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Abstract. We present results of effective range theory calculations of nondissociative electron attachment
to SF¢ molecules and COx clusters. The first process is strongly influenced by the SFy virtual state, and the
second by vibrational Feshbach resonances associated with electron capture by the long-range polarization
field of the cluster with simultaneous vibrational excitation of one molecular unit. We also study how both
processes depend on the initial vibrational excitation of the target. We obtain a noticeable dependence
of the attachment cross-section on the symmetric stretch vibration of SFg, although it does not lead to a
significant temperature dependence at low electron energies.

PACS. 34.80.Ht Dissociation and dissociative attachment by electron impact — 34.80.Gs

Molecular

excitation and ionization by electron impact — 36.40.Wa Charged clusters

1 Introduction

Electron collisions with molecules and clusters often in-
volve electron capture which can be accompanied by a
target fragmentation, a process called dissociative attach-
ment [1]. However, in many cases, particularly for complex
targets, attachment occurs without fragmentation, with
formation of the parent ion. The well-known example in-
volving a relatively simple target is low-energy electron
attachment to SFg molecule. Others include electron at-
tachment to van der Waals clusters [2] and molecules of
biological interest [3].

The nondissociative electron attachment process is dif-
ficult for ab initio theoretical description. Indeed, nondis-
sociative attachment occurs due to intramolecular vibra-
tional energy redistribution (IVR) which involves many
vibrational degrees of freedom. Specifically, due to interac-
tion between initially excited vibrational mode (so-called
specific mode) and numerous other modes (so-called bath
modes) in the system, the initial excitation energy is be-
coming randomly redistributed among many vibrational
degrees of freedom [4]. This process has been well studied
in molecular spectroscopy [5] by applying classical dynam-
ics and statistical models. However, it is much less studied
in electron collisions since the first stage of the process,
electron capture due to interaction with a specific vibra-
tional mode, should be described quantum-mechanically.
Thoss and Domcke [6] developed a quantal model includ-
ing coupling between specific and bath modes. Due to diffi-
culties of ab initio calculation of the coupling parameter, it
was considered as a phenomenological one. More recently,
using these ideas, we developed a theory of electron at-
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tachment to SF¢ molecules [7] and COg clusters [8]. The
case of COy clusters is particularly interesting because it
provides a theoretical description of vibrational Feshbach
resonances (VFRs) [9-11] which occur due to electron cap-
ture in the long-range polarization potential of the cluster
with a simultaneous vibrational excitation of one molecu-
lar unit.

The present paper reviews these developments and
provides further information on electron scattering by
COg clusters including the analysis of VFRs in vibrational
excitation and attachment from excited states.

2 Theoretical approach

We base our theoretical approach on a generalization of
the multi-channel effective range theory (ERT) [4] which
incorporates the electron attachment channel. To formu-
late this generalization, it is convenient to start from the
R-matrix theory. We divide the whole space into two re-
gions separated by a sphere of radius rg. Outside the
sphere we include only the long-range part of electron in-
teraction with the target. In the case of the SFg molecule
this is the isotropic polarization interaction plus geometry-
dependent dipolar interaction responsible for excitation of
the infrared-active v3 mode. In the case of a cluster the
situation is more complicated since the size of a cluster
is typically greater than rg. If the electron is inside the
cluster, we adopt the continuum medium approximation
model [12] and represent the interaction V' in the form

a

V:V()era (1)
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where Vj is the excess electron energy in the bulk, N is the
cluster size, i.e. number of molecular units in the cluster,
and a is a positive constant related to the dielectric con-
stant of the bulk medium and the Wigner-Seitz radius [12].
Our estimate [13] for the COg clusters is Vj = —0.65 eV,
a = 0.85 eV. Outside the cluster we describe the inter-
action by the isotropic polarization potential —a /274,
where any = Na, and « is the polarizability of one molec-
ular unit. To make sure that this step-wise potential does
not produce spurious effects in the cross-sections, we in-
troduce a soft boundary between the two regions.

