 a.u.[50].
In [39] we have replaced the original discrete state poten-

tial VdsRd with a new function to describe more accurately
the behavior of the H2

− bound-state energy for larger inter-
nuclear separationR. The resulting potential function is

VdsRd ; kwduHeluwdl =51.74e−2.37R −
94.4e−22.5/R

fsR− 2.54d2 + 3.11g2 for Rø 10.6,

− 0.00845Re−0.35R −
2.25

R4 −
97

R6 for R. 10.6.

sA2d
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