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Absolute cross sections for elastic electron scattering from methylformamide
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Elastic electron scattering from gaseous methylformamide (N-methylformamide, C,HsNO) has been
investigated. Absolute elastic differential cross sections (DCSs) were determined both experimentally and
theoretically for the incident energies from 50 to 300 eV. The measurements were performed using a cross-beam
technique, for scattering angles from 20° to 110°. Relative elastic DCSs were measured as a function of both
the angle and the incident energy and the absolute DCSs were determined using the relative flow method. The
calculations of electron interaction cross sections are based on a corrected form of the independent-atom method,
known as the SCAR (screen corrected additivity rule) procedure and using an improved quasifree absorption
model. Calculated integral cross sections have been presented, as well, both for methylformamide and formamide,
in the energy range 10-1000 eV, and discussed. The results are compared with and discussed regarding existing

data for other small molecules representing building blocks of large biomolecules.

DOLI: 10.1103/PhysRevA.85.042723

I. INTRODUCTION

The formamide molecule and its derivates, such as N-
methylformamide (NMF), C,HsNO, have been attracting
considerable attention in recent years due to their importance
as prebiotic compounds and the simplest models of the peptide
linkage NH-C=0O (Fig. 1). The very recent photoionization
mass spectrometric studies of formamide and NMF [1] have
been carried out mainly within exobiological context, since
these species had been observed in the interstellar medium, in
star-forming regions [2]. The aim of the later investigation was
to access the viability of these species in various sites in space
and a possible influence of VUV photon irradiation. Further-
more, it has been shown that low-energy (4-20 eV) electron
irradiation of a binary mixture of ammonia and acetic acid
prepared at 25 K on polycrystalline hydrogenated diamond
film-induced formation of a unique chemical species, without
the need of thermal activation [3]. Therefore, investigation of
electron interaction with isolated prebiotic molecules may be
of importance for exobiology research and electron-induced
chemistry in the interstellar media, where the presence of free
electrons is expected [4].

On the other hand, investigation of electron interaction
with small biomolecules representing building blocks of large
biosystems (RNA, DNA, proteins) has been mainly motivated
inrecent years by radiation damage research. It has been shown
that secondary low-energy electrons can cause significant,
energy-dependent single- and double-strand breaks in DNA
[5,6]. Since the major part of the energy deposited by ionizing
radiation in condensed matter is channeled into the production
of abundant low-energy secondary electrons, spectroscopic
data and absolute cross-section values for electron impact on
biomacromolecules (DNA, proteins) and its constituents are
needed in order to improve our understanding of the chain
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of reactions leading to radiation damage. It should be noted
that high-energy particles, such as energetic ions that are of
high interest in cancer therapy [7,8], may induce quite a broad
energy spectrum of secondary electrons tailing to hundreds
of eVs [9]. With this respect, our previous work includes
measurements of absolute differential cross sections for elec-
tron scattering from several different molecules representing
backbone sugar and nucleobasis subunits of DNA [10-12].
The peptide bond is a covalent linkage between amino acids,
forming the primary structure of proteins [3]. Therefore, NMF
has been considered as a model compound to investigate
electron collisions from protein constituents. Kawashima and
coauthors [ 13] have recently carried out a detailed investigation
on the dynamical structure of peptide molecules. NMF has a
planar structure, with two different isomers depending on the
position of the CH3 group (trans-NMF is presented in Fig. 1).
Finally, it should be noted that NMF represents an important
molecule in other aspects, as well, besides radiation damage
and exobiological research, such as antitumor activities [14].

