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Abstract. The grand-total cross sections (TCSs) for electron scattering from a range of molecules, mea-
sured over the period 2009-2019 in various laboratories, with the use of different electron transmission
systems, are reviewed. Where necessary, the presented TCS data are also compared to earlier results.
Collection of investigated molecular targets (biomolecules, biofuels, molecules of technological application,
hydrocarbons) reflects their current interest in biology, medicine, ecology and industry. Most of measure-
ments covered the energy range from about 1eV to some hundreds of eV, with a few exceptions extending
those limits down to near thermal or up to almost high impact energies. The importance of reliable TCS
data in the field of electron-scattering physics is emphasized. Problems encountered in TCS experiments

are also specified.

1 Introduction

Over 120 years after electron discovery by Thomson [1],
more than 110 years after the first electron collision
experiments of Lenard [2] and Franck-Hertz [3], almost
100 years from pioneering electron scattering experi-
ments performed by Ramsauer [4] and over 45 years
after identification of electron resonances in electron-
atom and electron-molecule collisions by Schulz [5], accu-
rate new experimental data on electron interactions with
matter are still crucial and desired for understanding
a wide variety of natural and technological processes
occurring and carried on in complex environments. One
of the examples is Rosetta mission in which glycine
molecules have been discovered in the coma of the comet
67P /Churymov-Gerasimenko [6]. Measured with ROSINA
(Rosetta Orbiter Spectrometer for Ton and Neutral Analy-
sis) mass spectrometer relative abundances of glycine have
been evaluated using theoretical electron-impact ioniza-
tion cross section while sensitivity of mass spectrometer
has been tested using electron scattering cross section data
for noble gases [6,7]. The important role of low energy elec-
trons (LEEs) in such extreme astrochemical and astro-
biological environments has also been demonstrated in
many experiments performed in laboratories [8,9]. It has
been shown that irradiation of ammonia and acetic acid
mixture condensed at 25K by LEEs leads to a chemical
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reaction in which glycine is created [10]. Recently, the for-
mation of that simple amino acid building block of pro-
teins has been also observed in CO5:CH,4:NHj3 ices irra-
diated by 0-70eV electrons in mass selected tempera-
ture programmed desorption [11]. For the interpretation
of experiments carried out in complex condensed environ-
ment the electron scattering data at the molecular level
are very helpful [12].

The knowledge of the efficiency of electron interac-
tions with biomolecules is very crucial for description and
modeling of ionizing radiation damage to living cells and
biomolecules radiolysis. After the discovery that the sec-
ondary electrons of low energy can be involved in DNA
double and single strand brakes [13-15] the complete data
sets of reliable cross sections for electron scattering from
biomolecular subunits and analogs are needed and contin-
uously updated [16-18]. Such data are also necessary for
the ionizing radiation modeling via Monte Carlo simula-
tions [19,20]. Unfortunately, the required collisional data
are limited as yet [17,21]. What more, significant discrep-
ancies between available experimental results still exist,
even for quite simple molecular targets like water molecule
[22-24].

Accurate experimental data concerning electron inter-
actions are also important for the description of many
phenomena occurring in plasma physics and gaseous elec-
tronics [25,26], including modeling of processes in cometary
and planetary atmospheres [27-29]; they are also of great
importance for modern technologies including focused elec-
tron beam induced deposition (FEBID) [30,31]. More
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details on the present status of electron collision physics
including preview of electron collisions theory, electron-
molecule interactions, ionization and dissociative elec-
tron attachment studies with the summary of the future
challenges can be found in one of the road maps on photonic,
electronic and atomic collision physics [32].

Since almost the first data collections from pioneering
investigations on electron scattering phenomena [33,34] a
lot of review papers on experimental and theoretical studies
devoted to electron collisions with atoms and molecules have
been published [35—46], just quote a few representative.

The aim of this paper is to review the grand-total cross
section (TCS) energy dependences for electron scattering
from molecular targets obtained by various experimen-
tal groups during the period 2009-2019. Where necessary,
earlier TCS data are also included to compare with the
new results. The described TCS data sets cover the inter-
val of electron impact energy from 0.04eV to 4500eV.
TCS values are presented in 1072° m? units.

For the purpose of this review, only some remarks on
the grand-total electron-scattering cross section quantity
and the arguments for its measuring are given. The idea
of electron-transmission method, mostly used in absolute
TCS experiments, is then shortly presented; main factors
which can influence the accuracy of the measured TCSs
are specified and discussed. Description of experimental
techniques used for the TCS determination in various
laboratories (listed in Tab. 1) is not the purpose of the
present work. Details on the principles and techniques of
the transmission method can be found in comprehensive
papers written by Bederson and Kieffer [35], Kennerly and
Bonham [47], Trajmar and Register [48], Ma et al. [49] and
Brunger [50] and/or in the original papers cited in Table 1.

Theoretical studies on the electron-molecule scatter-
ing are not presented and discussed here. Comprehensive
reviews with data compilations and description of theoret-
ical methods and computational procedures, which can be
utilized in cross section calculations (including TCS com-
putations), can be found elsewhere (e.g. [38,51-53] and
references therein).

The review and tables of experimental cross sections for
electron scattering from atoms and molecules, including
total cross sections collected up to 2011, have been pre-
sented by Raju [54]. Electron-molecule total cross section
collection up to the beginning of the XXI century can be
found also in [55].

2 Grand-total cross-section, TCS

The grand-total cross section (TCS) for projectile scat-
tering from a target is the sum of the integral cross sec-
tions (ICSs) for all projectile-target interaction processes
accessible at a given impact energy. Due to its summary
nature, the TCS is only a measure of the probability
that projectile-target interaction of any type occurs, with-
out information on the contribution of specific scattering
events.

The exemplary contribution of integral cross sections
for particular collisional processes to the grand-total
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cross section is illustrated in Figure 1 (log-log) in which
the recommended grand-total cross section for electron
collisions with CF4 molecule is depicted together with
recommended or suggested cross sections for particular
scattering channels like elastic scattering, electron-impact
dissociation and ionization, electron attachment, and
vibrational excitation [45].

The subtle structures visible in the energy dependence
of cross sections for particular scattering channels are in
the TCS energy function apparently smoothed out or even
imperceptible. Therefore, to explain TCS variation with
impact energy, especially the origin of its spectacular fea-
tures, complementary results concerning various scatter-
ing processes are indispensable. On the other hand, the
appearance of any features in the TCS energy curve indi-
cates the energy region which may be worth of further,
more detailed investigations.

Nevertheless, in spite of a low position in the ranking
of different cross sections, the TCS data alone also give
valuable information on the scattering phenomena. An
advantage of TCS over the variety of measurables describ-
ing the scattering process is the fact that TCS can be
measured in absolute scale over wide energy range; all
quantities necessary to determine the TCS can be mea-
sured or directly estimated in experiment and therefore
TCS values can be obtained without any normalization
procedure.

