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Abstract. Experimental electron-impact ionization cross sections of one of the simplest carboxylic acids,
formic acid, are presented. The molecular target was studied in two independent experimental setups
applying different methods: the total ion collection and the electron–impact mass spectrometry methods.
Experimental data were taken at incident electron energies ranging from ionization threshold [11.31 eV; J.C.
Traeger, Int. J. Mass Spectrom. Ion Process. 66, 271 (1985)] to 76 eV using a total cross section of 4.0 Å2

at 70 eV for the total ion collection method. In the spectrometric method the four main cations COH+,
HCOOH+, COOH+ and CO+ are found to contribute to about 97% of the total ionization cross section.

1 Introduction

Collision of low energy electrons with organic molecules
has been the subject of many studies over the last few
decades. However, comprehensive and reliable sets of cross
section are still very much needed as input data for
physico-chemical models [1].

Formic acid, HCOOH, is the simplest carboxylic acid
that can be found in many biological systems and is one of
the simplest building blocks of biomolecules [2]. It is worth
noting that recent theoretical first-principle molecular
dynamics studies of Kohanoff and Artacho [3] predicted
production of formic acid during radiolysis of water in
low-energy carbon projectile bombardment. Additionally,
formic acid (FA) plays an important role in the atmo-
sphere, where it has an effect on precipitation chemistry
and acidity [4]. Apart of its presence in the Earth’s atmo-
sphere, FA has also been detected in the interstellar
medium (ISM): in dark clouds [5], in the Galactic cen-
ter (GC) [6], in the cometary coma of Hale-Bopp comet
[7], in interstellar ices [8] and in chondritic meteorites [9].
All these discoveries have made the research of the inter-
action of FA with free electrons important from the point
of view of atmospheric physics, astrophysics, astrobiology
and post-irradiation chemistry [10].

Among reports on electron interaction with FA one
finds many experimental studies of dissociative electron
attachment cross sections [11–14], differential and momen-
tum transfer cross sections [15,16] and absolute differential
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elastic and vibrational excitation cross sections [17]. In
order to obtain ionization appearance-potientials, frag-
mentation of FA monomer by electron impact was also
studied by Mariner and Bleakney [18]. There were also
several reports on determination of ionization appearance-
energies using photoionization mass spectrometry method
[19–24].

Furthermore, there are a number of theoretical stud-
ies on FA, including studies on nuclear dynamics of
low-energy electron attachment [25], dissociative electron
attachment using Feshbach resonance theory [26] as well
as studies of resonant behavior using the R-matrix the-
ory [27], calculations of momentum transfer and angular
differential cross sections using fixed-nuclei complex Kohn
variational calculations [28] or the Schwinger multichan-
nel method with pseudopotentials [29]. Further theoretical
studies of differential cross sections for the electron impact
ionization of the outer valence orbitals of FA, applying
the molecular three-body distorted wave (M3DW) approx-
imation [30], in the determination of triple-differential
cross sections for the electron-impact ionization carried
out by the multicenter distorted-wave method [31], have
been made.

From the above perspective it is surprising that for
this important molecule the only available experimen-
tal data on absolute electron ionization cross section are
those of Pilling et al. [32]. Pilling and coworkers studied
ionization and dissociation of cometary gaseous organic
molecules by solar wind particles. However, their absolute
ionization and dissociation cross sections for FA interact-
ing with electrons were measured employing only a few
electron energies (70 eV, 0.5 keV, 1 keV and 2 keV), not
covering the gap for low energy electron impact closer to
threshold. The method applied by Pilling et al. [32], for
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Fig. 1. The scheme of the U-shaped ion collector. The orien-
tation of electron beam is perpendicular to the paper plane.
For further details see references [36,37].

the electron impact experiment, consisted of a continu-
ous electron beam crossed perpendicularly by the gaseous
formic acid target jet. Ionic fragments resulting from the
collisions were analysed by means of a time-of-flight mass
spectrometer, employing a pulsed extraction system.