According to our knowledge, there are no published
absolute differential cross sections (DCSs) for elastic electron
scattering from NMF. However, the DCSs for elastic electron
scattering from formamide, which is the smallest molecule
that contains a peptide bond, have been reported the most
recently by our group, for a few selected incident energies
[15]. Also, Bettega [16] has reported results for integral and
momentum transfer cross sections for elastic scattering of
low-energy electrons (1-12 eV) from formamide, which have
been calculated by employing the Schwinger multichannel
method. In the present study, we report a set of absolute
DCSs for elastic electron-NMF scattering in the energy range
from 50 to 300 eV. The measured DCSs are in very good
agreement with the calculations, both on the absolute scale and
considering the DCS shape. Furthermore, calculated integral
cross sections (ICSs) have been presented in the energy range
from 10 to 1000 eV, both for NMF and formamide.

©2012 American Physical Society
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FIG. 1. (Color online) Schematic drawing of formamide
(CH3NO), trans-N-methylformamide (C,HsNO) and peptide bond
linking two amino acids.

II. EXPERIMENT

Our apparatus and experimental procedures have been
described in detail in previous papers [11,17] and only a
brief description will be given here. The experimental setup
consists of an electron gun, a double cylindrical mirror
energy analyzer (DCMA), and a channel electron multiplier
as detector. All components are enclosed in a double p-metal
shielded vacuum chamber. The base pressure of about 4 x
10~7 mbar was obtained by a turbomolecular pump, while
the working pressure was usually kept in the range (2-5) x
10~% mbar. An electron gun, with a hairpin electron source,
produces a nonmonochromated electron beam that is crossed
perpendicularly by a molecular beam, obtained by a non-
magnetic stainless steel needle. The scattered electrons are
focused by a four-element cylindrical electrostatic lens into
the DCMA, followed by a three-element lens to further
focus the transmitted electron beam into the channel multiplier.
In the present work, the electron gun can be rotated around the
needle in the angular range from about —40° to 110°. The
uncertainty of the incident energy scale was determined to be
less than +0.4 eV. The best energy resolution is limited by
a thermal spread of primary electrons to about 0.5 eV. The
angular resolution is better than +2° [17].

The anhydrous NMF was purchased from Aldrich with
declared purity better than 99% and was used after several
freeze-pump-thaw cycles under vacuum, which were per-
formed before each set of measurements. NMF is a liquid
at room temperature and was introduced into the scattering
region from a glass container via a gas line system. The
whole gas-handling system (sample container, pipes, needle)
was heated to provide stable experimental conditions and to
improve the signal.

In the present work DCSs for elastic electron scattering
from NMF have been measured at selected incident electron
energies, from 50 to 300 eV (in 50 eV steps), and at scattering
angles from 20° to 110° (in 10° steps). At a given electron
energy, the relative cross section has been derived as a
function of the scattering angle by measuring the elastic
scattering intensity at the maximum of the elastic peak. The
background contributions of the elastic electron intensities,
which were around 5% at higher energies and up to 15%
at lower, have been measured by directing the molecular
beam through the side leak and were subtracted from the
measured electron yields. The calibration of both angular scale
and true zero angular position, as well as the reliability of
DCS shapes, have been tested according to DCSs for elastic
electron-Ar scattering. The latter were obtained under the same
experimental conditions, and showed very good agreement
with previous results [18].
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In the present studies we have also measured energy
dependence of the DCSs over limited electron energy ranges,
50-300 eV (in 50—V steps), for a fixed scattering angle of
40°. In this case, the voltages of both the focusing part of the
electron gun and the four-element entrance analyzer lens were
adjusted as a function of the applied incident energy in order
to obtain constant incident electron beam and transmission
function [17]. The procedure was checked according to DCSs
for Ar, measured as a function of incident energy and compared
with known results [18].

