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We report the results of fixed-nuclei complex Kohn variational calculations of elastic electron scattering by
formic acid, HCOOH. Momentum transfer and angular differential cross sections for incident electron energies
ranging from 0.1 to 15 eV are presented and compared to available experimental data. The low-energy behav-
ior of the cross section is analyzed and found to be consistent with the existence of a virtual state.
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I. INTRODUCTION

Low-energy electron collisions initiate and drive much of
the relevant chemistry associated with radiation damage in
biomolecules. Although traditional thinking attributed radia-
tion damage of biological molecules to high-energy primary
ionizing radiation events, recent experiments of Sanche and
collaborators �1,2� have shown that it is the numerous low-
energy secondary electrons produced by the primary ionizing
radiation energy that play a key role in causing single and
double strand breaks in DNA, especially at energies well
below ionization thresholds. This has led to renewed interest
in the collision of low-energy electrons with biomolecules,
since resonant collisions may be an important mechanism in
radiation damage of biological systems.

Formic acid �HCOOH�, the simplest organic acid, is of
interest in both biological and astronomical environments. In
the 1980s, dense clumps of formic acid were found in hot
interstellar molecular cores �3,4�. Formic acid is also be-
lieved to be important in the formation of biological mol-
ecules such as acetic acid and glycine, the simplest amino
acid, both of which have also been observed in space. The
connection between formic acid and more complex biologi-
cally important molecules makes the electron-formic acid
system relevant not only to astronomy, but also to numerous
biological applications.

Much of the experimental work on formic acid has con-
centrated on measurements of dissociative electron attach-
ment �DEA� to formic acid �5–7�. These experiments show a
strong peak in the DEA spectrum near 1.3 eV incident elec-
tron energy, with a width of �0.5 eV, which correlates with
the production of formate �HCOO−� anions. Interestingly, the
experiments indicate that as a function of incident electron
energy, DEA proceeds with an almost vertical onset that is
close to the thermodynamic threshold for the process and
also gives some indication of fine structure oscillations on
the high-energy tail of the peak. Similar structure had been
observed in earlier electron transmission experiments �8,9�
and there is also evidence that resonance structure is present
in both the elastic �10� and the electron impact vibrational
excitation cross sections �11� for this molecule in the
1.5–2.0 eV energy range.

Recently, attention has begun to focus on the determina-
tion of absolute scattering cross sections. Two experiments
have been published that have concentrated on differential

and vibrational excitation cross sections. Vizcaino et al. �12�
studied elastic electron scattering from formic acid using a
crossed-beam electron spectrometer. They measured absolute
differential cross sections by employing the relative flow
technique, where flow rates for HCOOH and a reference gas
�He� are measured at a number of temperatures. This data
was used to derive momentum transfer cross sections. Allan
�11� carried out high-resolution electron energy-loss experi-
ments and reported absolute differential elastic and vibra-
tional excitation cross sections at 135° from threshold to
5 eV. This experiment showed that the �* resonance causes
strong vibrational excitation as well as serves as the precur-
sor to dissociate attachment.

On the theoretical side, Gianturco and Lucchese �13� car-
ried out a search for negative ion resonances at the equilib-
rium molecular geometry, using a local potential model.
Their calculations gave a �* shape resonance near 3.5 eV,
which they claimed was the probable precursor state for the
metastable anion which dissociates to the experimentally ob-
served fragments. Differential elastic cross sections from
these authors, cited by Vizcaino et al. �12�, have also re-
cently appeared �14�.

In a previous paper �15�, we explained the mechanism for
low-energy electron attachment to formic acid. Using first-
principles electron scattering calculations, we identified the
responsible negative ion state as a transient �* anion. We
pointed out that symmetry considerations dictate that the as-
sociated dissociation dynamics must be intrinsically poly-
atomic: since the anion is forbidden from dissociating to the
observed fragments in planar geometry, it must first deform
to nonplanar geometries before fragmenting. A second anion
surface, connected to the �* surface through a conical inter-
section, is involved in the dynamics. This second anion state
produced no resonance features in the fixed-nuclei calcula-
tions, and was postulated to be a virtual state.

In the present investigation, we report ab initio elastic
differential and momentum transfer cross sections of low-
energy electron scattering from formic acid obtained by em-
ploying the complex Kohn variational method. We also
present evidence, obtained from the low-energy behavior of
the cross section and its dependence on target geometry, to
support our earlier claim �15� that there must necessarily
exist a virtual state in this system.

In the following section we briefly outline the computa-
tional methods used in the present study. Section III presents
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our results and compares them to available experimental
measurements. We conclude with a brief summary.

