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Abstract. We report experimental results for electron scattering from formic
acid (HCOOH). A set of differential cross-sections is provided for elastic
scattering at incident electron energies from 1.8 to 50 eV. Integral and momentum
transfer cross-sections have also been derived from these results. Our results are
compared, where possible, with recent theoretical calculations.
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1. Introduction

Until relatively recently, it was the commonly held belief that ballistic, high-energy impacts were
responsible for the bulk of the cell and tissue damage when ionizing radiation enters the body.
It now appears that the high-energy ionizing radiation entering the body liberates many low (sub-
ionization) energy electrons which in turn can attach to the numerous electronegative components
of DNA (bases, sugars and water). Through the process of dissociative attachment, this either
directly leads to single or double DNA strand breaks, or to the formation of free radicals, which
then can chemically react with DNA to lead to strand breaking [1]. There have been tremendous
breakthroughs in this area in recent years and our goal is to add to this experimental endeavour
by providing accurate absolute cross-sections for a range of these important building blocks
of DNA.

The present study is the starting point of our investigations concerning these low-energy
electron–biomolecule collision processes. Indeed, formic acid (HCOOH), which is the simplest
organic acid, is thought to play a key role in the formation of bigger biomolecules such as acetic
acid and glycine. In addition, the formate group (-COOH), is a key component of more complex
biomolecules, including several amino acids.

To date, the majority of experimental studies of this molecule involving electron impact have
been of dissociative electron attachment (DEA) [2]–[4]. These studies reveal different resonances
leading to the decomposition of formic acid into HCOO−, OH−, O− and H−. The main resonance
is found at 1.25 eV [2, 3] or 1.4 eV [4] and is correlated with the formation of the formate anion
(HCOO−). Electron transmission spectroscopy experiments [5, 6] and total scattering cross-
section measurements [7] reveal a resonant state at around 1.7–1.8 eV due to electron attachment
into the π∗ orbital of the molecule. According to the energy range, this negative ion π∗ resonance
is likely responsible for the decomposition of the molecule into the formate ion. Tronc et al [6]
have also measured energy loss spectra for both the formic acid monomer and dimer. On the
theoretical side, Gianturco and Lucchese [8] carried out calculations to locate resonant states
for formic acid in the low-energy region and found two distinct resonances, a π∗ at around 3 eV
and another resonance at around 12 eV. They believe that this π∗ resonance leads indirectly
to the dissociation of the molecule through vibrational energy redistribution from the C = O
bond to the dissociative O–H stretching mode. Recently, Rescigno et al [9], with a different
theoretical approach, localized this negative ion π∗ resonance at 1.9 eV with a width of 0.2 eV, at
equilibrium geometries and for the elastic cross-section. They point out that direct dissociation
of the π∗ anion in planar geometry to produce the formate anion is a symmetry forbidden process
and that a second anion state, connected to the π∗ state through a conical intersection at non-
planar geometries, is involved in the dissociation mechanism. To our knowledge, there are no
absolute differential scattering measurements in the literature for formic acid.

At room temperature, the vapour above a liquid sample of formic acid is predominantly
constituted of hydrogen bonded dimers, rather than monomer molecules. The degree of
dimerization depends on temperature and pressure, and can be calculated using the apparent
molecular weight of the gas, which has been measured and listed for various values of T and P
by Coolidge [10]. Typically, the dissociation into monomers is favoured at higher temperature
and lower pressure. Formic acid has two stable planar forms, the cis and trans conformers
(see figure 1). For the trans form, the two hydrogen atoms are located on opposite sides of the
molecule relative to the C–O bond, as shown in figure 1(a). The energy difference between the two
conformers in the gas phase is 1365 cm−1 (0.169 eV) [11]. A Boltzmann calculation of the
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Figure 1. Formic acid molecule.

population ratio between the trans and the cis conformers indicates a clear predominance of
the trans form at room temperature (∼1000 times more abundant). Formic acid is also highly
polar (1.41 Debye) and has a large dipole polarizability (∼22.5 au). It thus poses considerable
challenges for both experiment and quantum scattering theory.