Electron impact ionization cross sections for FA
were calculated using different theoretical approaches.
Vinodkumar et al. [33] presented theoretical calculations
of the total ionization cross sections for electron impact
on FA using a multicenter group additivity rule for impact
energies of 15–2000 eV. The same group performed cal-
culations employing an Improved Complex Scattering
Potential-ionization contribution (ICSP-ic) to obtain ion-
ization cross sections from total inelastic cross sections for
energies ranging from 10 eV to 5000 eV incorporating the
binary-encounter-Bethe model (BEB) in the same energy
range [34]. Additionally, cross sections for single electron-
impact ionization of FA were calculated using the BEB
model in the energy range from the ionization threshold
of 11.31 eV [19] up to 4000 eV [35]. There the outer valence
Green function (ROVGF) calculations of correlated elec-
tron affinities and ionization potentials were performed,
providing different input parameters for the two BEB
model calculations. For this reason, one can observe the
difference between the BEB model calculations used by
Możejko [35] and Vinodkumar et al. [34].

The purpose of the present work is to provide the cross
sections for electron-impact ionization of FA in an inci-
dent electron energy range, which has not been measured
experimentally for comparison with theoretical models.

2 Experimental methods

We performed measurements of electron-impact ioniza-
tion cross sections using two independent experimental
approaches. These were the total ion collection method
and the variable energy time-of-flight (TOF) spectrome-
try method. The former method measures total ionization
cross-sections whereas the latter method provides rela-
tive partial cross sections. Both these methods will be
described in the following sections.

2.1 The total ionization cross sections

For the total ionization cross section measurement we
adapted an existing apparatus, which was used for obtain-
ing absolute dissociative electron attachment cross sec-
tions [36]. The setup was used in the total ion collection

mode as described previously by Chachereau et al. [37].
Electrons with well defined energy were emitted from a
filament and passed through the trochoidal monochro-
mator, and were focused inside a collision chamber. The
controlling of electron current was ensured by electron
collection on a Faraday cup, which was placed after the
collision chamber. The U-shaped ion collector, in the orig-
inal experiment used as a negative ion repeller, was held at
a slightly negative potential (reaching the maximum ion
collection signal) to ensure collection of positive ions and
repulsion of negative fragments. The U-shaped ion collec-
tor, which surrounded the ionization region, is shown in
the schematic picture (Fig. 1).

The electron monochromator with ionization cell was
housed inside a vacuum chamber with a typical pressure of
around 10−7 mbar. With the target gas flowing, the pres-
sure in the collision region was typically in the range 3
to 6× 10−4 mbar, measured using a MKS baratron model
670 capacitance manometer. The electron beam current
was typically 8–12 nA and the energy resolution of the
electron beam was 200 meV. The electron interaction path
length was 20 mm, which was taken to be the same as the
length of the ion collector in the reaction chamber. During
the course of experiment, the ion currents were recorded as
a function of the incident electron energy. The ion current
at the collector was recorded using a Keithley model 617
programmable electrometer, which then was connected
through a Keithley model 199 system DMM scanner to a
computer unit. The ion current recorded during the course
of experiment was in the pA range.

The absolute TICS, σ(E), can be obtained as

σ(E) =
kBT

p l

Iion
Ielectron

, (1)

where Iion stands for the ion current and Ielectron for the
electron current, kB is the Boltzmann constant, p and
T are the pressure and temperature of the sample gas,
respectively, l is the length of the interaction path.

The stability of the experiment allowed us to produce
data with excellent reproducibility. Before and after mea-
surement of the target gas, several measurements of well
known ionization curves for CO2 and SF6 were performed.
Additionally, a background measurement was regularly
taken to ensure no other impurities were present in the
chamber.

The sample of HCOOH used was from Sigma-Aldrich
and had a stated purity of 95%. Before measurement FA
was purified with repeated freeze-pump-thaw cycles at the
liquid-N2 temperature to remove dissolved air and other
volatile impurities. For reference measurements, commer-
cially supplied samples of CO2 and SF6 were used with
purities of 99.80% and 99.75%, respectively.

The uncertainties in total ionization cross section may
arise from several contributions, both statistical and sys-
tematic. When calculating the overall error for measured
data we included an estimated ±5% uncertainty associ-
ated with ion collection efficiency, a ±2% uncertainty in
the electron beam current measurement, a ±0.5% uncer-
tainty in the calibration of the electrometer used for the
electron beam current measurement, a ±2% uncertainty in
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Table 1. Total cross section for electron impact ionization of formic acid and uncertainty limits in units of 10−20 m2.