The relative-angle-dependent cross sections were further
normalized to the absolute points obtained at several scattering
angles (40°, 80°, or 90°) using the relative flow technique
[19-21] and Ar as a reference gas, whose DCSs are known
from both theoretical [22] and experimental [18,23] studies.
In this method signal intensities of scattered electrons for the
target and the referent gas are compared, at fixed scattering
angle () and electron energy ( E), under the same experimental
conditions. To provide the same experimental conditions one
should ensure the same beam profiles for the target and referent
gas, leaving the focusing properties of the electron gun and the
detection system unchanged. It has been shown [19,21] that
the profile of the gas beam depends primarily on the gas’s
mean free path over a range of pressures behind the gas tube,
and if any two targets are made to separately flow through the
same tube with the same mean free path, their profiles should
remain identical. According to gas kinetic theory the mean
free path is inversely proportional to the squared gas kinetic
diameter (R); therefore it is widely used to keep the pressure
ratio for the investigating target and the referent gas as Py :
Pret = R2; : R? in order to obtain the same beam profiles. If
these conditions are achieved, intensities of scattered electrons
are converted into absolute differential cross sections (DCS)
via the formula

NxFref Mref
Nrefo Mx

DCS, (E.,0) = DCS,s (E.6) , (1)

where N is the scattered electron intensity, F is the relative
flow rate, and M is the molecular weight. The subindices x
and refrefer to the gas under investigation and the referent gas,
respectively. It should be noted that the described procedure
requires the gas kinetic diameters to be known, which is not
always the case, especially for liquid biotargets, as used in the
present experiment. However, a group of authors [21,24] have
recently developed an alternative version of the relative flow
method using an aperture gas collimating source, to replace
the conventional tube. For such a source, until the mean
free path is greater than thickness of the aperture, angular
distribution of the target beam is constant, so the authors were
able to apply the relative flow method without the restriction
imposed by the requirement that the pressures behind the
source be in the ratio with the gas kinetic molecular diameters
squared. Therefore, the importance of gas kinetic diameters
depends on the particular experimental setup. In the present
measurements, the pressure of NMF behind the tube forming
the molecular beam was maintained below 0.2 mbar. The ratio
of the pressures behind the tube for NMF to that of Ar was
adjusted to be 1.4, the same as used for formamide, according
to available gas kinetic diameters of similar molecules [15]. It
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should be also noted that during the measurements it has been
proved by varying the ratio of the Ar and NMF pressures that
absolute values of the cross sections do not depend crucially
on the pressure ratio to within uncertainties in the measured
cross sections. Actually, similarly as reported previously for
formamide [15], the experimental challenge was to obtain
stable conditions.

The schematic drawing of the present relative flow exper-
imental setup has been given in our most recent publication
[15], while the measurement procedure has been also described
in more detail previously [11]. Briefly, for each experimental
point (fixed energy and angle) we have measured the signal
intensity for NMF and Ar, as well as background (containing
both NMF and Ar) contributions (usually about 20%, which
were subtracted from the signal) and the relative flow rate
(quantity F in formula 1). Both the vapors from the sample
container and the referent gas (Ar) can be introduced into the
vacuum chamber through the capillary or through the side
leak. The relative flow rate has been determined by closing the
outlet to the chamber, admitting vapors into a closed volume,
and measuring the pressure increase over time. Since the closed
volume is constant, we can assume that the pressure rise over
time (measured by an MKS Baratron) is proportional to the
outflow of vapors from the sample container. Here, it should
be noted that for vapors, unlike for gaseous targets (e.g., Ar),
effects such as adsorption on surfaces may significantly affect
the flow rate determination and consequently the absolute
differential cross sections, which have been investigated in
detail recently by Homem et al. [25]. However, the influence of
these effects was strongly reduced in the present case because
the whole system (sample, pipes, valves, and needle) was
heated, as also pointed out in [25]. Indeed, we have compared
flow rates of NMF vapors measured at room temperature
and when the gas line was maintained at 50°-60°, under
the same pressures behind the needle, the results showed a
non-negligible difference.

The final set of absolute DCSs is consistent with all
three types of independently experimentally obtained results:
relative DCSs as a function of the scattering angle at fixed
incident energy, relative DCSs as a function of the incident
energy at fixed scattering angle, and absolute (relative flow)
measurements crossed with calculations. Comparison of all
these independent sets of results allows checking of the exper-
imental procedure and possible inconsistencies of reference
Ccross sections.