The wave function 1, incorporating this interaction
outside the R-matrix sphere, is matched with the inter-
nal wave function in the fixed-nuclei approximation in the

form ()
"4
Y(ro,q) = R(Q)T’ (2)
r T=T0
where r stands for the electron radial coordinate, and ¢
for the set of all internuclear coordinates of the target. To
obtain the R-matrix with the account of nuclear dynamics,
we use the Born-Oppenheimer approximation [14]. First
we write the fixed nuclei R-matrix in the form

RS ()
RO =2 Bg) - 7 ¥

where F and «y, are eigenvalues and surface amplitudes
for the fixed-nuclei problem, and F. is the electron energy.
We are mostly interested in s-wave scattering when the
poles Ey(q) do not represent resonance states. However,
the lowest pole (A = 0) represents a bound state in the
range of ¢ where the negative ion is stable.

We will assume now that the g-dependence and the
energy dependence of all terms in sum (3) except the first
is weak so that R(q) can be rewritten in the form

Rig) = Y5 (q)

= 7E0(q) — L. + Ry, (4)

where the background term Ry is independent of g and E..
This is the usual assumption of the resonance R-matrix
theory [15,16]. It is justified in our case as well because the
interaction between the electron motion and the nuclear
motion is weak in electronically excited states (A > 0),
and the electron energy FE,. is small compared to the po-
tential energy of interaction between the electron and the
molecule.

We now include nuclear motion by adding the kinetic
energy operator in the denominator of the R-matrix. As
a result, R becomes an integral operator

R(q) =0(q)(Hr — E) "y0(q) + Re (5)

where E is the total energy of the system, Hy = T'(¢) +
U(q), and U(q) = Eo(q) +V(q), where T is the kinetic en-
ergy operator for the nuclear motion, V(q) is the potential
energy surface for the neutral molecule. In the presence of
a dissociative attachment channel we modify the R oper-
ator by the replacement £ — E + ¢0. This corresponds
to outgoing-wave boundary conditions when one of the
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internuclear coordinates goes to infinity. However, in the
present paper we are interested in nondissociative attach-
ment which occurs due to IVR whereby the vibrational
energy initially concentrated in the active modes is redis-
tributed among bath modes and is thus not available for
autodetachment of the electron on the time scale of the ex-
periment. In the case of the SFg molecule the active mode
is the symmetric 14 (“breathing”) vibrations [4], and in
the case of electron attachment to COy clusters there are
two active modes: symmetric stretch and bending vibra-
tions of one molecular unit.

A complete ab initio treatment of IVR requires calcula-
tions of the vibrational dynamics on the multidimensional
potential surface U(q). Thoss and Domcke [6] showed that
the problem can be simplified in the Markov approxima-
tion for the interaction between the active mode and the
bath modes by adding an energy independent width and
shift to the system Hamiltonian, that is to the part of the
Hamiltonian containing the coordinates of only the active
mode. Accordingly we will replace the Hamiltonian H;(q)
by H¢(s) = T(s)+U(s)—il'(s)/2, where s is the set of ac-
tive vibrational coordinates. Like in the optical model, H
and the R operator become now non-Hermitian, and the
attachment cross-section is determined from the S-matrix
unitarity defect.

The attachment dynamics is controlled by the energy
region close to the pole of the operator (H¢ — E) 1. There-
fore, to develop ERT, we rewrite equation (2) in the form

L= () (s, B (©

with

R%(s, E) = ~0(s)(Hf(s) = E)"'70(s) + R, (7)
where all arguments of yg other than s are taken at the
equilibrium internuclear separation.

We will return now to the fixed-nuclei approximation
at r < ro and replace the complex operator (R¢)~!(s, E)
by a complex function f(s,E). This approach is consis-
tent with the frame transformation theory [17]: we assume
that the time spent by electron in the inner region during
the capture process is short compared to the vibrational
period, and therefore the electron motion can be treated
in the fixed-nuclei approximation. In contrast, the full vi-
brational dynamics should be incorporated in the outer
region. This is done by solving vibrational close coupling
equations at r > rg.