Electron energy [eV] TICS Uncertainty Electron energy [eV] TICS Uncertainty

10.67 0.000 ±0.000 44.08 3.38 ±0.51
11.63 0.015 ±0.002 45.00 3.43 ±0.51
12.56 0.051 ±0.008 45.93 3.48 ±0.52
13.43 0.104 ±0.016 46.86 3.52 ±0.53
14.41 0.171 ±0.026 47.78 3.56 ±0.53
15.34 0.251 ±0.038 48.71 3.60 ±0.54
16.27 0.348 ±0.052 49.64 3.64 ±0.55
17.18 0.448 ±0.067 50.57 3.67 ±0.55
18.12 0.562 ±0.084 51.49 3.70 ±0.56
19.05 0.677 ±0.102 52.42 3.74 ±0.56
19.96 0.799 ±0.120 53.35 3.76 ±0.56
20.90 0.918 ±0.138 54.27 3.79 ±0.57
21.83 1.05 ±0.16 55.20 3.81 ±0.57
22.76 1.17 ±0.18 56.13 3.84 ±0.58
23.68 1.30 ±0.20 57.05 3.85 ±0.58
24.61 1.43 ±0.21 57.98 3.87 ±0.58
25.53 1.56 ±0.23 58.91 3.88 ±0.58
26.46 1.68 ±0.25 59.83 3.89 ±0.58
27.39 1.80 ±0.27 60.76 3.91 ±0.59
28.32 1.92 ±0.29 61.69 3.93 ±0.59
29.24 2.04 ±0.31 62.61 3.95 ±0.59
30.17 2.15 ±0.32 63.54 3.96 ±0.59
31.10 2.26 ±0.34 64.47 3.97 ±0.60
32.03 2.36 ±0.35 65.40 3.99 ±0.60
32.95 2.46 ±0.37 66.32 4.01 ±0.60
33.88 2.56 ±0.38 67.25 4.01 ±0.60
34.81 2.65 ±0.40 68.18 4.02 ±0.60
35.73 2.75 ±0.41 69.10 4.02 ±0.60
36.66 2.83 ±0.42 70.03 4.01 ±0.60
37.58 2.91 ±0.44 70.95 4.01 ±0.60
38.51 2.99 ±0.45 71.89 4.01 ±0.60
39.44 3.07 ±0.46 72.81 4.00 ±0.60
40.37 3.14 ±0.47 73.74 3.99 ±0.60
41.30 3.21 ±0.48 74.66 3.99 ±0.60
42.22 3.27 ±0.49 75.59 3.98 ±0.60
43.15 3.32 ±0.50

the ion current measurement, a ±1% uncertainty in the
calibration of the electrometer used for the ion current
measurement, a ±2% uncertainty of the DMM scanner-
digital multimeter and its calibration (±1%), a ±2%
uncertainty in the ion extraction length, a ±2% statis-
tical uncertainty and a ±1% calibration uncertainty in
the pressure measurement. The above errors were added
in quadrature to obtain the final total error. All the
corresponding total errors are presented in Table 1.

2.2 The relative partial ionization cross sections

Present measurements of the relative partial ionization
cross sections were obtained using a part of a complex
CLUster Beam (CLUB) apparatus [38]. In this work, only
the description of the section directly related to the per-
formed experiment is provided; more detailed information
can be found elsewhere [39].