The errors for the relative DCSs measured as a function
of the scattering angle include statistical errors (0.2%—-5%)
according to Poisson’s distribution and short-term stability
errors (0.3%-7.5%) according to discrepancy of repeated
measurements at the same incident energy and scattering
angle. The errors for the relative DCSs measured as a function
of the incident energy include statistical errors (0.2%—-1.5%)
and short-term stability errors (4%—8%). Furthermore, since
the relative energy-differential cross sections for NMF are
corrected (if needed) according to measured benchmark DCSs
for Ar, their overall error could be further increased up to
about 15% due to an uncertainty of the reference relative DCS
for Ar.

The errors for absolute DCSs, obtained by relative flow
technique, include error for reference DCSs for Ar [18] as well
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as errors of measured signal intensities and flow rates. Due to
stable experimental conditions with heating the system and
high signal-to-background ratio, the uncertainties of the signal
intensities and obtained flow rates are small and therefore the
overall error is dominantly defined by the error of reference
absolute DCSs for Ar, which we assume to be about 20%. The
latter thus defines a minimal uncertainty for our results, while
the overall error of the present absolute elastic DCSs for NMF
is estimated to be around 25%.

III. CALCULATIONS

Present calculations of molecular cross sections are based
on a corrected form of the independent atom method (IAM),
known as the screen corrected additivity rule (SCAR) proce-
dure, with an improved quasifree absorption model potential,
which includes relativistic and many-body effects, as well as
inelastic processes. The same theoretical method has been
already used in our recent work on deoxyribose analog
molecules (see [10,11]) and pyrimidine base analog [12],
where an excellent agreement with experimental results has
been obtained in the present angular and energy range,
considering the shape of both angular and energy dependence
of elastic DCSs, as well as their absolute values.

The SCAR procedure has been described in detail previ-
ously [10,26-28]. Briefly, the role of SCAR correction to the
standard IAM procedure is reducing the values obtained from
the standard additivity rule to account for geometrical over-
lapping of atomic cross sections. The standard IAM approxi-
mation is based on reducing the problem of electron-molecule
collisions to collisions with individual atoms by assuming that
each atom of the molecule scatters independently and that
redistribution of atomic electrons due to the molecular binding
is unimportant. At low energies, where atomic cross sections
are not small compared to (squared) interatomic distances
in the molecule, the IAM approximation fails because the
atoms can no longer be considered as independent scatterers
and multiple scattering within the molecule is not negligible
(note that the energy range for which deviations from the
IAM approximation are relevant depends on the molecule). To
account for this, screening coefficients are introduced in the
present SCAR method, resulting in a corrected cross section
of a molecule, at a given incident energy, calculated from
the atomic cross sections [10]. In addition, a normalization
procedure during the computation of the DCSs has been
employed to ensure the consistency of the derived ICSs with
the optical theorem [11,12].

The method for calculation of the corresponding atomic
cross sections has also been described in detail previously
[26,27] and will not be repeated here. Basically, the electron-
atom interaction is represented by the approximate ab initio
optical potential Vo (r) = Vi(r)+V,(r)+V,(r)+iV,(r). Here
Vi(r) is the static potential calculated by using the charge
density deduced from Hartree-Fock atomic wave functions
including relativistic corrections, V,(r) is the exchange po-
tential (to account for the indistinguishability of the incident
and target electrons), V,(r) represents the target polarization
potential (accounting for the long-range interactions which
depend on the target dipole polarizability), and finally the
absorption potential V,(r) accounting for inelastic processes is
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based on the revised quasifree model (see [10,26,27] for more
details about the potentials and the theoretical procedure).

