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We report a theoretical study on electron scattering by two strongly polar molecules, namely, formaldehyde
(CH2O) and pyrimidine (C4H4N2), in the low- and intermediate-energy ranges. Calculated elastic differential,
integral, and momentum-transfer cross sections, as well as total (elastic + inelastic) and total absorption cross
sections, are reported for impact energies ranging from 0.2 to 500 eV. A complex optical potential is used to
represent the electron-molecule interaction dynamics, whereas a single-center-expansion method associated with
the Padé approximant technique is used to solve the scattering equations. Our calculated results are compared
with experimental results and other theoretical data available in the literature. Generally good agreement is seen
in these comparisons.
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I. INTRODUCTION

Recently, electron scattering from small organic molecules
has been a subject of increasing interest, both theoretically and
experimentally. The interest in such studies resides mainly in
many applications of these species. For instance, cross sections
of electron scattering by those molecules are important for
understanding and modeling plasmas [1], to elucidate some
mechanisms of astrophysical phenomena [2], and to control
plasma processing in industry [3]. In particular, alcohols and
biodiesels are currently used as renewable energy sources
replacing the traditional fossil fuels. Such uses could lead to the
increase of vapor concentration of these fuels in the atmosphere
in the near future. Therefore, the investigation of electron
interaction with them may help in the understanding of energy
and material balances in combustion plasmas, as well as in the
understanding of their chemistry in terrestrial atmosphere.

Moreover, radiation damage in biomolecular systems has
been the subject of extensive research in the past few years.
This interest is mainly due to the fact that significant damage
can be caused in DNA via interaction with low-energy
electrons, leading either to direct single- and double-strand
breaks [4] or to the formation of free radicals, which can then
chemically react with DNA, also leading to strand breaks.
Ionizing radiation is widely used in medicine as a probe
in radiodiagnostic examinations and as a genotoxic agent
in radiotherapy. The major part of the energy deposited
by ionizing radiation in condensed matter can lead to the
production of abundant secondary electrons. In order to better
understand the physical and chemical processes responsible for
DNA damage, absolute-cross-section data of electron impact
on DNA and its constituents are needed.

Many molecules of interest such as alcohols, biodiesels, and
the constituents of the bases and backbone of DNA are strongly
polar, which makes the measurement of their differential cross
sections (DCS) at small scattering angles highly unreliable. In
this sense, the development of theoretical methods is important

in order to amend this problem. With this motivation in
mind, in this work we present a theoretical investigation of
electron scattering by two highly polar molecules, namely,
formaldehyde (CH2O) and pyrimidine (C4H4N2), in a wide
incident energy range.

Probably because formaldehyde is one of the simplest
polar organic molecules, the first investigations of e−-CH2O
collisions were performed back in the 1970s. For instance,
earlier electronic spectroscopic studies on CH2O include those
by Weiss et al. [5] and Chutjian [6]. Both studies used the
crossed-beam technique and several electronic transitions in
this compound were observed. Using the electron-transmission
technique, Burrow and Michejda [7] observed pronounced
Feshbach resonances at energies above 6 eV in their relative
total cross sections (TCS). These authors also reported the
occurrence of resonances in the 0.5–3.0 eV impact energy
range. Lately, Benoit and Abouaf [8] reported vibrational
excitations in e−-CH2O collisions in the 0.4–2.6 eV energy
range. These authors have confirmed the existence of a strong
shape resonance at around 1 eV. Also, Van Veen et al. [9]
measured the excitation function for the (n → π∗) transition
by using the trapped-electron method. Nevertheless, to our
knowledge, there are no absolute-cross-section measurements
for e−-CH2O scattering reported in the literature.