In this paper, we present the first absolute differential elastic electron scattering cross-
sections for formic acid.Angular differential cross-sections (DCS) are presented for eight incident
electron energies between 1.8 and 50 eV. Our data are compared, where possible, with recent
computations.

2. Experimental apparatus

Elastic electron scattering from formic acid has been studied using a crossed electron-target beam
apparatus [12]. The formic acid, which has a purity greater than 98% (Sigma–Aldrich Australia;
27001), has been further purified by a number of freeze–pump–thaw cycles. It is admitted to the
scattering system at a relatively low driving pressure via a temperature-controlled needle valve
and gas-handling system. The needle valve and gas lines are set to a temperature of 70◦C and the
beam-forming capillary tube, through which the gas enters the collision region, is held at 130◦C,
at which temperature the beam is predominantly (∼98%) composed of formic acid monomers.
The low-energy electron beam is obtained from a conventional electron monochromator with
reasonable energy resolution (FWHM around 60 meV) and scattered electrons are energy
analysed before being detected by a channel electron multiplier.

The absolute value of the incident energy was determined through calibration against the
positions of well-known resonances observed in electron–atom/molecule collision processes.
For higher incident energies, we measured the position of the 1s 2s2 2S negative ion resonance
feature for electron scattering from helium at 19.365 eV [13]. At lower energies, we used the
2�g shape resonance features in N−

2 at around 2 eV [14].
Absolute cross-sections are determined using the relative flow technique [15]. This technique

involves the measurements of relative electron scattering intensities for the gas under study
(HCOOH) and for a so-called standard gas, in our case helium, for which there is an accurate
set of DCS. The He cross-section established by Nesbet [16] is used as the absolute calibration
for energies below 20 eV, and the tabulated cross-sections of Boesten and Tanaka [17] for higher
energies. The driving pressures for both gases are determined in such a way that the collisional
mean-free-path for both gases is the same in the region of the capillary. We could find no values
of the hard sphere diameter for formic acid in the literature, so we have used molecular bond
lengths to estimate its hard sphere diameter, from which the mean-free-path is calculated. Typical
driving pressures used were 0.3 torr (HCOOH) and 0.9 torr (He).
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Table 1. Absolute DCS for elastic scattering from formic acid, in units of
10−16 cm2 sr−1. The uncertainty is given in parentheses (%). The integral elastic
cross-section (ICS) and the momentum transfer cross-section (MTCS) for each
incident energy are given in units of 10−16 cm2 at the base of each column and
the uncertainty on this value is estimated to be around 25%.

Incident energy (eV)

Angle 1.8 5 10 15 20 30 40 50

10 – – – – – – 22.55 (8.3) 21.49 (9.1)

20 – 6.99 (26.4) 9.59 (25.6) 11.50 (9.2) 9.30 (15.7) 9.81 (8.7) 7.46 (14.3) 5.33 (7.6)

30 5.91 (17.1) 4.27 (13.1) 6.55 (16.4) 5.76 (8.5) 3.27 (20.4) 3.19 (12.2) 2.09 (9.9) 1.69 (8.9)

40 4.72 (16.9) 3.24 (10.9) 3.55 (10.9) 3.17 (9.4) 1.73 (17.3) 1.48 (11.8) 1.07 (11.4) 0.96 (9.1)

50 3.25 (8.3) 2.47 (9.8) 2.46 (10.5) 1.77 (11.4) 1.14 (12.6) 0.94 (9.2) 0.69 (13.9) 0.62 (7.6)

60 2.39 (8.6) 2.28 (8.3) 1.67 (8.1) 1.23 (7.3) 0.95 (12.8) 0.67 (8.9) 0.44 (8.3) 0.36 (12.7)

70 2.12 (8.8) 2.01 (7.3) 1.27 (7.9) 0.98 (7.8) 0.80 (9.3) 0.46 (9.8) 0.28 (12.4) 0.27 (15.9)

80 1.94 (8.1) 1.68 (7.6) 1.03 (8.2) 0.80 (7.4) 0.58 (13.8) 0.32 (13.2) 0.22 (11.6) 0.19 (9.9)