Furthermore, among cross sections, the TCS is consid-
ered to be one of the most accurate; declared overall exper-
imental uncertainties of reported TCS data are usually
lower than 10%. That is why the experimental TCS may
serve as one of the ranges of experimental quantitative
tests of the reliability of theoretical models and computa-
tional procedures. As the sum of all integral cross sections,
TCS represents the upper limit for any partial scatter-
ing cross section and therefore can be employed to check
the consistency of compiled data sets. Reliable absolute
TCS data may be used for rough but reasonable estima-
tions of partial cross sections for targets for which such
data are not available due to experimental and/or com-
putational difficulties. They may be also utilized for the
normalization of scattering intensities obtained in arbi-
trary units. Moreover, due to its accuracy, the TCS can be
helpful in comparative studies. Comparison of TCS mag-
nitudes and energy dependences for selected sequences of
targets can reveal some regularities in the TCS behavior
when going across the target series and give an insight
into the role of molecular characteristics in the scattering
dynamics. Any established TCS correlations with target
parameters (e.g. the number of target electrons, an electric
polarizability, a permanent electric dipole moment, the
target structure and/or its geometry) can be utilized for
the derivation of relevant semi-empirical formula, which
in turn can be used in the cross section estimation for
those targets for which electron-scattering data are still
lacking.

Table 1 lists the laboratories in which the electron-
scattering grand-total cross sections for molecular targets
have been measured during the period of years from 2009
to 2019. Table specifies also targets which were investi-
gated in these laboratories.


https://www.epjd.epj.org
http://mostwiedzy.pl

A\ MOST

Eur. Phys. J. D (2020) 74: 90

Page 3 of 20

Table 1. Laboratories active in TCS measurements during the period 2009-2019 (in alphabetical order).

Laboratory

Molecular targets, and references in the text

Baylor University,
Waco, USA
Gdarisk University
of Technology,
Gdarnisk, Poland

Institute of Technology,
Tokyo, Japan

Instituto de Matemaéticas
y Fisica Fundamental,
(CSIC), Madrid, Spain

CoHy (ethylene), CsHg (propene), C4Hs (butene), C4Hg (1,3-butadiene) [144];
C2H, (acetylene), CsHy (propyne) [145]

HCOOH (formic acid) [86]; C4sH4O (furan) [87]; CsH3sNO (isoxazole) [90];
CsHsN (pyridine) [107]; CsH100O (tetrahydropyran) [111];

(CHs)2CO (acetaldehyde) [116]; (CF3)2CO (hexafluoroacetone) [117];
X(CH3)4 (X:C,SLGG) [126], SHCI4 [127],

C4Hs (1-butene, 2-methylpropene) [136]; CsHio (1-pentene) [138];

CsHio (2-methyl—2-butene), CsHiz (2,3-dimethyl-2-butene) [137];

CoH, (acetylene), C4Hg (1-butyne) [139]; C4Hg (1,2-butadiene) [141];
CsHg (2-methyl-1-buten—3-yne) [142]; CsHg (2-methyl-1,3-butadiene) [143]
Ns (nitrogen) [62]; O2 (oxygen) [71]

N (nitrogen) [63]; CH2Cly (dichloromethane) [124]

C4H4S (thiophene) [88]; CsH4O2 (furfural) [89]; C4HsO (tetrahydrofuran) [94];
CeHg (benzene) [98]; C¢HsOH (phenol) [103];

CsHsN (pyridine) [105,106]; C4H4Ny (pyrimidine) [109]; C4H4N2 (pyrazine) [110];

CeH4O2 (para-benzoquinone) [112]; C4H3F7O (sevoflurane) [113]

Nat. Acad. of Sciences,
Uzhgorod, Ukraine
Phys.-Tech. Bundesanst.
Braunschweig, Germany
Sophia University,
Tokyo, Japan

Univ. College London,
London, UK
Universidade Federal
Juiz de Fora, Brazil

CeH1206 (fructose) [97]

H,O (water vapor) [79]

C4HsO (tetrahydrofuran) [91]; C4H4O2 (pyrimidine) [108]

CeH5CF3 (benzotrifluoride) [56]

CH3OH (methanol), CoH5OH (ethanol) [118];
C3H7OH (1-propanol) [119]; C4sHyOH (1-butanol) [120]
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Fig. 1. Comparison of recommended grand-total cross section
for electron scattering from CF4 molecules with recommended
and/or suggested integral cross sections for selected processes
[45].

2.1 Principles of electron transmission method

The experimental TCS data for electron scattering from
molecules, presented in this short review, have been
obtained in various experiments employing a transmission
method. The idea of the transmission method is based on
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Fig. 2. The schematic of the electron transmission method.

the measurements of the attenuation of a projectile beam
passing through the medium under study. A schematic of
the electron transmission method is illustrated in Figure 2.

The grand-total cross section, Q(FE), for the scattering
of projectile particles of given energy E from target parti-
cles, is related to the attenuation of the transmitted beam
intensity through the Bouguer-Beer-Lambert (BBL)
formula:

I;(E) = Iy (E) exp[-

where: I;(E) and Iy(F) are the intensities of the projectile
beam traversing the reaction cell taken with and with-
out the target in the cell, respectively; n is the number
density of the target, determined from the measurements
of the gas/vapor target pressure and temperatures of the

Q(E)nL],
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scattering cell and manometer head; L stands for a path
length of projectiles in the target volume.

The experimental systems used for the determina-
tion of the grand-total cross sections for electron scat-
tering from atoms and molecules contain a source of
electrons (thermionic filament, threshold-photoelectron,
radioisotope) followed with an array of electron optics
units forming electrostatic and/or magnetic fields for the
controlling and guiding the beam of primary electrons.
The collimated electron beam of given energy FE is directed
into the reaction cell filled with the gaseous or vapor sam-
ple under investigation. The target density, n, should be
low enough to prevent multiple electron scattering events.
Well defined impact energy and a narrow energy width of
the electron beam are especially important at very low
and low energies where some sharp structures in TCS
may appear. Because the beam of electrons travelling a
distance between an entrance and exit apertures of the
scattering cell should remain well collimated, to fulfill
this requirement, in some experiments the axial magnetic
field is applied in the region of reaction cell. Those elec-
trons which leave the cell through the exit aperture pass
the system of the energy discriminating fields and even-
tually are collected in the electron detector. The solid
angle subtended by the detector should be close to zero,
though ensuring reasonable efficiency of the detection. All
elements of the electron optics are housed in a vacuum
chamber evacuated to a base pressure of about 0.1 uPa or
better.

In majority of reported electron transmission experi-
ments the quantities necessary for TCS derivation are
taken directly (or determined using other measurables)
and cross section values are given in absolute units, with-
out any normalization procedure. When some quantity is
difficult to determine (like the electron path length, L,
across the scattering medium or the target pressure, (p),
a normalization procedure is applied to put TCS values
on absolute scale [56] or TCS is given in arbitrary units
only.

2.1.1 Experimental problems encountered in the
electron-scattering TCS measurements

The conceptually simple problem of the TCS determina-
tion through converting a few measured physical quan-
tities according to the BBL formula becomes a quite
difficult task when one wishes to fulfill all foundations of
the transmission method. Because the conditions under
which the BBL formula is valid are not strictly fulfilled
in the real electron-transmission experiments, the mea-
sured TCS data usually systematically differ from the true
TCSs [35]. Furthermore, there are many factors which
influence the accuracy of measurables in particular trans-
mission experiment. In consequence, distinct divergences
among TCSs measured in different laboratories, which
often exceed the common declared uncertainties, are vis-
ible. Some effects, which may distort the measured TCS
are ever present in the transmission experiments; they are
quite well identified and corresponding uncertainties can
be usually reasonably estimated. More troublesome and
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difficult to recognize can be those factors which are asso-
ciated with a specific experimental system.