On the theoretical side, both elastic and inelastic e−-
CH2O collisions in the low-energy range were investigated
by Rescigno et al. [10,11] and Schneider et al. [12] using the
complex Kohn variational method. In their work, Rescigno
et al. [10] identified a 2B1 shape resonance at about the
same energy region previously observed by Benoit and
Abouaf [8]. This resonance was also studied by Mahalakshmi
and Mishra [13] using the propagator technique. In 2001,
Sobrinho et al. [14] reported DCS and momentum-transfer
cross sections (MTCS) for elastic scattering, as well as for
the two lowest electronic transitions in formaldehyde in the
16–80 eV energy range by using the iterative Schwinger
variational method (ISVM). Kaur and Baluja [15] reported
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DCS, MTCS, and integral cross sections (ICS) for e−-CH2O
collisions in an eight-state multichannel calculation using the
R-matrix method in the 0.1–20 eV range. Freitas et al. [16]
also reported DCS and MTCS for elastic electron scattering
by both formaldehyde and the binary CH20-H2O complex at
several different geometries using the Schwinger multichannel
method (SMC). More recently, TCS for e−-CH2O scattering
were calculated by Zecca et al. [17] using the independent
atom model–screened additivity rule (IAM-SCAR) method
for incident energies varying from 1 to 10 000 eV. In the
same paper, DCS and MTCS for elastic e+-CH2O collisions
calculated using the SMC were also reported. Also very
recently, TCS for e−-CH2O scattering in the 0.01–2000 eV
energy range were calculated by Vinodkumar et al. [18] using
a combination of the R-matrix method and the spherical
complex optical potential (SCOP) method.

In contrast to formaldehyde, only recently have investiga-
tions on electron-pyrimidine collisions started appearing in the
literature. This interest derives mainly from the possible radi-
ation damage of DNA. Pyrimidine is a heterocyclic, aromatic
organic compound containing two nitrogen atoms at positions
1 and 3 of the six-member ring. Due to the similarity of its
ring structure to three of the five nucleobases, namely, cytosine
(C4H5N3O), thymine (C5H6N2O2), and uracil (C4H4N2O2),
it is considered a model molecule for studies of electron
interactions with DNA and RNA bases. Recently, e−-C4H4N2

collisions have been intensively investigated both theoretically
and experimentally. For instance, DCS and ICS for elastic
scattering by pyrimidine were measured by Palihawadana
et al. [19] in the 3–50 eV energy range and also by Maljković
et al. [20] in the 50–300 eV range. Vibrational and electronic
excitation cross sections for electron impact on condensed
pyrimidine were determined by Levesque et al. [21]. DCS
and ICS for low-energy electron-impact excitation of the
unresolved combinations of the 2 3B2 + 2 1A1 and 3 1A1 + 2 1B2

electronic states of pyrimidine were reported by Jones et al.
[22] at 15 and 30 eV incident energies. ICS for inelastic
e−-C4H4N2 collisions were recently measured by Mašı́n et al.
[23] in the 15–50 eV range.

Theoretically, DCS and ICS for elastic e−-C4H4N2 col-
lisions were calculated by Palihawadana et al. [19] in the
0.1–50 eV energy range using both the SMC and IAM-SCAR
methods. In their SMC ICS, calculated without including
dipole correction, three strong resonances were identified. The
peaks located at 0.38 and 4.6 eV are due to shape resonances
occurring in 2B1 symmetry, while the peak located at 0.63 eV
is associated with a resonance of 2A2 symmetry. Also, DCS
and ICS up to 15 eV were calculated by Mašı́n et al. [23]
using the R-matrix method. Two theoretical frameworks,
namely, the static-exchange-polarization (SEP) and the close-
coupling (CC) approximations, were used in their calculations.
Resonances similar to those of Palihawadana et al. [19] were
also seen in their calculated ICS. In their SEP model, these
resonances were located at 0.21 eV for 2A2 symmetry and at
0.68 and 5.15 eV for 2B1 symmetry. Moreover, the IAM-SCAR
method was also used by Maljković et al. [20] to calculate DCS
and ICS in the 50–300 eV range and by Zecca et al. [24] to
calculated TCS in the 1–10 000 eV range.