In the spirit of the ERT of Gauyacq and Herzenberg
[4,18], we expand f(s, E) in powers of s (assuming that
s = 0 corresponds to equilibrium) and keep only the
lowest-order terms. In the case of the SFg molecule we
assume only one active mode, and the expansion has the
form

[=fo+ fis, (8)

where fy and f; are complex parameters which generally
depend on the electron energy. (Note, however, that the
strongly infrared-active vs mode is included in the ex-
ternal region.) In the first order approximation of ERT,
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we neglect this energy dependence and consider f; and
f1 as complex constants. They are determined from the
experimental data on attachment [19,20] and total [21]
cross-sections at several energy points within the interval
between 0.01 and 0.18 eV. In the case of CO4 clusters we
assume two active normal coordinates s and p, describing
symmetric stretch and bending vibrations of one molec-
ular units. In our calculations the ERT expansion of the
function f(s, p) contains four terms which are determined
from the data on low-energy elastic e-CQOs scattering and
vibrational excitation [22] and from ab initio potential en-
ergy surface for CO; [23]. In a good approximation, f is
independent of the cluster size N. However, more detailed
studies [13], using a pseudopotential approach, show that
Refy varies slowly between 0.387 and 0.372 a.u. when IV
changes from 3 to 22.

All terms in the expansion of f(s,p) were assumed
to be real except the zero-order term fy. The parameter
Im fj responsible for IVR is the only free parameter in our
calculations

Using these expansions, the logarithmic derivative f
can be represented in matrix form and matched with the
solution of vibrational close coupling equations in the re-
gion r > rg. For CO2, the basis for vibrational close cou-
pling expansion should be constructed with the account
of the Fermi resonances. For example, interaction between
the levels (11 =1, v, = 0) and (11 = 0, v2 = 2) form the
even Fermi dyad. Here the vibrational quantum number
v1 is used for the symmetric stretch mode and 15 for the
double-degenerate bending mode. Higher Fermi polyads
(triads, tetrads and pentads) were also included in our
calculations by representing the actual eigenstates of the
vibrational Hamiltonian by linear combinations of sym-
metric stretch and bending vibrations [24,25]. For SFg
the vibrational basis was supplemented by the vibrational
functions of the infrared-active v3 mode because of the
very large transition dipole moment for these vibrations.

The radial matrix of the outside solutions can be
written as

b=y —uts

where 1* are matrices of the outgoing and ingoing solu-
tions and S is the scattering matrix. The matching equa-
tion is solved for S from which we obtain elastic, vibra-
tional excitation and attachment cross-sections.

3 Results and discussion
3.1 SFg

In Figure 1 we present total, elastic and attachment cross-
sections for e-SFg scattering for energies up to 0.22 eV.
Strictly speaking, ERT fails at higher energies since we
observe a violation of conservation of probability in this
region. However, this violation is weak, and we therefore
assume that elastic scattering and vibrational excitation
calculations can be extended to higher energies (up to
0.4 €V) [7] using the same ERT parameters.
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Fig. 1. Cross-sections for electron scattering by SF¢ molecules.
Solid lines: experimental total and attachment cross-sections,
dashed and dotted lines: theoretical cross-sections. Vibrational
excitation thresholds are indicated by v1, v3 and 2v;.

For comparison we present experimental data for to-
tal scattering [21] and attachment [19,20] cross-sections to
which the ERT parameters were fitted. We observe small
deviations from the attachment experiment right below
v1 and 2v; thresholds. Otherwise the fit is very good: not
only we reproduce the overall energy dependence and the
absolute value of the cross-section, but also the cusp struc-
tures at v5 and v3 thresholds.

In dissociative attachment studies one of important
and interesting questions is how the cross-section depends
on the initial vibrational state of the molecule v;. This de-
pendence determines the gas-temperature dependence of
the cross-section [26]. The vibrational-state dependence
is strong if the resonance anion potential energy curve
crosses the neutral molecule curve at the internuclear dis-
tance outside the Franck-Condon region. In this case the
capture cross-section, which contains the Franck-Condon
factor, is strongly dependent on v;. For example in the
CH3X sequence (X = Cl, Br, I), the crossing occurs closer
to the equilibrium internuclear separation as we proceed
from Cl to I. Accordingly, the gas-temperature depen-
dence of the cross-section is very strong in CH3Cl but
almost negligible in CH3I [27]. The case of nondissocia-
tive attachment to SFg is different. There is no resonance
state involved and the capture occurs into the virtual state
of SFy which then gets stabilized by IVR. Therefore, as
can be seen from the formalism described above, there is
no Franck-Condon factor involved, and the cross-section
is not expected to be dependent on v;. Indeed, measure-
ments at low energies [28-31] did not indicate any sig-
nificant temperature dependence of attachment in e-SFg
collisions.