IV. RESULTS AND DISCUSSION

The absolute experimentally obtained DCSs for elastic
scattering of electrons from the NMF molecule are tabulated
in Table 1. Relative flow measurements were performed for
the incident electron energies of 50, 100, 150, 200, 250,
and 300 eV, at several scattering angles (40° and 80° or
90°). Apart from experimental challenges connected with the
relative flow method (see Sec. II), the accuracy of the final
absolute DCSs also depends on the used referent cross section
data set for Ar. According to our knowledge, there are only a
few papers that report either independently measured [18,23]
or calculated [22] absolute elastic DCSs for Ar in the energy
range of interest for the present work. The published results
by different authors are not always in perfect agreement. For
example, at 100 eV and 40° the elastic ¢/Ar DCSs reported
by Srivastava et al. [23] and Nahar and Wadehra [22] appear
to be about 12% lower and 50% higher, respectively, than
the DCS reported by Williams and Willis [18]. In the present
work, the results of Williams and Willis [18] are used because
only those are published for the incident electron energies
between 20 and 400 eV, thus covering the whole energy range
of the present work and allowing to obtain a consistent set of
referent DCSs for NMF. The experimentally obtained elastic
absolute DCSs for e-NMF scattering are presented in Fig. 2 by
circles. The points corresponding to absolute measurements
that were used for calibration are presented by stars. The latter
fit very well to the relative DCS shape, which is independently
obtained. The measured DCSs are compared with theoretical

PHYSICAL REVIEW A 85, 042723 (2012)

calculations obtained by the SCAR procedure (solid curve in
Fig. 2). As already confirmed previously for other molecules
[10—12], theoretical and experimental results are in very good
agreement, both in shape and absolute values. In the present
case for NMF, only a small disagreement appears in the
lower angular range (20°—40°). An explanation for this could
be a deviation of experimental DCSs, since measurements
at small scattering angles are less accurate due to higher
background contributions and less reliable volume corrections,
especially for low incident energies (e.g., 50 eV) because of
larger divergence of the electron beam. However, it should be
also noted that SCAR calculations are less accurate at small
angles (see [11]). Therefore, as already pointed out in our
previous papers, a more detailed study with both an improved
experimental setup and theoretical approaches should be
performed to accurately resolve forward elastic scattering.
It should be also noted that the experimental DCSs are
somewhat higher on the absolute scale than theory at 300 eV,
in the angular range from 30° to 100°. Good agreement
between the experimental and theoretical DSCs, except that
it increases the accuracy of both data sets, suggests that
SCAR calculations could be used for a reliable estimation
of differential cross sections for electron scattering by peptide
bond units in the present energy and angular ranges. This is
of particular importance for Monte Carlo simulations, such as
modeling of radiation damage.

In Fig. 3, one can see that both the experiment and the
calculations confirm very similar DCS shapes for NMF and
formamide [15]. The angular dependences of the present
DCSs for elastic electron-NMF scattering, as well as those
for formamide, show a broad minimum at around 90° at lower
energies (50 and 100 eV); this disappears at higher energies.

20 1

TABLE 1. Experimentally obtained differential cross sections for elastic electron scattering from NMF, in units of 1072 m? sr™!, as a
function of scattering angle and incident electron energy. The absolute errors of relative cross sections (statistical, short-term stability and
uncertainty of the effective scattering volume) in the last significant digits are given in parentheses. The errors of the absolute cross sections
are estimated to be up to 25%.