At energies above the ionization threshold, a number of
inelastic scattering channels such as electronic excitation

and ionization of the target are open, leading to a reduc-
tion in the electronic flux of the elastic scattering channel.
Such effects (known as absorption effects) are difficult to
account for in scattering calculations in an ab initio ap-
proach. Therefore, several semiempirical model absorption
potentials have been proposed and applied within the single-
channel framework [25,26]. Among them, the scaled quasi-
free-scattering model (SQFSM), which is an improvement
of the quasi-free-scattering model version 3 (QFSM3) of
Staszewska et al. [27], was proposed by our group a few
years ago [28,29]. In general, DCS, ICS, and MTCS calculated
using the SQFSM for elastic electron-molecule scattering
do not differ significantly from those computed using the
QFSM3. However, for a variety of atomic and molecular
targets [29–31], the agreement between the TCS and total
absorption cross sections (TACS) calculated with the SQFSM
and the corresponding experimental data is significantly better
than the agreement with their QFSM3 counterparts. This
improvement was confirmed by a recent benchmark study
of Staszewska et al. [32] for electron-atom collisions. In
the present work, the SQFSM absorption potential, combined
with the static-exchange-correlation-polarization contribution,
is applied to describe the dynamics of electron collisions
with formaldehyde and pyrimidine. Particularly, for incident
energies above 50 eV, the introduction of absorption effects
in the collision dynamics should significantly reduce the
magnitude of the DCS at intermediate and large scattering
angles.

The organization of this paper is as follows: In Sec. II, the
theory is briefly described. In Sec. III, some details of the
calculations for each target are presented and our calculated
results are compared with the experimental data available in
the literature, as well as with other existing theoretical data. A
brief conclusion is also summarized in this section.

II. THEORY

In the present study, a complex optical potential given by

Vopt = Vst + Vex + Vcp + iVab (1)

is used to represent the e−-molecule interaction dynamics. In
the above equation, Vst and Vex are the static and the exchange
components, respectively; Vcp is the correlation-polarization
contribution; and Vab is an absorption potential. Using this
potential, the scattering problem is solved using the numerical
solution of the Lippmann-Schwinger (LS) integral equation
within the single-center-expansion close-coupling framework
and further corrected using the Padé approximant technique.
The basic theory of this method has already been presented
elsewhere [31] and is only briefly outlined here.

The procedure starts by using the two-potential formalism
to write the reduced complex optical potential Uopt = 2Vopt as
a sum:

Uopt = U1 + U2, (2)

where

U1 = Ust + U loc
ex + Ucp (3)

and

U2 = Uex − U loc
ex + iUab. (4)
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In the present work, Ust and Uex are derived exactly from
a near-Hartree-Fock self-consistent-field (SCF) target wave
function, whereas Ucp is obtained in the framework of the
free-electron-gas model, derived from a parameter-free local
density, as prescribed by Padial and Norcross [33]. The Hara
free-electron-gas-exchange potential [34] is used to generate
the local-exchange potential U loc

ex . Uab is the reduced SQFSM
absorption potential of Lee et al. [28].

The T matrix can then be written as

Tfi = T1 + T2, (5)

where

T1 = 〈χ (�kf )|U1|ψ+
1 (�ki)〉 (6)

and

T2 = 〈ψ−
1 (�kf )|U2|ψ+(�ki)〉. (7)

In Eq. (6), χ is the unperturbed plane wave function and ψ1 is
the numerical solution of the Schrödinger equation for the U1

potential:

(∇2 + k2 − U1)ψ±
1 (�r) = 0. (8)

Next, T2 is evaluated by using the Padé approximant technique
in an iterative procedure similar to that developed by Lucchese
and McKoy [35] for linear molecules. The [N /N ] Padé
approximant for T2 is given as [36]

T2[N/N ] = −
∑

i,j=1,N−1

〈ψ−
1 |U2|φ(i)+〉(D−1)ij 〈φ(j )−|U2|ψ+

1 〉,

(9)

where

Dij = 〈φ(i)−|U2 − U2G
+
1 U2|φ(j )+〉 (10)

and φ is given as

φ(i)± = (G±
1 U2)iψ±

1 , (11)

where φ(0) = ψ1 and G±
1 is a distorted-wave Green’s function

which satisfies the following condition:

(∇2 + k2 − U1)G±
1 (�r,�r ′) = δ(�r,�r ′). (12)

The superscripts − and + in the above equations denote the
incoming- and outgoing-boundary conditions of the scattering
waves, respectively. In our calculations, both the scattering
wave function and the interaction potential are single-center
expanded in terms of the symmetry-adapted functions [37] as
has been done, for example, in Ref. [31].