The positive mass spectra of FA were measured using a
RTOF MS: a double stage reflectron system with Willey-
McLaren ion extraction. The sample gas was introduced
into the reaction chamber at pressures between 2 and
5×10−7 mbar. The interaction/extraction region included
two parallel plates (45 mm× 72 mm each) separated by
14 mm, where one (extraction plate) had an exit slit
(3 mm× 10 mm), through which ions entered the time-of-
flight region. A short 300 ns pulse of electrons was sent
through the interaction region while the ion repeller and
extraction plate were on the potential of the chamber.
Subsequently, a 2µs pulse was applied to the repeller and
the extraction plate with an amplitude of −1.5 kV and
+1.5 kV, respectively. The experiment was repeated at a
rate of 5 kHz. Ions were extracted perpendicularly to the
beam and accelerated to the final kinetic energy of 6 kV.
After passing the effective flight path of 0.95 m ions were
detected onto a 4 cm in diameter Photonics MCP detector
in a Chevron configuration.
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Fig. 2. The total ionization cross section of formic acid
molecules. Experimental data: (�) present results, (N) Pilling
et al. [32]; theoretical data: (−·−) using BEB method and (· · ·)
using ICSP-ic method by Vinodkumar et al. [34], (◦) Możejko
[35], (− − −) Vinodkumar et al. [33]. In the top left corner a
schematic of the FA molecule.

Fig. 3. Cross sections for electron-impact ionization of CO2:
(�) this work, (•) literature data from Straub et al. [42]; and
SF6: (�) this work, (N) literature data from Rejoub et al. [43].

The ion signal was measured as a function of two param-
eters: mass/charge ratio and electron energy. Specific mass
spectra and electron energy dependent ion yields were
then extracted from the data obtained in the course of
the experiment.

3 Results and discussion

3.1 Total ionization cross sections

Total electron-impact ionization cross section of FA
molecules using the total ion collection technique was mea-
sured for low to intermediate energies. The results are
presented in Figure 2 and are listed in Table 1. The figure
also shows theoretical predictions available in literature
[33–35]. Additionally, within measured energy range we
are able to include an experimental point of Pilling et al.
[32] at 70 eV.

With the assumption that all excess energy is directed
into ionization channel, the BEB theory provides an
upper-bound TICS. However, as this is not the only avail-
able process during the electron impact, the BEB model
usually overestimates the ionization cross section [40,41].

The BEB calculations from Vinodkumar et al. [34] are
higher than present experimental data at 70 eV by about
10%, whereas the same model with different input parame-
ters used by Możejko [35] provided cross sections higher by
27%. Also, different methods employed by Vinodkumar et
al. [33,34] predict considerably greater values of the TICS.
At 70 eV the Spherical Complex Optical Potential formal-
ism (SCOP) overestimates the TICS by 89%, whereas
the Improved Complex Scattering Potential-ionization
contribution (ICSP-ic) method is greater by 21%.

For incident electron energies in the range of <40 eV,
the present measurements are in best agreement with
the theoretical BEB and ICSP-ic models calculated by
Vinodkumar et al. [34].

The only available experimental data for total electron
impact ionization cross section of FA were provided by
Pilling et al. [32]. For energies ≥0.5 keV their relative
intensities were measured experimentally, whereas for the
70 eV electron-impact cross section they used a scaling
based on the partial ion yield from the NIST data base.
For this incident energy Pilling and coworkers indicate a
total ionization cross section of 5.18 Å2. However, the esti-
mated error of this measurement is quite large at around
30%. Their data point nevertheless agrees within its error
limits with the present work.

As a test of our experiment calibration, our exper-
imental data for CO2 and SF6 were compared with
recommended sets of electron-impact ionization cross sec-
tions of Straub et al. [42] and Rejoub et al. [43], which are
well established. Our recently measured TICS for these
two targets show very good agreement with them over all
the all energy range under study as is shown in Figure 3.

3.2 TOF relative partial and total ionization cross
sections

The mass spectrum of formic acid cations was recorded
at different electron energies, ranging from 11.31 eV to
76 eV. The mass spectrum at an electron impact energy
of 70 eV, together with assignments of the most dominant
mass peaks, is shown in Figure 4. The corresponding rel-
ative abundances of the cation yields for main fragments
are displayed in Table 2. At this incident electron energy
of 70 eV, the most intense peak is of mass 29 amu, which
corresponds to the COH+ fragment i.e., break of the C–
OH bond in FA. On the whole, one can distinguish four
prominent cations from the ionization of FA molecules:
COH+, HCOOH+, COOH+, CO+. These four dominant
fragments contribute together to about 97% of the total
cross section. Figure 5 depicts the total ionization cross
section of formic acid and relative partial ionization cross
sections of seven the most abundant cations. For com-
pletness, the partial ionization cross sections for three less
prominent cations (CO2

+, OH+, O+) were added and pre-
sented as one set of data. The total ionization cross section
was considered as a sum of the partial yields for the main
measured fragments. One could also observe ions with
relative intensity of <0.5% produced from HCOOH by
electron impact. Due to their small contribution to TICS
signal they were omitted in the total ion yield analysis.
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Fig. 4. The mass spectrum of cations of formic acid molecules
recorded at an electron energy of 70 eV, with the relative
assignment of main cationic fragments. Four dominant frag-
ments, COH+, HCOOH+, COOH+, CO+, contribute together
to about 97% of the total cross section.