Electron energy (eV)
Scattering angle (deg) 50 100 150 200 250 300
20 — 4.68(35) 2.36(17) — — 1.814(14)
25 — 2.80(21) 1.43(10) 1.1499(91) 0.843(33) 1.0821(98)
30 2.69(55) 1.72(13) 0.889(62) 0.6755(69) 0.62(13) 0.75(15)
35 1.79(37) 1.090(81) 0.564(40) 0.5422(61) 0.458(93) 0.53(11)
40 1.231(54) 0.735(54) 0.446(31) 0.356(71) 0.303(62) 0.315(63)
45 0.922(42) 0.441(94) 0.344(73) 0.240(48) 0.205(42) 0.221(44)
50 0.722(34) 0.341(73) 0.253(54) 0.169(34) 0.148(30) 0.175(35)
55 0.580(28) 0.264(56) 0.178(38) 0.137(28) 0.1274(53) 0.139(28)
60 0.475(24) 0.195(42) 0.145(31) 0.107(22) 0.1070(45) 0.1149(25)
65 0.378(20) 0.152(32) 0.1251(88) 0.098(20) 0.0929(39) 0.093(19)
70 0.323(17) 0.133(28) 0.1053(75) 0.0928(25) 0.0808(35) 0.080(16)
75 0.269(15) 0.130(28) 0.0982(70) 0.0939(24) 0.0730(31) 0.072(14)
80 0.246(14) 0.1244(93) 0.0941(67) 0.0822(22) 0.0689(30) 0.064(13)
85 0.249(14) 0.1180(88) 0.0896(64) 0.0808(23) 0.0581(26) 0.050(10)
90 0.233(14) 0.1119(84) 0.0887(63) 0.0743(22) 0.0506(23) 0.0444(90)
95 0.224(13) 0.1207(90) 0.0874(62) 0.0719(22) 0.0462(21) 0.0399(81)
100 0.227(13) 0.1306(98) 0.0876(62) 0.0658(21) 0.0443(20) 0.0395(80)
105 0.253(14) 0.148(11) 0.0912(65) 0.0655(21) 0.0417(19) 0.0355(72)
110 0.269(15) 0.164(12) 0.0921(65) 0.0610(20) 0.0403(19) 0.0350(13)

042723-4



ABSOLUTE CROSS SECTIONS FOR ELASTIC ELECTRON ...

PHYSICAL REVIEW A 85, 042723 (2012)

T T T T T T T T

e /NMF elastic 100 eV
® Expt. 1
* Expt.: rel. flow
—— Theory

0.14 4

0 20 40 60 80 100 120 140 160 180 0

20 40 60 80 100 120 140 160 180

0 20 40 60 80 100 120 140 160 180

T T T T T T T T T T

200 eV

DCS (10%°m’sr™)

0.14 F

T

T

T T T T T T T T T T

250 eV 300 eV

0 20 40 60 80 100 120 140 160 180 0

20 40 60 80 100 120 140 160 180

0 20 40 60 80 100 120 140 160 180

Scattering angle (deg)

FIG. 2. (Color online) Angular dependence of absolute differential cross sections for elastic electron scattering from N-methylformamide at
different incident energies. Circles represent the final absolute experimental differential cross sections, stars represent absolute values obtained
by relative flow measurements; the calculations are presented by the solid line.

It is also interesting to note that very similar behavior has
already been seen in our previous studies of biomolecules
representing deoxyribose [10,11] and pyrimidine bases [12].
This suggests a similar distribution of elastically scattered
electrons from DNA building blocks, as well as peptide units.
Besides the very similar angular dependence of DCSs for
NMF and formamide, a small but expected difference on
the absolute scale due to the sizes of the molecules (NMF:
C,H;5NO, formamide: CH3NO) is clearly observable in Fig. 3.
Since the difference between the molecules is CH; (see Fig. 1),
the difference between corresponding absolute DCSs should
be similar to absolute DCSs for methane molecule (CHy)
at a given energy, if the building-block approach is valid in
this energy range. Indeed, the difference between the present
absolute experimental DCSs, (DCSnmr—DCStormamide) plotted
as a function of the scattering angle, agrees very well, both
in shape and on the absolute scale, with the most recently
published experimental absolute DCSs for methane [29,30].
Although some deviations can be seen at 45° and 50° for the
100-eV incident energy, the two sets of data are very close
considering the experimental errors and a small difference
between the absolute cross sections. At the incident energy of
300 eV, the results overlap perfectly. Therefore, the present
experimental method is capable of measuring the absolute
DCSs with high sensitivity (note, however, that an uncertainty
of the absolute position of all DCSs still depends on the referent
DCSs for Ar). But more important, the study presented in

the insets of Fig. 3 suggests that the building-block approach
could be used, at least in the present energy range, for a
reliable estimation of DCSs for elastic electron scattering by
large macromolecular structures, starting from DCSs of their
constituents, which can be accurately obtained.