90 1.90 (7.3) 1.42 (8.9) 0.91 (9) 0.71 (7.8) 0.51 (12.6) 0.29 (11.2) 0.19 (11.7) 0.18 (10.7)

100 1.89 (7.6) 1.20 (7.8) 0.90 (10.2) 0.67 (7.9) 0.59 (13.5) 0.32 (16.8) 0.21 (10.7) 0.22 (9.4)

110 1.81 (7.4) 1.08 (8.6) 0.98 (11.3) 0.80 (7.6) 0.77 (15.2) 0.42 (13.5) 0.29 (15) 0.37 (9.1)

120 1.81 (8.4) 1.03 (8.6) 1.13 (11.7) 0.95 (7.3) 0.89 (14.5) 0.56 (19.6) 0.46 (12.1) 0.48 (17.7)

130 1.92 (9.2) 1.08 (9) 1.27 (11.3) 1.10 (7.6) 1.11 (12.5) 0.74 (18.1) 0.64 (13.8) –

ICS 37.8 27.8 27.3 25.5 22.8 18.7 15.6 14.8

MTCS 16.3 15.6 16.3 14.6 16.8 10.8 8.75 9.2

The spectrometer can operate in two different data collection modes. In one, the angular
dependence of the scattering signal is measured at fixed impact energy and energy loss, which
leads to the measurement of angular DCS. In the other, we measure the energy dependence of the
DCS at fixed energy loss and scattering angle. Details of these techniques are given in a previous
paper [12]. The absolute uncertainties on the measured cross-sections vary between 7 and 25%
but are typically less than 12%.

3. Result and discussion

3.1. Elastic DCS

Absolute DCS for elastic electron scattering from HCOOH are presented in table 1, and shown
graphically in figures 2 and 3.

In figure 2, we compare the angular dependence of all of the DCS measurements. We see
that the DCS does not change much in shape for energies between 10 and 50 eV, with a minimum
at about 90◦. However, the overall absolute magnitude of the DCS increases significantly with
decreasing energy.At lower energies (1.8 eV), the DCS is essentially isotropic beyond a scattering
angle of ∼60◦.

In figure 3, we make a comparison, at a number of selected energies (1.8, 5, 10, 15, 30
and 50 eV), of the present results with the recent theoretical calculations of Gianturco and
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Figure 2. Absolute DCS for elastic electron scattering from HCOOH for incident
energies between 1.8 and 50 eV.

Lucchese [18] and Trevisan et al [19], which have been carried out in both cases for the trans
conformer. Trevisan et al performed fixed-nuclei calculations at equilibrium geometry using
the complex Kohn variational method. The equilibrium nuclear positions were optimized at the
self-consistent field (SCF) level. They determined the low order partial-wave components of the
T-matrix variationally. Due to the polar nature of formic acid, they included the high order partial
wave components of the T-matrix via a Born correction. Gianturco and Lucchese use a density
functional approach within the fixed-nuclei approximation and include short-range correlation
through the addition of a local, energy-independent potential. This potential is then corrected to
agree with the long-range polarization effects. In general, the overall level of agreement between
theory and experiment is quite good.At 1.8 eV (see figure 3(a)), the only direct comparison is with
the calculation of Trevisan et al [19], which is about a factor of two higher than the experiment.
However, in this region the cross-section magnitude is extremely sensitive to energy, as it is the
region of the π∗ resonance, and fixed nuclei calculations often lead to resonant cross-sections
which are larger than experiment. Gianturco and Lucchese find the π∗ resonance at an energy
of 3.7 eV. At 5, 10 and 15 eV (see figures 3(b)–(d)), both theories follow the experimental data
closely, especially at forward angles. At backward angles, the agreement with the computed
values from Trevisan et al [19] is better. The calculation of Gianturco and Lucchese is lower
than experiment at backward angles, and this difference becomes gradually larger as the energy
increases (see figures 3(e) and (f)), while at forward angles the agreement is still good. According
to Gianturco and Lucchese, this difference in the cross-section magnitude is probably due to their
model treatment of the correlation–polarization forces.
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Figure 3. Absolute DCS for elastic electron scattering from HCOOH
at: (a) 1.8 eV, (b) 5 eV, (c) 10 eV, (d) 15 eV, (3) 30 eV, (f) 50 eV. The experimental
measurements are shown as (red •) and the calculations for the trans conformer
from Gianturco and Lucchese (green ——) and from Trevisan et al (blue ——)
are also shown where available.
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Figure 4. (a) ICS and (b) MTCS for elastic electron scattering from HCOOH.
The present result (red •), the total cross-section from Kimura et al (orange•), the Gianturco and Lucchese (green ——) and the Trevisan et al (blue ——)
calculations are shown.