However, our calculations show that the situation is
somewhat more complicated. In Figure 2 we present at-
tachment from different 1q; states. We observe a clear
dependence on initial vy, whereas no noticeable depen-
dence on initial v3; was obtained. We should add, however,
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Fig. 2. Cross-sections for electron attachment from vibra-
tionally excited SFg molecules. Numbers near the solid curves
indicate the initial vibrational quantum number v;. Attach-
ment from the ground state is given by the dashed curve with

symbols v1, v3, 2v;1 indicating vibrational excitation thresh-
olds.
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Fig. 3. Vibrational excitation of the symmetric v1 mode from
the ground and vibrationally excited states.

that the v1; dependence is not strong enough to appear
in the gas-temperature dependence of the cross-section
for temperatures up to 1000 K. The explanation of the
observed vq; dependence is based on the role of the vir-
tual state. The anion energy as a function of the sym-
metric stretch coordinate crosses the neutral curve very
close to the equilibrium internuclear separation for the
neutral. Therefore for a vibrational state, whose proba-
bility density distribution is close to the equilibrium, the
effect of the virtual state is strong. As a result, we observe
a strong virtual-state effect for the ground state, and it be-
comes progressively weaker for excited state. This is also
seen in the cusp structure at the v1 = vq; + 1 thresholds:
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Fig. 4. Cross-section for electron attachment to (CO)n clus-
ters, N = 5 and 7. Circles: experimentally observed yield of
(COz2), ions, ¢ =5 and 7, normalized arbitrarily. Vibrational
thresholds for neutral clusters of size N are labelled by ver-
tical bars and letters a, b’ and b”, whereas the position of
corresponding VFRs are labelled by an, by and bY.

for v1; = 0 the cusp is very pronounced, but it becomes
weaker for higher vy;.

The same effect can be seen in the scattering cross-
sections. In Figure 3 we present cross-sections for vibra-
tional excitation from the ground and low excited vibra-
tional states. The threshold peak is very pronounced for
excitation from the v1; = 0 state, in agreement with ex-
perimental observations [7,32], whereas for higher vy; it
gradually disappears.

3.2 CO; clusters

Attachment cross-sections for some selected cluster sizes
are presented in Figures 4 and 5. We compare them with
the experimentally observed attachment spectra [33].

Experimental data are presented for the observed size
q of the cluster anions which is not necessarily the same
as the size of the precursor N > ¢ because of the possible
evaporation effect [2]

(COy)N +e= — (CO2)y + (N —¢)COs. 9)

Note also that the relative intensities of experimental spec-
tra are subject to the density of the respective neutral
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Fig. 5. The same as in Figure 4 for N = 10 and 12.

precursor clusters, thus they do not directly reflect rela-
tive cross-sections when one compares different precursor
sizes. Therefore, for each NV the experimental data are nor-
malized arbitrarily.

Calculations were performed with a rather arbitrary
choice of the parameter Im f; = —0.001 a.u. which charac-
terizes the coupling between the symmetric stretch mode
in CO5 and the bath modes in the cluster. The VFRs ob-
served in attachment cross-sections are very narrow and
confirm the major experimental findings. In particular, the
most pronounced resonances are associated with the (010)
and (100)—(020) thresholds corresponding to excitation of
the Fermi monad and the even Fermi dyad respectively.
All resonances are red-shifted relative to corresponding
thresholds reflecting the positions of binding energies of
electron in the field of the whole cluster [10,11]. The cal-
culated splitting between different VFR dyad components
is somewhat higher than the splitting between dyad com-
ponents for the neutral molecule, since the presence of
an extra electron creates an additional interaction lead-
ing to a repulsion between vibrational levels. This effect is
in variance with observations: at ¢ = 5 the experimentally
observed distance between peaks is close to the separation
between the two neutral dyad components, and only one
peak is observed at higher q.