It is known that for targets with considerable permanent
dipole moments, partial-wave expansions converge slowly due
to the long-range nature of the dipole interaction potential. In
order to overcome this difficulty, a Born-closure formula is
used to account for the contribution of higher partial-wave
components to the scattering amplitudes. The procedure used
is the same as that used in some of our previous studies [38–40].

Briefly, the vibronically elastic DCS is calculated within
the adiabatic-nuclei-rotation framework:

dσ

d�
=

∑
J ′τ ′

dσ

d�
(J = 0,τ = 0 −→ J ′τ ′), (13)

where

dσ

d�
(Jτ −→ J ′τ ′) = 1

(2J + 1)

k

k0

J∑
M=−J

J ′∑
M ′=−J ′

× |fJτM−→J ′τ ′M ′ |2 (14)

and

fJτM−→J ′τ ′M ′ = 〈
J ′τ ′M ′(�) | f LF | 
JτM (�)〉. (15)

In the above equation, 
JτM (�) are eigenfunctions of an
asymmetric-top rotor and f LF is the electronic part of the
laboratory-frame (LF) scattering amplitude which can be
related to the corresponding body-frame (BF) T matrix by an
usual frame transformation [41]. The Born-closure-corrected
T matrix which accounts for the contribution of higher
partial-wave components to the scattering amplitude is written
as

T = T B + 1

k

LL′∑
pμlhl′h′

il−l′(T pμ

k,lh;l′h′ − T
pμB

k,lh;l′h′
)

×X
pμ

lh (k̂)Xpμ∗
l′h′ (k̂0), (16)

where X
pμ

lh (k̂) are the symmetry-adapted functions [37] which
are expanded in terms of the usual spherical harmonics as
follows,

X
pμ

lh (r̂) =
∑
m

b
pμ

lhmYlm(r̂), (17)

and T B is the complete point-dipole first-Born-approximation
(FBA) T matrix, T

pμ

k,lh;l′h′ are the partial-wave T -matrix
elements calculated via the Padé approximant technique, and

T
pμB

k,lh;l′h′ are the corresponding partial-wave point-dipole FBA
T -matrix elements, given by

T
pμB

k,lh;l′h′ = −D

L

[
(L + h)(L − h)

(2L + 1)(2L − 1)

] 1
2

, (18)

where D is the target electric dipole moment and L = l′ when
l′ = l + 1 and L = l when l′ = l − 1.

Moreover, the TCS for electron-molecule scattering are
obtained using the optical theorem:

σtot = 4π

k
Im[f (θ = 0◦)]. (19)

III. COMPUTATIONAL DETAILS AND RESULTS

A. Formaldehyde

The Hartree-Fock (HF) SCF wave function for ground-
state formaldehyde was obtained using the standard con-
tracted Gaussian functions of Dunning [42], specifically, a
[9s5p/5s3p] basis set augmented by three s (α = 0.0473,
0.0125, and 0.0045), four p (α = 0.0825, 0.365, 0.125,
and 0.0035), and three d (α = 0.756, 0.15, and 0.0375)
uncontracted functions for the carbon center; a [9s5p/3s3p]
basis set augmented by three s (α = 0.05, 0.02, and 0.005), one
p (α = 0.04), and three d (α = 1.7, 0.85, and 0.34) uncon-
tracted functions for the oxygen center; and a [4s4p/2s1p]
basis set augmented by three p (α = 0.3, 0.012, and 0.04)
uncontracted functions for the hydrogen centers. At the
experimental equilibrium geometry of R(O-C) = 2.286 a.u. and
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FIG. 1. DCS for elastic e−-CH2O scattering at (a) 1 eV and
(b) 5 eV. Solid line, present results calculated with the Born-dipole
correction; dotted-dashed line, present results calculated without the
Born-dipole correction; short-dashed line, calculated R-matrix data
of Kaur and Baluja [15].