3.2. ICS and MTCS

The DCS have been extrapolated to both forward and backward angles in order to calculate the
ICS and the elastic MTCS for each of the eight incident energies. For a strongly polar molecule
such as formic acid, the extrapolation to forward angles is a highly uncertain process. As the
agreement between the present DCS measurements and the theoretical calculations is quite good,
we have used the theoretical values of Gianturco and Lucchese as a guide for the extrapolation
process. The integral and momentum transfer cross-section values are given in table 1 at the foot
of each column. The uncertainty of these values, mainly due to the extrapolation, could be as
large as 30%.

In figure 4, we make a comparison between the values derived from the present DCS
measurement and the computed values from Gianturco and Lucchese [18] and from Trevisan
et al [19] for the monomer (trans conformer). The discrepancies between theory and experiment
which were seen at the DCS level are reflected here. Indeed, in the region of the π∗ resonance, the
MTCS is more than 3 times smaller than the calculated values of Trevisan et al.At higher energies,
the experimental cross-section is appreciably higher than the computed values of Gianturco and
Lucchese for both the ICS and MTCS, due largely to the discrepancies in the DCS at backward
angles.

In figure 4(a), we also compare our present result with the total scattering cross-section
measured by Kimura et al [7] and there is a broad overlap, within the experimental error bars. This
comparison would appear to indicate that inelastic scattering (vibrational, electronic, dissociation
and ionization) is apparently quite small or negligent. This is unlikely, and further studies of
inelastic scattering should be able to shed further light on this issue.
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Figure 5. Absolute DCS for elastic electron scattering from HCOOH for an
incident energy of 15 eV. The experimental measurements are shown at room
temperature (•) and elevated temperature (◦) The Gianturco and Lucchese
calculations for trans (——), cis (· · · · · ·) and dimers (- - - -) are also shown.

3.3. Role of dimers

At room temperature, and for a driving pressure of 0.3 torr, the formic acid beam is estimated
to contain around 20% of dimers. By operating the apparatus (gas lines and the beam-forming
capillary tube) at room temperature, the influence of dimers on the DCS magnitude can be shown.
In figure 5, we compare the values of DCS measurements for an incident energy of 15 eV for both
room and high-temperature operation. At room temperature, DCS is similar at forward angles to
the high-temperature (monomer) measurement, but somewhat higher at backward angles. Using
the calculations of Gianturco and Lucchese as a guide, they indicate a similar DCS magnitude for
the dimer at forward scattering angles, but a much larger dimer cross-section beyond about 60◦.
Thus the trend in the experimental cross-section as a function of temperature is largely consistent
with theory. In principle, we could estimate the absolute DCS for the dimer from these data but in
practice it would be highly uncertain. Indeed, although the gas lines and capillary were operated
at room temperature, the experiment was performed with the needle valve still at ∼70◦C, to
enable stable flow. As a result, it is difficult to estimate the absolute DCS, as measured flow
rates for the dimer could not be used. Future plans involve measurements with the whole system
at room temperature which may enable a more accurate estimate of the flow rates for a mixed
dimer/monomer beam.
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4. Conclusion

The present paper provides the first set of absolute DCS for elastic electron scattering from
formic acid. Data at energies between 1.8 and 50 eV are in reasonably good agreement with the
recent theoretical calculations of Trevisan et al and Gianturco and Lucchese. Measurements of
vibrational excitation, and the role of resonant scattering, are presently under way.
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