In this connection it is important to note that the the-
oretical peaks exhibit some selectivity in attachment to
different components of the Fermi dyad, although this se-
lectivity is much less pronounced than in vibrational exci-
tation of monomers: the peak value of the lower resonance
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below the (100)—(020) threshold is about 2.0-1.5 times
lower than that for the higher resonance whereas in vi-
brational excitation of monomers the two near-threshold
peaks differ by two orders of magnitude [34,35]. In the
attachment experiment the double-peak structure is ob-
served only at N = 5, and both peaks are almost equal in
magnitude. For higher N the double-peak structure dis-
appears.

The difference can be explained by the broadening of
the resonance peaks due to several reasons. First, for any
particular (COz), cluster ion, the width of the observed
resonances is broadened by contribution of all involved
neutral precursors of size N > ¢ which participate in
VFR formation. For ¢ = 5 the experimentally observed
resonances exhibit the smallest widths, and it is likely
that the attachment spectrum is predominantly associ-
ated with a single neutral precursor size. Some inhomo-
geneous broadening is still possible due to contribution of
different conformations for this cluster size and due to the
electron density fluctuations within the cluster. In partic-
ular, the fact that VFR is associated with excitation of
one molecular unit, leads to the dependence of the reso-
nance energy on the position of this unit within the cluster
and contributes to further broadening [13]. Finally, some
broadening effects could be possible due to the presence
of excited molecular units within the clusters. As we dis-
cussed in the previous section, attachment to vibrationally
excited SFg can be dependent on the vibrational quantum
number. To investigate this effect in CO4 clusters, we have
calculated attachment from the first three excited vibra-
tional state of CO2, (010) monad and (100)—(020) dyad,
in the cluster of size N = 6. In Figure 6 we present these
cross-sections and compare them with attachment from
the ground state. Very substantial changes in the posi-
tions and widths of VFRs is seen. In interpreting these
results we have to take into account the strong anhar-
monicity effects in CO2 due to the Fermi resonances: the
positions of excited vibrational states in COs are strongly
nonequidistant.

In particular the first VFRs in attachment from the
ground state are due to the (010) threshold (0.083 eV)
and the threshold for excitation of the lower component
of the (100)-(020) dyad (0.159 eV). At the same time
the resonances in attachment from the (010) state (upper
panel in Fig. 6) are due to the (100)-(020) dyad thresh-
olds (0.077 and 0.089 eV relative to the (010) state). The
triple-peak structure in attachment from the dyad states
(lower panel in Fig. 6) is due to the triad thresholds. Be-
cause of this complicated threshold structure, we identify
the resonances only for attachment from the ground state,
as in Figures 4 and 5. As usual, the VFR positions are red-
shifted relative to the corresponding thresholds, but these
shifts are nonuniform due to the interaction between the
resonances.

In summary, the anharmonicity effect leads to a strong
dependence of the peak position on the initial vibrational
state.

In addition to the strong anharmonicity effect we ob-
serve a substantial growth of the resonance width with the
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Fig. 6. Upper panel: attachment to the ground and the first
excited (monad) state of the (COz2)s cluster. Lower panel: at-
tachment to the second and the third excited states (even dyad
components). VFRs are identified only for attachment to the
ground state using the same notation as in Figures 4 and 5.

initial vibrational quantum numbers. In our calculations
the probability of capture in the negative-ion state is de-
termined by the vibrational coupling. Since the coupling
grows with the degree of excitation, so does the autode-
tachment width. The obtained strong dependence of the
attachment cross-section on the initial vibrational state
might provide an additional mechanism for resonance
broadening observed in the experiment.

4 Conclusion

The simple generalization of the ERT approach employed
in the present paper allowed us to describe a broad vari-
ety of phenomena observed in electron collisions with SFg
molecules and CO4 clusters: elastic scattering, attachment
and vibrational excitation. We can also investigate how
cross-sections for these processes depend on the initial vi-
brational quantum numbers of the target. This is an im-
portant supplement to experimental data because of the
difficulty of obtaining data for selectively excited targets.

The author is thankful to H. Hotop and M. Allan for the fruit-
ful collaboration. This work has been supported by the US
National Science Foundation, Grant No. PHY-0354688.
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