R(C-H) = 2.082 a.u. this basis set gives an SCF energy of
−113.910 11 a.u. and a permanent dipole moment of 2.85 D,
in reasonable agreement with the experimental value of 2.34 D
[43]. The calculated dipole polarizabilities αxx = 16.2486
a.u., αyy = 12.3328 a.u., and αzz = 21.0777 a.u. were used
to obtain the asymptotic form of Vcp. For incident energies
of 15 eV and below, the absorption effects are negligible and
therefore are not taken into account in the calculations.

In our study, all the single-center expansions were truncated
at lc = 8, 18, and 25 at incident energies lower than 15 eV,
between 15 and 100 eV, and above 100 eV, respectively. All
calculated cross sections were converged within five iterations.

In Figs. 1–4 we show our theoretical DCS, calculated with
the Born-dipole correction, for elastic e−-CH2O scattering in
the 1–300 eV energy range, and also those calculated without
the Born-dipole correction at 1, 5, and 10 eV. The theoretical
results of Kaur and Baluja [15] obtained using the R-matrix
method and those of Sobrinho et al. [14] using the ISVM [44],
are shown at energies for which comparisons are possible.
Unfortunately, to our knowledge, no experimental results for
this target are available in the literature.

In Figs. 1 and 2, our DCS calculated without the Born
correction show some oscillations, specially at 1 and 5 eV.
They also present a falloff behavior at scattering angles near
the forward direction, which is unphysical for polar targets. On
the other hand, the DCS calculated with Born corrections are
much smoother and are also forwardly peaked, as expected.
Although the Born-corrected R-matrix DCS of Kaur and
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FIG. 2. DCS for elastic e−-CH2O scattering at (a) 10 eV and
(b) 20 eV. Symbols are the same as those in Fig. 1 with the addition
of the following: dashed-line, present Born-corrected DCS calculated
without inclusion of absorption effects; dotted line, calculated ISVM
data of Sobrinho et al. [14].
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FIG. 3. DCS for elastic e−-CH2O scattering at (a) 40 eV and
(b) 60 eV. Symbols are the same as those in Fig. 2.
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FIG. 4. DCS for elastic e−-CH2O scattering at (a) 100 eV and (b)
300 eV. Symbols are the same as those in Fig. 2.

Baluja [15] present the correct forward-direction behavior,
some oscillations are still seen in their results. These observed
oscillations may be due to the fact that the dipole-Born
correction made by them was not on the scattering amplitudes
but directly on the cross sections, which is given as

dσ

d�
= dσB

d�
+

∑
L

(
AL − AB

L

)
PL(cos θ ). (20)

Using this approximation, interference terms between the low-
L and high-L partial-wave components are omitted.

At 20 eV, the ISVM DCS of Sobrinho et al. [14] calculated
at the SEP level of approximation and our calculated data
without accounting for absorption effects are also shown. A
reasonable agreement among all the theoretical data is seen
and also that the absorption effects are still not relevant at this
energy.

In Figs. 3 and 4 we compare our DCS, calculated with and
without the inclusion of absorption effects, in the 40–300 eV
energy range. At 40 and 60 eV the results of Sobrinho et al. [14]
obtained using the ISVM at the SEP approximation level are
also included for comparison. For all energies in this range,
the influence of the inelastic scattering channels on elastic
collisions is evident: the DCS calculated including absorption
effects lie well below those calculated without including them;
the loss of electron flux in the elastic channel is a consequence
of the open inelastic channels. The SEP data of Sobrinho
et al. [14] agree with our results calculated without including
absorption effects in the intermediate angular range.