The dependence of absolute DCSs for elastic electron-
NMF scattering on the incident electron energy at a fixed
scattering angle of 40° is shown in Fig. 4. Experimental
measurements (circles) are normalized on the absolute scale
according to DCS values (stars) which have been extracted
from the absolute angular-dependent DCSs. Directly measured
energy-dependent DCSs at40° fit very well the points extracted
from the absolute angle differential cross sections (biggest
disagreement is at 300 eV, around 20%). The calculated DCSs
(solid line) for NMF, obtained by the SCAR procedure, have
been presented in the energy range 40-300 eV. The SCAR
method gives slightly lower results on the absolute scale
(except at 50 eV), but generally confirms absolute values and
the behavior of the energy-dependent cross sections. Results
for the formamide molecule are also presented in Fig. 4,
showing very similar behavior. Absolute measured points for
formamide (pentagons) are extracted from angular-dependent
DCSs, at 100, 150, and 300 eV [15]. Experimental points
for formamide are also higher on the absolute scale than the
calculated one, but within absolute error (25%). As expected
according to molecular sizes, absolute DCS for NMF is higher
on the absolute scale than for formamide. However, it should be
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FIG. 3. (Color online) Angular dependence of absolute differ-
ential cross sections for elastic electron scattering from formamide
and N-methylformamide (NMF) at the incident energies of 100 and
300 eV. The experimental results are presented by circles (NMF) and
pentagons (formamide, [15]). The theoretical results are presented
by solid line (NMF) and dashed line (formamide, [15]). The inset
shows a comparison of the difference between absolute DCSs for
NMF and formamide (squares, DCSxvr—DCSformamide) With the most
recent experimental results for methane (triangles, CH,) published
by Cho ez al. [29] (100 eV) and Iga et al. [30] (300 eV).

noted that the latter difference between calculated differential
cross sections at 40° slightly increases with increasing the
incident electron energy (overall about 10% from 50 to
300 eV).

The present calculated integral cross sections for electron
scattering from both NMF and formamide are given in Fig. 5
and tabulated in the Supplemental Material [31]. Integral
elastic cross sections are the results of the integration of
the molecular differential elastic cross sections for all the
scattering angles (from 0° to 180°). Using our normalization
procedure these results are equal to the sum of the atomic
integral elastic cross sections, in agreement with the optical
theorem (thus avoiding the contradiction shown for other
IAM calculations). The electronically inelastic integral cross
sections are determined by applying the SCAR procedure to
the atomic integral inelastic cross sections derived from our
absorption potential. We add “electronically” just to indicate
that molecular vibrations or rotations are not included in
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FIG. 4. (Color online) Energy dependence of absolute dif-
ferential cross sections for elastic electron scattering from N-
methylformamide (NMF) and formamide at the scattering angle of
40°. (Stars) experimental points for NMF extracted from the present
tabulated absolute DCSs; (circles) direct independent measurement
for NMF as a function of the incident energy, normalized at
150 eV; (pentagons) experimental points for formamide extracted
from published tabulated absolute DCSs [15]; (solid line) theory for
NMF; (dashed line) theory for formamide.

our calculation. The integral cross sections (ICSs) for elastic
scattering by NMF and formamide have very similar behavior,
decreasing monotonically in the used energy range. From 10
to 1000 eV of the incident electron energy, they drop for about
one order of magnitude. The ICS for formamide is about
25% lower at the absolute scale in comparison with NMF.