A common source of the TCS uncertainty in all the
electron-transmission experiments is the inevitable effu-
sion of the target particles across orifices, through which
electrons enter and leave the reaction cell. The effusion of
target particles leads to inhomogeneous target distribu-
tion in the cell. At the same time, the presence of target
particles just outside the cell (in the surrounding of ori-
fices) elongates the effective path over which a notable
number of scattering events may occur. In effect, the
extension of the electron path length in the target can
compensate, to a certain degree, the density drops near
orifices. To consider this end effect in detail, the factor
n L in the BBL formula should be replaced with the inte-

gral [ ab dzn(z), where a and b delimit the electron path-
way over which the target density n(z) is high enough
to influence the electron current intensity, I(E). Calcula-
tions (see e.g. Ref. [57]) show that, for typical geometries
of the reaction cell and the target pressures used, the end
effect may distort the measured TCS up to some percent.
It is also worth to note, that the target particles, which
escaped from the cell into the electron optics volume (espe-
cially into the electron gun region) can alter the primary
electron beam and, in consequence, influence the measured
cross section. To reduce that effect, especially troublesome
in the case of reactive targets, in some experimental systems
the differential pumping of the electron optics volume and
the surrounding of the reaction cell is applied.

More prominent contribution to the overall system-
atic uncertainty of TCS obtained using the transmission
method comes from a finite angular discrimination against
the electrons, which leave the scattering region through
the exit orifice; the electron detector system does not dis-
tinguish electrons scattered into small forward angles from
those not scattered. That forward-angle scattering effect
is a common trouble in electron-transmission experiments;
it leads to an overestimation of the measured transmitted
electron intensity, I,(F), and hence to systematic lower-
ing of the measured TCS with respect to its true value.
The angular resolution problem is also related to multiple
scattering and the scattering occurring in the neighbor-
hood of scattering cell orifices. Application of energy dis-
criminating systems, located between the scattering cell
exit and the entrance to the electron detector, reduces
only the number of inelastically scattered electrons which
emerge from the reaction cell and might be accepted by
the detector. Studies of Sullivan et al. [58] show that even
small changes in the degree of the forward-angle discrim-
ination can permanently distort the shape of the TCS
energy dependence, especially at the low impact ener-
gies. Recent experiment of Kadokura et al. [79] disclosed
also considerable influence of an acceptance angle of the
electron detector on the magnitude of the measured low-
energy TCS, particularly considerable for polar targets.
One can roughly estimate the portion by which the mea-
sured TCS might be lowered due to inability to discrim-
inate between unscattered electrons and those scattered
at small angles in the forward direction. In that case,
the obtained TCS values can be corrected for this effect.
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For the correction, the absolute differential cross sections
(DCSs) measured or calculated over the energies for which
the TCS is determined and the geometry of the scattering
and detection regions are indispensable. As such evalu-
ations are rather uncertain or due to lack of appropri-
ate DCS data are not possible, the reported experimental
TCSs are usually not corrected for the forward-angle scat-
tering effect.

Because the temperature of the reaction cell — mea-
sured in the course of the experiment — usually differs
from the temperature of the manometer head, the pres-
sure gauge readings differ from the actual target pressure.
To correct for this thermomolecular pressure difference
(thermal transpiration effect) various empirical formulas
(e.g. [69-61]) are applied.

In the course of long-lasting experiments, the growing
deposition of the target molecules on the electron optics
elements may lead to the shift in the contact potentials
and a drift in the energy scale. That becomes especially
troublesome at low impact energies where sharp features
in the TCS energy curve may appear and even a small
drift in energy (~0.1eV) may cause the distinct flattening
and broadening of these features and, in consequence, the
loss of important information.

When the target of interest is the liquid with very low
vapor pressure at room temperature, for the stabilization of
vapor conditions in the reaction cell along time is necessary,
that is why the TCS uncertainty related to the difficulties
in the vapor-target pressure measurement may arise.

The problems enumerated above are only the main and
typical factors which can influence the accuracy of TCSs
measured in the electron transmission experiments. More
detailed description of error sources specific for various
TCS experiments can be found in the original papers cited
in the present review.

3 Experimental TCS data

In this section are presented the experimental electron-
scattering grand-total cross sections for electron scatter-
ing from molecular targets obtained during the period
2009-2019 in the laboratories listed in Table 1. When
justified, earlier TCS data are also presented to show
differences in results obtained with various transmission
techniques employed. Comparisons are also made to illus-
trate some trends visible in the TCS energy dependences
when going across the target series.

3.1 Nitrogen [N2] and oxygen [O2]

Molecular nitrogen and oxygen, two main constituents
of the Earth atmosphere, are amongst the targets
which were very intensively investigated in the electron-
scattering experiments. The most up-to-date measure-
ments of electron-scattering absolute TCSs for the Ny
molecule have been carried out by Kitajima et al. [62]
and Lozano et al. [63], while those for Oy were reported
very recently by Okumura et al. [71]. Experiments of
Kitajima et al. and Okumura et al. have been performed
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with an electron beam of very narrow energy width,
using the threshold-photoelectron source. Lozano et al.
exploited set up with a magnetically confined electron-
beam [63].

Figure 3 shows electron-scattering TCS energy depen-
dence measured for Ny by Kitajima et al. [62] in the energy
range from 5 meV to 20 eV with an electron beam of 9meV
energy width together with recent results of Lozano et al.
[63] above 1eV. Below 100eV, for comparison depicted
are also experimental TCS data obtained earlier by sev-
eral groups [64-70]. In the inset, TCS results in the region
of the 2.3eV N3 (%I1,) shape resonance are shown. Due to
the high-energy resolution of Kitajima et al. experiment,
the location of the TCS resonant structures around 2.3 eV
and 11.5eV has been established with a good accuracy.
It is worth noting, that peak positions in the 2.3eV TCS
resonant structure are often used for the calibration of the
absolute energy scale of the incident electrons, therefore
their precise energy location is of great importance for
electron-scattering experiments. Accurate TCS values for
Ny are also useful to evaluate the reliability of novel TCS
experimental setup. At very low electron-impact energies,
the recent TCS findings of Kitajima et al. are consistently
lower than those reported earlier by Hoffmann et al. [70],
measured also with very high energy resolution.

Figure 4 presents the absolute TCSs for electron scat-
tering from O5 molecules in the energy range from 16 meV
to 20 eV measured by Okumura et al. [71], with an electron
energy width of 7meV.

For comparison, in Figure 4 included are previous TCS
results measured in other laboratories [69,72-78]. Dis-
tinct disaccord in the magnitude of TCSs obtained by
different experimental groups is visible for impact ener-
gies beyond 1eV. Inset shows the experimental TCS data
for the electron—Os scattering below 1eV, in the range of
low-energy resonances. It is evident that, with respect to
the magnitude and energy position of TCS peaks, related
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to the O3 (2Hg) resonant states, very low-energy results of
Okumura et al. [71] are consistent with those of Buckman
et al. [78], collected earlier using time-of-flight technique
of 2-10 meV energy resolution.

3.2 Water [H20]

Interactions between electrons and water molecules are of
continuous interest over the years because electron-induced
processes in the media comprising water are of funda-
mental importance to understand life on the Earth and
processes occurring in planetary atmospheres and interstel-
lar medium. The knowledge of the efficiency of electron-
water molecule interactions is also crucial for description
and modeling of ionizing radiation damage to living cells and
biomolecule radiolysis. For that purpose, the complete set
of cross sections for particular collisional processes, includ-
ing TCS data, for electron scattering from HsO in different
phases are needed and continuously updated [20,22]. Unfor-
tunately, significant discrepancies between experimental
results still exist [23,24]; they are especially distinct in the
low energy region.

Very recently, Kadokura et al. [79] measured TCS in
the energy range 3-300 eV, using a high-angular resolution
experimental system.