II. THEORY

We performed fixed-nuclei scattering calculations using
the complex Kohn method. The complex Kohn method is a
variational technique which uses a trial wave function that is
expanded in terms of square-integrable �Cartesian Gaussian�
and continuum basis functions that incorporate the correct
asymptotic boundary conditions. Detailed descriptions of the
method can be found in previous publications �16,17� and
will not be repeated here.

The square-integrable basis set we used was the triple-
zeta contraction of the �9s ,5p ,1d� oxygen and carbon
Gaussian basis functions of Dunning �18� centered at each
atom, augmented with an additional diffuse p-function ��
=0.059� on the oxygens. For the hydrogens, we used Dun-
ning’s �4s ,1p� Gaussian basis set, again centered at each
atom. The variational trial scattering function included nu-
merically generated continuum basis functions, up to and
including l= �m�=5.

Formic acid is a planar molecule belonging to the point
group Cs. It has two stable forms, the cis and the trans con-
formers, determined by the position of the hydrogens relative
to the C–O bond. The trans conformer is lower in energy by
0.169 eV �19� and is �1000 times more abundant at room
temperature. Therefore all calculations were carried out for
this conformer. The equilibrium geometry of trans HCOOH
was optimized at the self-consistent field �SCF� level and
the nuclear coordinates resulting from this optimization
are given in Table I. Our calculations give a value of
�−0.678 a.u. for the dipole moment, which is somewhat
larger than the experimental value of 0.555 a.u. Note that the
coordinate system used in Table I and in the calculation was
chosen so that the dipole moment lies along the z-axis.

The target molecule was described by a SCF wave func-
tion and target response �short-range correlation and long-
range polarization� was accounted for by including in the
Kohn trial function �N+1�-electron terms generated by sin-
gly exciting the occupied target orbitals into a space of un-
occupied orbitals �20,21�. The latter were chosen by the so-
called improved virtual orbital �IVO� procedure �22�, in
which the virtual orbitals are obtained by diagonalizing a
VN−1 Fock operator in the subspace of SCF unoccupied or-
bitals. The �N+1�-electron terms included in the Kohn trial

function were then obtained by singly exciting all but the
three occupied core orbitals �carbon and oxygen 1s� into all
IVO orbitals whose orbital energies were less than
2 hartrees. This procedure gave a spherically averaged polar-
izability of 18.58 atomic units for the target, compared to the
value of �22.5 atomic units cited by Vizcaino et al. �12�, and
generated a total �i.e., including both 2A� and 2A� symme-
tries� of �9200 terms in the Kohn trial function.

For electronically elastic scattering by a molecule such as
HCOOH that has a permanent dipole moment, the fixed-
nuclei treatment must be modified to handle the long-range
electron-dipole interaction that dominates the scattering at
low energies. To address this problem, we use a hybrid treat-
ment in which only the low order partial-wave components
of the fixed-nuclei T-matrix are computed variationally while
the higher order terms are included in the Born approxima-
tion via a closure formula. Basically, we begin with the exact
T-matrix and then add and subtract the T-matrix for a fixed
point dipole in the Born approximation:

�k��T�k	 = �k��TBorn�k	 + 

lml�m�

il−l�Yl�m�
* �k̂��Yl�m�

* �k̂��Tlml�m�

− Tlml�m�
Born � , �1�

where the first and last terms are, respectively, the full Born
T-matrix for the dipole potential �which can be evaluated in
closed form� and its partial-wave expansion. Cross sections
are obtained from the T-matrix by averaging over all orien-
tations of the target molecule. The essential point to note is
that it is only the difference between the exact and Born
T-matrices that is expanded in partial waves and this differ-
ence converges very rapidly since higher-order partial wave
components of the scattered wave function do not penetrate
the molecular core and are not sensitive to the dynamic ap-
proximation used to treat them. On the other hand, a partial-
wave expansion of the full T-matrix in the fixed-nuclei ap-
proximation is formally nonconvergent at all scattering
angles. Further details about the treatment of polar targets
can be found in �23,24� and references therein.