10 A
e
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o
)
o
Z
9]
Q
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14 Inelastic (NMF) .
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- - - Elastic (formamide)
----- Elastic (formamide, Bettega, 2010)

10 T oo T oo
Electron energy (eV)

FIG. 5. (Color online) Calculated total cross section (dash-dot),
integral electronically inelastic cross section (dash-dot-dot), and inte-
gral elastic cross section (solid line) for electron scattering from NMF
molecule. The integral elastic cross section for electron scattering
from formamide molecule calculated by the present method (long
dash) and previously calculated in the static-exchange-polarization
approximation by Bettega [16] (short dash) are presented as well.
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According to our knowledge, there are no published ICSs
for NMFE. On the other hand, Betega [16] has very recently
reported integral and momentum transfer cross sections for
elastic scattering of low-energy electrons (1-12 eV) by for-
mamide, calculated by employing the Schwinger multichannel
method with pseudopotentials in the static-exchange and in
the static-exchange-polarization approximations. The integral
cross section calculated in the static-exchange-polarization
approximation is compared with the present results in Fig. 5
(short-dashed line). Considering absolute values, this result
agrees very well with the present calculation (dashed line). A
discrepancy can be seen in the region from about 9 to 12 eV,
where the previous ICS remains practically constant while the
present results show a decrease. It should be noted that the
present calculations based on the independent atom model are
basically limited to higher energies, even including improved
SCAR procedure accounting for the overlap of the cross
sections (see Sec. III and references therein for more details).
Furthermore, the used SCAR method ignores the rotational
and vibrational excitations and considers only those inelastic
processes arising from electronic excitation. Although this
restriction is not significant in general for the relatively high
energies (as used in the present experimental work), in the
case of molecules with a relatively high permanent dipole
moment, rotational excitation may become more important,
especially at lower incident energies [11,28]. Note that the
dipole moment for NMF has been reported to be about
3.86D [32]. Still, it is important to point out that the ICSs for
these molecular targets can be rather accurately reproduced
by the present low-cost calculations, even down to about
10 eV.

V. CONCLUSION

The elastic scattering of electrons from the N-
methylformamide (NMF) molecule has been investigated, both
experimentally and theoretically. The experimental absolute
DCSs for elastic electron scattering are tabulated for incident
electron energies from 50 to 300 eV, in the overall angular
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region from 30° to 110° (from 20° at 300 eV). The mea-
surements of the relative DCSs were performed as a function
of both the scattering angle and the incident energy, using
a cross-beam technique. The relative flow measurements,
with Ar as the referent gas, provided absolute experimental
points which were used to normalize the relative DCSs. The
calculations are based on a corrected form of the independent
atom method, known as a screen corrected additivity rule
procedure. The agreement between the measurements and
calculations is very good, regarding both the shape of the DCSs
and their absolute values (in the overlapping angular range).
The calculated integral cross sections are also presented in the
range from 10 to 1000 eV, both for NMF and formamide.

The elastic DCSs for N-methylformamide and formamide
molecule [15] appear to be very similar in shape, suggesting
thus that a substitution of the H atom in formamide with the
CHj; group does not significantly affect the elastic electron
scattering processes in this energy range. The DCSs for NMF
and formamide are also similar on the absolute scale; however,
the measured difference is consistent with the molecular sizes,
thus suggesting that the building-block approach is valid in
this energy range. Finally, it is interesting to note that both the
absolute cross sections and angular distribution of elastically
scattered electrons from peptide bond units are similar to the
molecules’ analogs to DNA building blocks.

The present results contribute to fundamental understand-
ing of electron interaction with biomolecules in the medium
incident energy range. The tabulated absolute cross sections for
NMF molecule can be used as starting parameters for energy
deposition modeling in biologically relevant media.
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