Figure 5 shows their TCS results together with some
selected previous TCS data [24,67,80-84] obtained in
experiments using electron beams with a poorer angu-
lar discrimination. At energies below 8eV, TCS values of
Kadokura et al. are distinctly higher, by 10-100%, than
all previous measurements. Such discrepancy may suggest
the need of high-angular discrimination measurements in
a low-energy region, especially for polar targets. Above
8 eV, results of Kadokura et al. are in very good agreement
with earlier measurements of Szmytkowski and Mozejko
[24], while above 70-80¢eV they also agree well with other
TCS data presented in Figure 5.
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Fig. 6. Experimental grand-total cross section for electron
scattering from formic acid (HCOOH): m [85]; @ [70]; ® [86].

3.3 Formic acid [HCOOH]

Formic acid is one of the simplest bioorganic molecule.
This compound is an important intermediate in chemi-
cal synthesis and is used as a preservative and antibac-
terial agent. It is also considered for potential fuel cell
applications. Formate group, -COOH, is a component of
more complex biomolecules, including amino acids. Fur-
thermore, formic acid is expected to play a key role in the
interstellar formation of bigger biomolecules as acetic acid
and glycine.

Figure 6 shows the absolute TCSs measured by Mozejko
et al. [86] with apparatus in which only electrostatic fields
were employed for controlling the electron beam. For com-
parison included are previous normalized TCS results
for electron scattering from HCOOH molecule derived
by Kimura et al. [85] using RP-TOF technique. Both
TCS energy curves are similar with respect to the shape:
over all energy range investigated, the TCS for HCOOH
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Fig. 7. Comparison of experimental grand-total cross sections
for electron scattering from selected five-membered heterocy-
cles: furan (C4H40) O [87]; thiophene (C4H4S) A [88]; furfural
(CsH402) v [89] and isoxazole (CsH3sNO) @ [90].

systematically decreases with the energy increase. Such
behavior of TCS energy function is associated with dipo-
lar nature of the HCOOH molecule (upcoon = 1.4D). At
low impact energies, around 1.7eV and 7.8 eV, resonant-
like structures are visible in both TCS curves. There are,
however, distinct differences in the magnitude of compared
TCSs: between 1 and 3 eV results of Kimura et al. exceed
those of Mozejko et al., while at higher energies that rela-
tion reverses; only below 1 eV both experimental results are
in very good accord. For the completeness, very low-energy
TCSs of Hoffmann et al. [70], measured using the threshold-
photoelectron source, are depicted in the inset; noticeable is
a sharp TCS increase towards thermal energies.

3.4 Five-membered ring heterocycles

3.4.1 Furan [C4H40], thiophene [C4H4S], furfural
[C5H405], and isoxazole [C3H3NO]

Figure 7 shows TCS energy dependences obtained in
electron-transmission experiments for a class of five-
membered ring heterocyclic organic compounds.

Furan [C4H40] is the organic compound containing four
carbon atoms and one oxygen atom as a part of the five-
membered ring. It may serve as a prototype of furanose-
form building block of biomolecules. Electron-scattering
grand-total cross section for furan molecule, depicted in
Figure 7, was measured by Szmytkowski et al. [87] from
0.6 to 400eV. The TCS energy curve is dominated with
very broad enhancement; on its low-energy side, distinct
resonant structures are superimposed.

Thiophene molecule [C4H4S] has the furanose struc-
ture, however, an oxygen atom in the aromatic ring is
replaced with a sulfur. Thiophene and its derivatives are
widely used as building blocks in many agrochemicals and
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pharmaceuticals. Experimental electron-scattering TCS
for thiophene was derived by Lozano et al. [88] from the
attenuation of the magnetically confined electron beam
in the target vapor. Both furan and thiophene molecules
are weakly polar (ffuran = 0.66D; fithiophene = 0.55D),
while thiophene has distinctly higher dipole polarizabil-
ity (uran = 7.2 x 1073%m?; atniophene = 9.7 x 10730 m?).
According to the shape, the TCS curve for thiophene
(see Fig. 7) closely resembles that of furan, while both
TCSs distinctly differ with respect to the magnitude.
The TCS values for thiophene exceed those for furan by
about 20-50%, and this increase can be explained with the
larger molecular size of the thiophene molecule; the size of
molecule can be related to the gas-kinetic collisional cross
section (ogx) which can be evaluated based on the van der
Waals constant b.

Furfural [C5H4034] is a heterocyclic compound like its
parent molecule, furan, where the hydrogen at position 2
is substituted by a functional formyl [FCHO] group. This
compound is important as a substitute for petrochemical,
agricultural, and pharmaceutical industries. It is consid-
ered as deoxyribose analogue — the sugar in the DNA back-
bone. Due to its highly asymmetric structure, the furfural
molecule has a strong permanent electric dipole moment
(tturtural = 3.54 D); the electric dipole polarizability of fur-
fural (Qgurural = 9-9x1073% m?) is also relatively high. TCS
for electron scattering from furfural molecule was mea-
sured by Dubuis et al. [89] using an electrostatic exper-
imental system, at the impact energies ranging from 10
to 1000eV. Above 80eV (see Fig. 7) the TCS for furfural
is considerably higher than that for furan and thiophene;
as one would expect due to larger gas-kinetic collisional
cross section of furfural molecule. Somewhat intriguing is
the fact, that over the energy range within 10 and 80eV
the TCS values for furfural lie in between those of its
structural counterparts, furan and thiophene: TCSfypan) <
TCS(furfural) < TCS(thiophene)'

Isozazole [C3H3NO] is a heterocyclic compound with
a five-membered ring containing three carbon atoms and
an oxygen atom next to the nitrogen. Isoxazole ring
is a common structural fragment in biologically active
molecules, it occurs in some natural products and mar-
keted drugs. Due to its structural asymmetry, isoxazole
molecule possesses a quite large electric dipole moment
(Lisoxazole = 2.95D). In Figure 7 electron-scattering TCS
for isoxazole molecule, measured by Mozejko et al. [90],
is compared with other 5-membered ring compounds. At
impact energies higher than 6eV the TCS wvalues for
isoxazole closely follow those for furan. However, in the
contrast to the furan and thiophene TCS energy curves —
which have the distinct enhancement with the maximum
near 8eV, the TCS energy function for isoxazole generally
increases towards lower energies. Such TCS behavior can
be explained in terms of much higher dipole moment of
isoxazole molecule. It is worth to notice, that below 8 eV
the TCS energy function for isoxazole reveals some fea-
tures similar to those visible in TCS curves for furan and
thiophene.


https://www.epjd.epj.org
http://mostwiedzy.pl

A\ MOST

Page 8 of 20

T Ty 3
70F ® Baeketal[91] -

F Tv‘“ A Zecca etal [92]

X T v % ® Mozejko etal [93] 1
<60 | v v Fussetal[94] 4
E I EEE 'w?v' v Mozejko etal [96] ]
o5 b E . ]
% ° V.

o 3 .q v,
A i, Yv' 7]
3t ada, =
) [ A A, L vv
fob 4 % :
S [ § v
S i"v E
= w;

10 4, e, v, = tetrahydrofuran (C H,0) V-v. ]

E v o-tetrahydrofurfuryl alcohol (C H,,0,) e vy ]

o b PPN | PPN | PP | A L2

1 10 100 1000

Electron energy (eV)
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® [93]; v [94]; m [91]. THFA: v [96].