In Figs. 5(a) and 5(b) we show our calculated ICS and
MTCS, respectively, for elastic e−-CH2O scattering in the
0.2–500 eV energy range, along with those of Kaur and
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FIG. 5. (a) ICS and (b) MTCS for elastic e−-CH2O scattering.
Solid line, present theoretical results calculated with the Born-dipole
correction; short-dashed line, calculated R-matrix data of Kaur and
Baluja [15]; dashed line, SMC results of Freitas et al. [16].

Baluja [15] calculated using the R-matrix method and the SMC
MTCS of Freitas et al. [16] calculated at the C2v group and at
the SEP level of approximation. Again, our calculated data for
energies of 20 eV and above include absorption effects. Both
our ICS and MTCS exhibit a resonancelike feature at around
1 eV. This feature is better characterized in the MTCS and
is identified as a shape resonance in the B1 partial scattering
channel. This resonance was also identified by Kaur and Baluja
[15] and by Freitas et al. [16], but was slightly shifted in energy.
Although there are no experimental ICS and/or MTCS for this
target to compare with calculations, experimental evidence
of the existence of this resonance is given by Benoit and
Abouaf [8] who observed the occurrence of a resonance near
1 eV in their measured energy-dependent fixed-angle (90◦)
vibrational excitation DCS, which is due to the occupation
of the first empty 2b1 orbital by the scattering electron. The
partial-channel ICS from our calculation have confirmed this
assignment. Quantitatively, our ICS lie systematically above
those of Kaur and Baluja [15] in the overlapped energy range.
The difference between the two sets of ICS decreases with
energy. In contrast, the MTCS calculated by Kaur and Baluja
[15] are larger than ours at energies below 5 eV. On the other
hand, our MTCS agree fairly well with the SMC data of Freitas
et al. [16] at energies above 0.8 eV.

In Figs. 6(a) and 6(b) we present our TCS and TACS,
respectively, calculated at incident energies up to 500 eV, along
with the R-matrix TCS of Kaur and Baluja [15], the TCS of
Zecca et al. [17] calculated using the IAM-SCAR, and the
TCS of Vinodkumar et al. [18] calculated using the R-matrix
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FIG. 6. (a) TCS and (b) TACS for e−-CH2O scattering. Solid line,
present theoretical results calculated including absorption effects;
short-dashed line, calculated R-matrix data of Kaur and Baluja [15];
dashed line, calculated IAM-SCAR data of Zecca et al. [17]; dotted
line, calculated SCOP data of Vinodkumar et al. [18]; dotted-dashed
line, calculated BEB TICS of Kim and Irikura [45].

approach for incident energies up to 20 eV and using the
SCOP approximation above 20 eV. In Fig. 6(b) we compare
our TACS with the total ionization cross sections (TICS) of
Kim and Irikura [45], calculated using the binary-encounter
Bethe (BEB) model. In general, all calculated TCS present
similar qualitative energy-dependent behavior. However, the
IAM-SCAR TCS of Zecca et al. [17] do not show the 1B1

resonance feature at around 1 eV. In the entire energy range,
the magnitudes of the TCS of Vinodkumar et al. [18] are
significantly smaller than all other calculated results. The
lack of the Born-type correction for the dipole interaction is
probably the origin of this discrepancy. On the other hand, the
IAM-SCAR data of Zecca et al. [17] are in good agreement
with our calculated TCS at energies above 2 eV. In Fig. 6(b) one
can notice a very good qualitative and quantitative agreement
between our present TACS and the BEB TICS of Kim and
Irikura [45]. The fact that their results are slightly below
ours is expected since only ionization processes are taken into
account in TICS calculations, whereas all inelastic processes
are included in the SQFSM absorption potentials.