III. RESULTS

We begin with a presentation of integral cross sections.
For polar molecules, the fixed-nuclei approximation we use
gives differential elastic cross sections �DCS� that diverge at
zero scattering angle and, consequently, infinite total scatter-
ing cross sections. This is an intrinsic property of the fixed
dipole potential and can only be remedied by explicitly in-
cluding the rotational motion of the target. Total cross sec-
tions are nevertheless often presented by extrapolating the
DCS to finite values at zero scattering angle or by employing
a truncated partial-wave expansion. Both procedures are
somewhat arbitrary. When proper account is taken of the
rotational motion �23,24�, the total cross sections will depend
on the initial rotational state of the target and can be sensitive
to the details of the representation of the rotational states
employed. On the other hand, when Born-closure is included
in the fixed-nuclei treatment, it is perfectly adequate for
treating differential scattering out of the forward direction

TABLE I. Optimized geometry for the neutral ground state of
trans formic acid. Coordinates are in atomic units, where ao

=5.291 772 1�10−11 m is the Bohr radius.

Atomic center x�ao� y�ao� z�ao�

C 0.000000 0.000000 0.000000

O 0.775100 0.000000 2.091570

O 1.428910 0.000000 −2.050200

H −1.984090 0.000000 −0.504453

H 3.154391 0.000000 −1.558650
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and therefore for calculating momentum transfer cross sec-
tions �MTCS�, which are insensitive to the form of the DCS
near 0°. Moreover, since the MTCS is not dominated by the
dipole interaction, it can display resonance features more
prominently than the total cross section. Figure 1 shows our
calculated MTCS, along with the recent measurements of
Vizcaino et al. �12�.

There are two prominent characteristics of the calculated
MTCS that are worth commenting on. One is the sharp reso-
nance feature near 1.9 eV, which is the �* resonance we
have recently �15� studied, and the other is the rapid rise in
the cross section at lower energies. We note that the calcu-
lated cross sections generally fall within the error bars of the
measurements, except for the measured value at 1.8 eV,
which shows no evidence of a resonance. It is curious that
the �* resonance, which figures so prominently in the calcu-
lations, does not leave a strong signature on the vibrationally
elastic cross section. This fact is reinforced by the recent
measurements of Allan �11� �with which we compare our

results below�, who reports the vibrationally elastic cross
section at 135° on a fine energy scale from 0.05 to 5.0 eV.
The cross section dips slightly between 2.0 and 4.0 eV, but
displays none of the prominent structure seen in the vibra-
tional excitation �11� or dissociative attachment cross sec-
tions �7�, or in the total transmitted electron current �8,9�.
While fixed-nuclei calculations at a single geometry often
give resonant cross sections that are larger and narrower than
experiment, we would not expect averaging over nuclear ge-
ometry to wash out the resonance feature completely. Indeed,
we believe that it is more likely that the �* resonance, once
excited, has a relatively small branching ratio to the vibra-
tionally elastic channel, coupling more strongly to the vibra-
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FIG. 2. �Color online� Electron scattering from formic acid:
low-energy behavior of cross section for several geometries. Cross
sections are in units of 10−16 cm2/sr. Energies are in units of eV.
�See text for description.�
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FIG. 3. �Color online� Electron scattering from formic acid: en-
ergy dependence of differential cross section at 135°. Solid curve:
complex Kohn calculations; and dash curve: experimental data of
Allan �11�. Differential cross sections are in units of 10−16 cm2/sr
and energies are in eV.
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FIG. 4. �Color online� Electron scattering from formic acid: an-
gular differential cross sections. Circles with error bars: experimen-
tal data of Vizcaino et al. �12� at an incident electron energy of
1.8 eV. Solid curve: complex Kohn calculations at 1.6 eV. Dash
curve: complex Kohn calculations at 1.7 eV. Dash-dot curve: com-
plex Kohn calculations at 1.8 eV. Dash-double dot curve: complex
Kohn calculations at 1.9 eV. Double dash-dot curve: complex Kohn
calculations at 2.0 eV. Differential cross sections are in units of
10−16 cm2/sr and energies are in eV.
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FIG. 1. �Color online� Electron scattering from formic acid: mo-
mentum transfer cross sections. Cross sections are in units of
10−16 cm2/sr. Energies are in units of eV=1.602 176 5�10−19 J.
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tionally excited and dissociative attachment channels. This is
consistent with the measurements of Allan, who estimates
the total inelasticity �at 135° and not including DEA� at
2.0 eV to be about one-half of the elastic cross section. Our
fixed-nuclei calculations, on the other hand, do not take ex-
plicit account of the vibrationally inelastic channels and the
theoretical cross sections should therefore be identified with
vibrationally summed quantities.