3.4.2 Tetrahydrofuran (C4HgO) and a-tetrahydrofurfuryl
alcohol [C5H1002]

Tetrahydrofuran (THF) heterocyclic molecule, with one
oxygen atom in the ring, has been the subject of more
electron scattering studies than any other 5-member ring
compounds. It is due, in part, to the fact that THF has a
structure similar to that of 2-deoxyribose, a sugar in the
DNA backbone, and therefore is considered as its simple
molecular analogue. THF is commonly used as a solvent
and intermediate in the chemical industry.

a-tetrahydrofurfuryl alcohol (THFA) consists of a
tetrahydrofuran ring substituted in the position 2 with
a hydroxymethyl [CHyOH] group. THFA is used in agri-
culture, manufacture of advanced electronics, and as a
chemical intermediate in pharmaceutical industry. It is
also being considered for use as an additive in fuels. THFA
can be also treated as a close analogue of deoxyribose unit
in the DNA.

Total cross section for electron scattering from THF has
been measured recently by Baek et al. [91], from 6 to 1000
eV. Their results are shown in Figure 8 together with ear-
lier experimental TCS data of Zecca et al. [92] obtained in
energy range from 2 to 21 eV, Mozejko et al. [93] measured
between 1 and 370eV, and Fuss et al. [94] taken within
50-5000eV. Experimental systems used by Baek et al. and
Mozejko et al. are free of magnetic field, while Zecca et al.
and Fuss et al. employed magnetic fields in their electron
spectrometers.

Figure 8 shows that while the energy dependence of all
depicted TCSs for THF molecule is quite similar, differ-
ences in the magnitudes are appreciable. In the region of
the main TCS maximum, between 6 and 12eV, recent
results of Baek et al. lie about 10% above earlier data
of Mozejko et al. while between 30 and 50eV a relation
of both curves reverses. The magnitude of TCS obtained
by Zecca et al. is systematically much lower than that of
Mozejko et al. and Baek et al., across the common energy

Eur. Phys. J. D (2020) 74: 90

L] M L] M L] M L] M L] M L] M L] M L]
°
3 ‘ fructose (C H,,0,) 4
06 |- .\ E
E
L °
c \
Ke] ®
° °
8 04 - ° -
b »
o
2 '
3 ']
2
o \
© o 1
° o0
=02 \-\F.Q-u“"”'“'-"-"'
i —@— Chernyshova et al [97]
0.0 i 1 i 1 i 1 i 1 i 1 i 1 i 1 i 1 i
0 1 2 3 4 5 6 7 8 9

Electron energy [eV]

Fig. 9. Experimental grand-total cross section for electron
scattering from fructose (CeH120s): ® [97].

range. It is probably due to high energy dispersion of elec-
tron beam in the Trento experiment.

For comparison, in Figure 8 TCS results for THFA
molecule measured by Mozejko et al. [96] are also included.
Figure 8 reveals that with respect to the shape, TCS
energy function for a-tetrahydrofurfuryl alcohol looks sim-
ilar to that for tetrahydrofuran. Due to the presence of
hydroxymethyl group in THFA compound, TCS values for
THFA are distinctly higher than those for THF molecule
over the whole energy range investigated.

3.4.3 Fructose [CgH120¢]

In Figure 9 depicted is TCS for the electron scat-
tering from fructose molecules over collisional energies
ranging from about 0.3 to 8.5eV. The experiment was
performed by Chernyshova et al. [97] using hypocycloidal
spectrometer.

Measured cross section was reported in arbitrary units
only due to inability to estimate of the fructose vapor pres-
sure in the reaction cell. Below 1eV, the TCS energy curve
rises very sharply towards the lowest energies applied. Two
weak resonant-like structures in the TCS curve are dis-
cernible around 3 and 5eV, respectively.

3.5 Six-membered ring heterocycles

In this section we present electron-scattering grand-total
cross sections measured recently for benzene and hetero-
cyclic compounds structurally related to benzene with one
or two carbon atoms in the ring replaced by a nitrogen or
oxygen atom. Experimental TCS energy dependences for
benzene derivatives in which a hydrogen atom in position
2 is substituted by a functional group (OH, CH3 or CF3)
are also included.

Benzene-derived units occur in many compounds of
biological importance. They are used as precursors to
agrochemicals and pharmaceuticals and as reagents and
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Fig. 10. Experimental grand-total cross section for electron
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solvents. To reduce the amounts of these compounds,
released in technological processes to the environment,
some technologies are proposed in which the electron-
scattering data are essential for modeling processes to
remove these compounds from the waste stream.

3.5.1 Benzene and its mono-substituted derivatives: phenol
[Ce¢H5O0H], toluene [C¢H5CHs] and trifluoromethyl-benzene
[CeH5CF3]

Figure 10 shows total cross section for electron scattering
from the benzene molecule measured recently by Costa
et al. [98] over wide energy range: from 1 to 200eV,
using magnetically confined electron transmission beam
(MCEB); and from 100 to 1000 eV with the linear electro-
static transmission beam system (LTB). For comparison
pioneering results of Holst and Holtsmark [99], and those
more modern of Mozejko et al. [100], Gulley et al. [101] and
Makochekanwa et al. [102], obtained with various trans-
mission techniques, are also included.

Figure 10 demonstrates that presented TCS energy
dependences are in satisfactory agreement with respect
to the shape. Only around 1eV, the TCS energy curve
of Gulley et al. differs from others: due to much better
energy resolution of their experiment, the resonant struc-
ture in their TCS curve appears to be more expressive
and complex. More distinct discrepancies are visible in the
TCS magnitudes. Above 400 eV, the very recent results of
Costa et al. are higher by about 30-40% than previous
TCS data [100,102], probably due to the worse angular
resolution of earlier experiments. Above the 10eV maxi-
mum, the earliest results of Holst and Holtsmark lie dis-
tinctly below later measurements. Below 10 eV, except the
energy range below 2 eV, differences in magnitude do not
exceed declared uncertainties. Inset shows that below 1eV
the TCS for benzene, the nonpolar molecule, rises sharply
towards thermal energies.
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Figure 11 presents electron-scattering TCSs for
mono-substituted benzene-derived compounds: phenol
[CeH50H], toluene [CgHsCHj], and trifluoromethyl-
benzene [C¢H;CF3] — the compounds in which one hydro-
gen atom in benzene ring is substituted with the OH, CHs,
or CF3 unit, respectively.

Phenol [CgHsOH] rings are common in nature; they rep-
resent a prototype subunit for lignin. The compound is
used as intermediate for industrial organic synthesis, it
has also medical applications. Toluene [C¢H5sCHj] occurs
naturally in crude oil and is also detected in smoke from
cigarettes and wood (it belongs to the dangerous neuro-
toxins). The compound is exploited extensively as start-
ing material in the manufacturing of industrial chemi-
cals and pharmaceuticals. It is also applied as a common
solvent and as a fuel additive. Trifluoromethyl-benzene
[C¢H5CF3] is used as an alternative solvent for organic
and fluorous synthesis.