Table 2. Relative abundances and assignments of main
cations of formic acid molecules at 70 eV.

m/z Cation assignment Relative abundance at 70 eV

46 HCOOH+ 25.2%
45 COOH+ 20.8%
44 CO2

+ 1.6%
29 COH+ 43.1%
28 CO+ 7.6%
17 OH+ 1.2%
16 O+ 0.4%

For comparison, the total ionization cross section
from the total ion collection experiment of formic acid
molecules was also presented in Figure 5. Scaling of the
sum of relative partial ionization cross sections to the total
ion collection ionization signal in the range of incident
energies below 40 eV allows one to obtain the form of the
partial relative cross-sections in the entire range. For ener-
gies >40 eV one can see the increasing difference between
these two ionic signals. At 70 eV the difference reaches
20%. The reason for this can be due to several factors.

The RTOF mass spectrometer is primary used in molec-
ular beam experiment and is placed perpendicular to the
molecular beam axis [38]. To compensate the high kinetic
energies in the molecular beam, the electron beam is tilted
slightly off the central axis of the TOF extraction region
(upstream the molecular beam). When analyzing static
gas as in the present experiment this compensation of the
kinetic energy of the molecules is not needed and using
an off-axis electron beam setting results in the partial
discrimination of the fragment ions.

Moreover, an underestimation of the ionization cross-
section at higher electron energies can be a result of
discrimination against fast ions with high kinetic energy
release or doubly charged ions dissociating by Coulombic
repulsion, as reported by Bull et al. [44]. As these pro-
cesses are more probable with increasing electron energy
and therefore also explain the observed difference between

Fig. 5. (a) (�) The total ionization cross section of formic
acid molecules derived from the partial ionization cross sec-
tions of the (⊗) COH+, (O) HCOOH+, (�) COOH+, (M) CO+

and (◦) CO2
++ OH++ O+ cations obtained at 70 eV; (b) the

total ionization cross section (�) from the total ion collection
experiment (Sect. 2.1).

total and partial cross section measurements. Other pos-
sible contributions to the observed difference could be
the loss of some fragments in the reflectron mirror. This
is common as the voltage of the last grid of the mirror
required for optimal compensation for the initial kinetic
energies of the fragments is often lower than required for
total ion reflection. This way low mass fragments or high
kinetic energy fragments may be lost and not detected,
depending on the setting of the last grid voltage. Both
types of fragments are primary formed at higher energies
of incident electrons and this could explain the observed
difference.

4 Conclusions

Absolute total cross sections for electron impact ionization
of formic acid molecule, HCOOH, have been measured
at impact energies from threshold of 11.31 eV to 76 eV.
Two independent complementary instruments were used.
First, are based on a total ion collection technique and
second are using the electron impact mass spectroscopy
method. The latter provided evidence for the production
of dominating cations COH+, HCOOH+, COOH+, CO+,
CO2

+, OH+ and O+ from electron-impact ionization of
HCOOH.

This work provides very useful experimental data for
an important, simple organic molecule in the incident
electron energy range that had not been covered exper-
imentally before. The previously published experimental
point for an electron-impact ionization cross section of
HCOOH (Pilling et al. [32]) is somewhat higher than the
present results, but agrees within experimental errors. Our
total cross sections for CO2 and SF6, used as a reference,
are found to be in excellent agreement with the previous
measurements available in literature, and serves as a good
check of performance of the present experiment.

Additionally, when the present experimental data were
compared to available theoretical calculations, it was
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shown that the theoretical models tend to overestimate
the total electron-impact ionization cross section for
formic acid.
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