Also of interest is the sharp rise in the MTCS below
2.0 eV. The interpretation of this behavior is complicated by
the fact that formic acid has a relatively large dipole mo-
ment, which undoubtedly contributes to the large cross sec-
tions at low energies; but in our earlier study, we also argued
for the existence of a virtual state of A� symmetry, which
would also exert a strong influence on the low-energy behav-
ior of the cross sections. Unfortunately, the polar nature of
the target precludes the use of a simple effective range analy-
sis to accurately locate the position of a virtual state. Theo-
retical evidence for a virtual state comes from the fact that
the cross section at low energies does not scale with the
square of the target dipole moment D �25�, as it would if the
dipole interaction alone were responsible for this behavior.
We can demonstrate that this is not the case with the data
shown in Fig. 2, which shows the low energy behavior of the
total cross section, computed using only the variationally de-

termined T-matrix elements, for three different fixed-nuclei
target geometries. The cross section at equilibrium geometry,
where the target dipole moment is �in atomic units� −0.678,
is shown along with two other geometries near the conical
intersection discussed in �15�, where the A� anion is barely
bound and barely unbound relative to neutral formic acid.
The dipole moments for the latter cases are −0.428 and
−0.433, respectively. It is clear that the magnitude of the
dipole moment does not explain the low energy behavior of
the cross section in these cases. On the other hand, when the
scattering is dominated by a virtual state, in which case there
is a pole in the T-matrix on the negative imaginary k-axis
close to the origin, the cross section at low energies will be
large and sensitive to the precise location of the pole, which
varies with geometry.

Turning to the differential scattering cross sections, Fig. 3
shows a comparison of our theoretical results with Allan’s
�11� low energy measurements of the elastic cross section at
135°. Apart from the resonance behavior in the vicinity of
2.0 eV, which we have already commented on above, the
agreement is rather good. The notion that formic acid has a
virtual state is reinforced by this comparison, since the rapid
rise in the fixed-angle cross sections below �0.3 eV is seen
in both theory and experiment. Indeed, Allan’s measurements
were deliberately taken at 135° to reduce the amount of di-
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FIG. 5. �Color online� Electron scattering from formic acid: angular differential cross sections for different incident electron energies.
Circles with error bars: experimental data of Vizcaino et al. �12�. Solid curve: complex Kohn calculations. Broken curve: theoretical results
of Gianturco and Lucchese �14�. Differential cross sections are in units of 10−16 cm2/sr and energies are in eV.
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rect dipole excitation. The broad minimum in the cross sec-
tion near 4.0 eV is also seen to be reproduced by the calcu-
lations.

Figure 4 shows our calculated angular differential cross
sections at several energies in the resonance region. These
are compared with the experimental data of Vizcaino et al.
�12� which were measured at 1.8 eV. We note that the mag-
nitude and shape of our calculated cross sections vary rapidly
at scattering angles larger than 60°, which is consistent with
the behavior of the calculated MTCS. We also note that the
calculated DCS at 1.6 eV agrees rather well with the values
measured at 1.8 eV, but given the sensitivity of the fixed-
nuclei cross sections to energy in this region, the agreement
should be regarded as somewhat fortuitous.

The agreement between the calculated DCS and the mea-
sured values of Vizcaino et al. improves markedly at ener-
gies above the resonance region, as seen in the comparisons
presented in Fig. 5. Theory and experiment at 5.0, 10.0, and
15.0 eV agree in both magnitude and shape; in particular, we
find that the minima seen in the measured cross sections near
100° are reproduced by the calculations. There is also rea-
sonably good agreement between our results and the recent
calculations of Gianturco and Lucchese �14�, which were
obtained from a single-center expansion using a static-
exchange plus local polarization model. These authors also
employed a dipole-Born correction in calculating their differ-
ential cross section which is similar to the procedure we have
used. We note that their cross sections are smaller than our
results at large scattering angles ��100° � and that the differ-
ences increase with energy.

IV. SUMMARY

We have presented the results of a theoretical study of
elastic electron scattering from formic acid at low incident
electron energies �0.1–10 eV�. We performed fixed-nuclei
calculations employing the complex Kohn method and deter-
mined the low order partial-wave components of the
T-matrix variationally. Due to the polar nature of formic
acid, we included the high order partial wave components of
the T-matrix in the Born approximation via a closure for-
mula, which allowed us to extract meaningful momentum
transfer and differential cross sections. We have noted that,
while the fixed-nuclei calculations show a sharp �* shape
resonance near 1.9 eV, which previous theoretical and ex-
perimental work has shown couples strongly to vibrational
excitation and DEA, the recent experiments of Vizcaino et
al. �12� and of Allan �11� suggest that this resonance is not
prominent in vibrationally elastic scattering. Finally, we have
argued that the extremely low-energy behavior of the cross
section is indicative of a virtual state, which is also consis-
tent with Allan’s recent experiments.
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