Electron-scattering TCS for phenol, from low to inter-
mediate energies, has been measured by da Costa et al.
[103] using an electron-transmission apparatus based on a
magnetic confinement of an electron beam. Cross sections
for toluene and trifluoromethyl-benzene were obtained by
Kato et al. [56,104] with a retarding potential time-of-
flight (RP-TOF) method, in which a guiding magnetic
field was applied. To examine how the attachment of
different groups to benzene ring influences the electron
scattering (the substitutional effect), the results for ben-
zene derivatives are compared with previous TCS data
for benzene obtained with the same RP-TOF experimen-
tal system [102]. Figure 11 shows that above 10eV all
depicted TCS energy curves are similar in the shape.
Some differences (10-20%) with respect to the magni-
tude can be explained in terms of the various molecu-
lar size of considered targets. At low impact energies,
below 10eV, differences among TCS magnitudes for ben-
zene derivatives become more significant — the TCS values


https://www.epjd.epj.org
http://mostwiedzy.pl

A\ MOST

Page 10 of 20

130 f-‘i\ ! ! ! 3
E o - E
120 B \ pyridine (C ,H,N)
10 3
< 3
E1W0F e 3
8 * E
o 90 F 3
S 80 F 3
il 3
B 70 F ? E
3 g E
3 a"" E
S s F 3
° 3 A%z'SE E
R T ﬁﬂ* AA,ga., E
~ 30 F o % 3
20 F A Traore Dubuis et al [105] By 3
3 ¥ Lozano et al [106] AAAA 3
10 E —e— Szmytkowski et al [107] B
0:----l I a1 el I a2l I TR

1 10 100 1000

Electron energy (eV)

Fig. 12. Experimental grand-total cross section for electron
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[107].

for toluene and benzene decrease rapidly with decreas-
ing energy, while TCS for trifluoromethyl-benzene dis-
tinctly increases. This is, in part, due to different values
of electric dipole moments of considered compounds: ben-
zene molecule does not possess permanent electric dipole
moment (puceu, = 0D), toluene is only slightly polar
(ucgugcn; = 0.375D), while the trifluoromethyl-benzene
molecule has the significant permanent dipole moment
(tcehgcFs = 2.86 D). It is also worth noting that features
visible in compared TCS curves are located around the
same impact energies.

3.5.2 Pyridine [C5H5N]

The pyridine units occur in numerous compounds of bio-
logical importance, e.g. in nicotine and B-group vita-
mins. The pyridine compound is used as a precursor to
agrochemicals and pharmaceuticals and as a solvent and
reagent. Pyridine derivatives have also an importance for
modern clinical applications.

TCS energy dependences depicted in Figure 12 present
results for pyridine measured recently by Dubuis et al.
[105], Lozano et al. [106], and Szmytkowski et al. [107] over
wide electron impact energy range. TCS results of Dubuis
et al. and those of Szmytkowski et al. were obtained
using electron-transmission systems with electric fields
only, while Lozano et al. employed a magnetic field for
the electron-beam confinement. Figure 12 shows that, in
the common energy range of those experiments, all pre-
sented TCS energy curves are in a reasonable agreement
according to the shape, although distinct differences exist
in the TCS magnitude at low impact energies, especially
below 10eV. Below 2.5eV, TCS values of Szmytkowski
et al. rapidly increase with decreasing energy — as one
would expect for polar molecule (fpyridine = 2.22 D), while
the TCS obtained by Lozano et al. rather oscillates. This
discrepancy is probably related to the detection a por-
tion of the scattered electrons in the Lozano et al. experi-
ment, due to quite large acceptance angle of their electron
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Fig. 13. Experimental grand-total cross sections for electron
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detector. On the other hand, it is clearly visible that in
the experiment of Lozano et al. the resonant features are
much more perceptible.

3.5.3 Pyrimidine and pyrazine [C4H4N3]

Pyrimidine and a pyrazine are heterocyclic organic com-
pounds similar to benzene in which two carbon atoms are
replaced by nitrogen atoms; in pyrimidine the substituted
nitrogen atoms are located at positions 1 and 3 of the six-
membered ring, while in pyrazine at positions 1 and 4.
Pyrimidine is considered as the model of building blocks
of several biological molecules and DNA /RNA nucleobases
(thymine, cytosine and uracil). Therefore, it constitutes a
convenient model system for explaining electron scattering
properties of biomolecules.

Experimental data for both isomers are presented in
Figure 13 together with very recent TCS data for benzene
[98] for comparison. Cross sections for pyrimidine were
measured with two quite different electron-transmission
experimental systems. Results of Baek et al. [108] were
obtained with the apparatus in which magnetic field along
the electron trajectory was highly reduced, while those of
Fuss et al. [109] were taken with a system, in which an
electron beam was magnetically confined. Above 60eV,
both TCS data sets are very similar, while at lower ener-
gies results of Baek et al. distinctly exceed those of Fuss
et al.; near 10eV the difference exceeds even 50% and
such a high disaccord is somewhat intriguing. However,
it is worth to mention, that in the low energy range also
TCS results of Baek et al. [91] for tetrahydrofuran (see
Fig. 8) are higher by about 10% than those of Mozejko
et al., measured using a magnetic field-free apparatus.

TCS results for pyrazine were obtained by Sanz et al.
[110] with the same apparatus as that used in the exper-
iment with pyrimidine [109]. Pyrazine is a structural iso-
mer of pyrimidine molecule with very similar electric
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polarizability (~9 x 1073%m?) and, due to its symmetri-
cal structure, has no permanent electric dipole moment
(fpyridine = 0D), while pyrimidine is rather highly polar
molecule (ftpyrimidine = 2.33D).

In spite of an essential difference in values of electric
dipole moments of both C4,H,N5 isomers, the TCS energy
dependence for pyrazine molecule measured by Sanz et al.
appears to be very similar in the shape and magnitude to
that for pyrimidine obtained by Fuss et al. [109], over the
whole energy range applied. Above 100eV, TCS results
of Sanz et al. for pyrazine are also in accord with data of
Bagck et al. [108] for pyrimidine.

Cross sections for both C4H4No isomers of Sanz et al.
and Fuss et al. are distinctly lower than TCSs for benzene
measured by Costa et al. [98], in the same laboratory. On
the other hand, TCS values for pyrimidine, measured by
Baek et al., are below 10eV much higher than those for
benzene, nearly equal to them between 10 and 20eV, and
then lie well below benzene curve.

3.5.4 Tetrahydropyran [CsH100] and para-benzoquinone
[CeH1O2]

Tetrahydropyran (THP) consists of a saturated six-
membered ring containing five carbon atoms and one
oxygen. The compound is commonly used in organic syn-
thesis. Sugars often occur in pyranose forms containing
the tetrahydropyran ring; the THP ring is also the core of
glucose.

Figure 14 shows TCS for electron scattering from THP
measured from 1 to 400 eV by Szmytkowski and Ptasinska-
Denga [111]; The TCS for tetrahydrofuran (THF), mea-
sured with the same experimental system, is also depicted
for comparison. According to the shape, TCS energy curve
for THP reminds somewhat that for THF. The magnitude
of TCS for THP exceeds distinctly that for THF com-
pound, over the whole energy range applied. Note, that
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also the gas-kinetic scattering cross section for THP is
larger than that for THF molecule.

Para-benzoquinone (pBQ) compound, is used in organic
chemistry as an oxidizing agent. Its derivatives show a bio-
logical and/or pharmaceutical activity. Figure 15 depicts
TCS for electron scattering from the CgH,O2 molecule
measured recently from 1 to 200 eV by Lozano et al. [112].

Very broad TCS enhancement peaking around 16eV
is superimposed with two distinct resonant-like features
located near 2 and 5.5eV, respectively. It is interest-
ing, that there is some similarity in the shape and to
lesser degree in magnitude of TCSs for pyridine and para-
benzoquinone (see Figs. 12 and 15).

3.6 Sevoflurane [C4H3F;0]

Sevoflurane is commonly used as an inhalational anes-
thetic. Figure 16 shows TCS energy dependence for elec-
tron scattering from C4H3F;O molecule measured by
Lozano et al. [113] from 1 to 300 eV, with the experimental
setup that makes use of a strong axial magnetic field.

Two observations concerning TCS for sevoflurane are
worth noting: (i) the TCS sharply decreases with the
energy decrease towards 1eV — it is somewhat unusual
trend for highly polar targets (Usevoflurane = 2.3D);
(ii) the very broad intermediate-energy hump, peaking
near 40-50eV, is clearly visible — that TCS structure
is characteristic for highly fluorinated compounds (e.g.
Refs. [114,115]), see also Figure 17.

3.7 Acetaldehyde [H3;C—COH], acetone [(CH;3)2CO],
and hexafluoroacetone [(CF3)2CO]

In Figure 17 collected are absolute electron-scattering
TCS energy dependences for compounds with the car-
bonyl (>C=0) group. To keep conformity, all displayed
TCS results are taken from experiments performed in the
same laboratory [116,117].
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Fig. 17. Comparison of experimental grand-total cross sec-
tions for acetone ® [116]; acetaldehyde A [116]; and hexafluo-
roacetone m [117].

Comparison of TCSs for acetone [(CH3)2CO] and
acetaldehyde [H3C-COH] shows that replacing one hydro-
gen atom in [H3C-COH] by the methyl group to form
acetone [(CHs)2CO] increases the magnitude of TCS; the
shape of the curves is almost similar. In addition, com-
parison of TCS curves for the acetone [(CHjz)2CO] and
hexafluoroacetone [(CF3)2CO] molecules exhibits how the
replacement of hydrogen atoms with fluorine reflects in
the electron-scattering cross sections. It is evident that
the fluorination significantly changes the electron inter-
action with molecules over the entire energy range stud-
ied. Fluorine atoms substituted for hydrogens essentially
change the electric charge distribution: pacetone = 2.88 D,
Uhexafluoroacetone =~ 0.4 D. In consequence, below 10eV, the
TCS for (CHj3)2CO is drastically higher than that for
(CF3)2CO, while above 30¢eV relation between compared
TCSs reverses — the TCS for hexafluoroacetone becomes
consistently higher, with very broad hump centered near
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Fig. 18. Experimental grand-total cross section for elec-
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(C2H50H): — [121]; % [122]; A [118]. 1-propanol (CsH;OH):
® [119]. 1-butanol (C4sHoOH): m [120].

50eV. The appearance of such a broad hump located
between 20 and 100 eV in the TCS energy curve is typical
for fluorinated compounds (cf. Fig. 16).

3.8 Linear primary alcohols: C,,H;,,;,;OH, n=1-4

Alcohols are among the most common organic compounds.
They are used in synthesis of other chemicals, in pharma-
ceuticals and as solvents. Because alcohols are also used as
additions to fuels, their interaction with electrons in scat-
tering processes is important for modeling alcohol com-
bustion through a spark ignition within an engine.

Figure 18 shows electron-scattering TCSs for homolo-
gous series of linear primary alcohols: methanol, ethanol,
1-propanol, and 1-butanol (C,,Hs,+1OH, n = 1-4), mea-
sured recently by Silva et al. [118,119] and Gomes
et al. [120] at intermediate impact energies using the
same apparatus; some previous experimental TCS results
[121-123] are also included for comparison. At energies
above 250 eV, TCS measurements of Silva et al. for ethanol
agree well with respect to the magnitude with earlier data
of Sueoka et al. [122], being distinctively higher at lower
energies.

Based on TCS results for alcohol series (C,Ha,1OH,
n = 1-4), Gomes et al. [120] derived the formula which
relates the intermediate-energy TCS of alcohol molecules
to the respective electric dipole polarizability. The formula
indicates the role of a spatial spread of a molecular charge
cloud in the scattering process. It can be utilized to derive
TCSs for larger members of this alcohol family.

3.9 Dichloromethane [CH:Cl;]

Dichloromethane (DCM) is an organic compound widely
used as a solvent for many chemical processes. Though,
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tions for dichloromethane ® [124] and chloromethane m [125].

the majority of dichloromethane in the environment
comes from industrial emissions, there are also its natural
sources.

Figure 19 depicts electron-scattering absolute grand-
total cross section for the CHCly molecule measured by
Lozano et al. [124] over the energy range 1-300eV. To
examine how the substitution of hydrogen atoms with
chlorine in methane molecule reflects in the TCS energy
dependence, in Figure 19 TCS results for chloromethane
[125] are also included. In general, both TCS energy
dependences are similar with respect to the shape, when
TCS values for CH2Cl; are consistently higher. Below
2eV, TCS curve for CHyCl; and that for CH3Cl rise
towards lower energies; such behavior is typical for target
molecules possessing significant electric dipole moment,
tcH,cl, = 1.6D and pcu,a = 1.9D. Two distinct
resonant-like structures in TCS energy curve for CH,Cls
are visible in the vicinity of 2.8 and 4.4 eV, followed with
the broad maximum located near 10eV; they are only
weekly marked in TCS for CH3Cl.

3.10 Tetrahedral compounds

Recently, grand-total cross sections for electron scattering
from series of X(CHj)s compounds (where X=C, Si, and
Ge) have been measured by Stefanowska-Tur et al. [126],
and for SnCly by Mozejko et al. [127]. All those compounds
can be used in the focused electron beam induced depo-
sition technique (FEBID) as precursors of conducting or
semiconducting nanostructures.

Figure 20 shows electron-scattering TCSs for tetram-
ethylmethane, tetramethylsilane and tetramethylgermane
measured at low and intermediate impact energies by
Stefanowska et al. [126]. For comparison also TCS data
for XH, (X=C, Si, Ge) compounds, obtained in the same
laboratory [128-130], are shown in this figure. It can be
seen in Figure 20 that the replacement of the hydrogen
atoms in XHy molecules with the CHs groups reflects in
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Fig. 20. Experimental grand-total cross section for elec-
tron scattering from tetramethylmethane (C(CHs)4) w [126],
tetramethylsilane (Si(CHs)4) ® [126], and tetramethylgermane
m (Ge(CHs)4) [126] compared to TCS for methane (CHy): v
[128]; silane (SiH4) O [129], and germane (GeH4) O [130].

the energy shift of the main TCS maximum. Above 10eV,
the amplitudes of TCS features observed for permethy-
lated compounds are significantly higher than those for
XH, targets. That is consistent with earlier observation of
Szmytkowski et al. [131] that external rather than central
atoms have stronger influence on the energy dependence
of the TCS for tetrahedral compounds.

Grand-total cross section for electron collisions with
tin tetrachloride [SnCly] molecules measured for electron
energies ranging from 0.6 to 300eV [127] is shown in
Figure 21 together with TCS data for carbon tetrachlo-
ride, (CCly [132]), silicon tetrachloride (SiCly [133]) and
germanium tetrachloride (GeCly [129]); TCS for SnCly
has considerably higher magnitude over the entire inves-
tigated energy range. All TCS energy curves presented
in Figure 21 have distinct low-energy resonant maximum
located between 0.9 and 2eV. It was shown that in the
case of SnCly this feature can be composed of two nar-
row resonant states located at around 0.94eV and 1.64 eV
[127]. At higher collisional energies, where resonant pro-
cesses are not so important, the TCS magnitude for com-
pared molecules increases with the size of the central atom
in target molecule.

3.11 Hydrocarbons
3.11.1 Ethylene derivatives

Figure 22 shows TCS energy dependences for electron
scattering from ethylene [HoC=CH;] molecule and its
methyl-substituted derivatives (propene [HoC=CHCHj],
2-methylpropene [HoC=C(CHs)s], 2-methyl-2-butene
[(HgC)HC:C(CHg)Q] and 2,3—dimethylf2—butene [(H3C)2
C=C(CHs)2]), in which the methyl groups [CHs] are
attached to the C=C double bond replacing the succes-
sive hydrogen atoms. To keep conformity, all displayed
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TCS results are taken from experiments performed with
the same experimental setup [134-137]. In general, the
compared TCS curves show very similar behavior over
the whole investigated energy range. Figure 22 also
reveals that as the number of methyl groups in target
molecule increases the position of the low-energy resonant
peak shows a steady shift in energy and its amplitude
tends to be less pronounced. Moreover, in TCS some new
structures become more visible in the vicinity of 20eV.

In Figure 22 TCS energy curves for 1-butene
[HoC=CHCH3CH3] (from Ref. [136]) and 1-pentene
[HoC=CH-(CH3)2CHgs] (from Ref. [138]) measured with
the same apparatus are also included. Those two alkenes,
together with propene C3Hg constitute a family of ethy-
lene straight-chain derivatives. In the successive members
of this family a functional unit of increasing length is
attached to the C=C double bond replacing the same
hydrogen atom in the parent HoC=CH; molecule. The
general similarity in the shape of TCS curves for the series
of ethylene straight-chain derivatives is visible. The mag-
nitude of the TCS for members of a series increases with
the increasing length of the substituent unit. Above 30eV,
the increase of the TCS at the given energy is nearly
the same when going across the investigated series of tar-
gets. It suggests that the impinging electron of interme-
diate and of high impact energy perceives the molecule
rather as an aggregate of individual atoms. The effect of
the arrangement of atoms in the target molecule on the
TCS energy dependences is visible for two isomers of the
C4Hg compound: 1-butene and 2-methylpropene; as well
as for isomers of C5H: 1-pentene and 2-methyl-2-butene.
This isomeric effect is more noticeable at lower impact
energies.

3.11.2 Acetylene derivatives

Figure 23 presents TCS energy curves for acety-
lene [HC=CH] and 1-butyne [HC=C-CH3;CHjs] molecules

Eur. Phys. J. D (2020) 74: 90
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Fig. 23. Comparison of experimental grand-total cross sec-
tions for electron interactions with selected alkynes: acetylene
v [139]; propyne O [140]; 1-butyne ® [139].

measured [139] in the low and intermediate impact energy
range. To examine how replacement of one hydrogen atom
in the acetylene molecule with various functional groups
reflects in the TCS energy dependence, the TCS energy
curves for CoHy and C4Hg are compared with the pre-
vious TCS data for propyne [HC=C-CHs], obtained with
the same technique [140]. Referring to Figure 23, one can
see that there is a close similarity in the shape of TCS
curves for the compared series of alkynes. Generally, the
magnitude of TCS increases with the increasing length of
the functional unit replacing one hydrogen atom in the
HC=CH molecule. The exception is the first TCS reso-
nant peak — its amplitude decreases with the increasing
size of the target molecule. In the vicinity of 20eV, a
shoulder appears for the homologues of acetylene; such
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substitutional effect was also visible for substituted alkenes
(see Fig. 22).

3.11.3 Miscellaneous

In this section recent absolute electron-scattering TCSs
for molecules with two C=C double bonds (2-methyl-
1,3-butadiene [HoC=C(CH3)HC=CH;] (C;Hg) and
1,2-butadiene [HoC=C=CHCHs] (C4Hg)) and the
molecule with one C=C double and one C=C triple bond
(2-methyl-1-buten-3-yne [HoC=C(CHj3)C=CH] (CsHg))
are presented.
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Grand-total cross sections for C4Hg [141], CsHg [142]
and Cs;Hg [143] molecules were measured with the same
electron-transmission setup in the Gdansk laboratory.
2-methyl-1,3-butadiene (isoprene) constitutes the build-
ing block of natural rubber, terpenes and important bio-
logical compounds such as a chlorophyll or vitamin A. It
occurs in the environment as emissions from vegetation
and as a by-product in a large-scale petrochemical indus-
try. 1,2-butadiene compound is used primarily in poly-
mer and chemical industry. The 2-methyl-1-buten-3-yne
molecules arose as the reaction product in the experi-
ments in which gas mixtures representative of Titan’s
atmosphere were irradiated with UV light or subjected
to electrical discharges.

Figure 24 shows that above 2 eV a general energy depen-
dence of compared cross sections is similar. Differences in
the TCS magnitude are especially appreciable at energies
below 20eV, where the structure of the target molecule
seems to play an essential role in the electron scatter-
ing. Above 30eV, TCSs for compared targets have similar
trend — they decease with increasing energy.

3.11.4 High-intermediate energies

Majority of recently measured total cross sections was
obtained at low and low-intermediate energies. Wickrama-
rachchi et al. [144] measured electron-scattering TCSs for
group of alkene molecules in the energy range from 200
to 4500eV. Their experimental results were used as the
basis for the development of an empirical expression for
the energy variation of TCS for chain-like hydrocarbons
with C—-C single and C=C double bonds. To account for
the variation of TCS in the presence of triple bonded car-
bon atoms, Ariyasinghe and Vilela extended high-energy
measurements of TCSs to simple alkynes (acetylene and
propyne) [145]. Figure 25 collects TCS results from both
experiments [144,145]. In the same figure earlier cross sec-
tions for acetylene and propyne [139,140,146,147], extend-
ing TCS towards lower energies (below 200eV), are also
depicted for comparison.

Based on both TCS data sets [144,145], Ariyasinghe
and Vilela derived a new empirical formula which relates
TCSs for selected normal hydrocarbons to electron impact
energy, the number of hydrogen atoms and the number of
single, double, and triple bonded carbon atoms in the tar-
get molecule. Cross sections calculated using that formula
reproduce reasonably well the experimental TCS findings
above 200eV. Below 200€V, the estimated this way cross
sections are distinctly higher than the available experi-
mental TCS results.

4 Final remarks

During the last decade (2009/2010-2019) total cross sec-
tions for electron scattering from over 40 targets have been
measured in various laboratories using electron trans-
mission technique; the employed electron-transmission
systems differed in their construction and operating con-
ditions. It should be pointed out, however, that some
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of those experimental groups ceased TCS measurements
in the latter half of that period. The experiments have
been focused mainly on the molecular targets of biological,
astrobiological and technological interest, what reflects the
trend in other spectroscopic studies. In general, TCS func-
tions obtained in different laboratories are in general qual-
itative agreement, however, they often differ significantly
in the magnitudes, mainly at low collisional energies. In
some cases, the measured TCS energy dependences dif-
fer also in peak positions. For some targets fragmentary
energy ranges have been studied so far and only one exper-
imental TCS energy curve is available.

For the future, to resolve discrepancies, mentioned
above, further TCS measurements are necessary. At low
collisional energies, especially for polar targets and for
molecules for which low-energy resonant states exists, the
essential improvements in the TCS quality depends mainly
on the electron-beam angular discrimination and energy
resolution. Systematic TCS measurements are essential in
studies of how the structure of target compound affects
the electron-molecule interactions. They are also very use-
ful in semi-empirical formula derivations. Such formula,
in which the TCS value at given energy is related to
some physico—chemical properties of the target molecule,
can be utilized in predictions of the scattering intensity
for molecular targets experimentally or theoretically not
examined as yet. Analytical expression for the TCS depen-
dence on the impact energy can be also useful in modeling
applications.
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