B. Pyrimidine

The SCF wave functions of the ground-state pyrimidine
used in the generation of the e−-target potential were calcu-
lated at the HF SCF level. The calculations were performed
using the quantum chemistry code GAMESS [46] with an
Triple-Zeta Valence plus d-Polarization (TZVDP) contracted
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FIG. 7. DCS for elastic e−-C4H4N2 scattering at (a) 3 eV and
(b) 6 eV. Solid line, present results calculated with the Born-
dipole correction; dashed line, present results calculated without
the Born-dipole correction; short-dashed line, calculated R-matrix
data of Mašı́n et al. [23]; dotted-dashed line, calculated SMC data
of Palihawadana et al. [19]; dotted line, calculated IAM-SCAR
data of Palihawadana et al. [19]; solid circles, experimental data
of Palihawadana et al. [19].

Gaussian basis set. The calculation was performed at the
C2v point group using the optimized equilibrium geometry
taken from the literature [47]. The calculated SCF total energy
is −262.767 36 a.u., slightly lower than the HF results of
−262.75 a.u. calculated by Mašı́n et al. [23]. Our calculated
permanent dipole moment is 2.385 D, in good agreement with
the experimental value of 2.334 ± 0.01 D [48]. Moreover,
the theoretical dipole polarizabilities αxx = 22.54 a.u., αyy =
55.06 a.u., and αzz = 59.06 a.u. were used for the generation of
the asymptotic form of Vcp. These values, calculated within the
HF framework using an aug-cc-pVDZ basis, were also taken
from the database of the NIST website [47].

In the present study, the single-center expansions of bound
and scattering wave functions, as well as the interaction
potentials and all related matrices were truncated at lc =
25 in the entire incident energy range covered herein. All
the calculated cross sections were converged within seven
iterations.

In Figs. 7 and 8 we show our theoretical DCS, calculated
both with and without the Born-dipole correction, for elastic
e−-C4H4N2 scattering in the 3–15 eV range. As in formalde-
hyde, the absorption effects were neglected in this energy
range. In addition, the experimental data of Palihawadana
et al. [19], as well as the calculated DCS using both the SMC
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FIG. 8. DCS for elastic e−-C4H4N2 scattering at (a) 10 eV and
(b) 15 eV. Symbols are the same as those in Fig. 1.
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FIG. 9. DCS for elastic e−-C4H4N2 scattering at (a) 20 eV and
(b) 50 eV. Symbols are the same as those in Fig. 1 with the addition of
the following: dotted line, calculated IAM-SCAR data of Maljković
et al. [20]; solid circles, experimental data of Maljković et al. [20].

and IAM-SCAR of Palihawadana et al. [19], and the R-matrix
DCS of Mašı́n et al. [23] in the CC framework are also shown
for comparison. At 3 and 6 eV, our dipole-corrected DCS
still retain some oscillations. This behavior was also observed
for other polar targets such as methanol and ethanol [40,49]
and could possibly be a limitation of the point-dipole Born-
correction procedure. However, the calculated DCS becomes
smoother with increasing incident energies. Quantitatively,
since the measured data of Palihawadana et al. [19] started
at 20◦, our theoretical results both with and without the Born
correction are in fairly good agreement with their measured
data. In this energy range, the theoretical DCS calculated using
the SMC are in generally good agreement with our Born-
corrected data, except at scattering angles near the forward
direction. Again, the lack of the Born-dipole correction in
their data is the origin of this discrepancy. The comparison
of our data with the CC DCS of Mašı́n et al. [23] also shows
reasonably good agreement. As expected, the IAM-SCAR data
at 6 and 10 eV strongly disagree with all the theoretical results,
as well as with the experimental data.

In Figs. 9 and 10, we present the theoretical results of
Born-dipole-corrected DCS in the 20–300 eV energy range.
In this range, our calculations were performed including
absorption effects via the SQFSM approach. The experimental
results of Palihawadana et al. [19] up to 50 eV and those
of Maljković et al. [20] in the 50–300 eV range along with
the theoretical data calculated using the SMC [19] and IAM-
SCAR [19,20] are also shown for comparison. At 20 eV, our
calculated data are still in good agreement with the SMC DCS
obtained at the SEP level of approximation, which indicates
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FIG. 10. DCS for elastic e−-C4H4N2 scattering at (a) 100 eV and
(b) 300 eV. Symbols are the same as those in Fig. 9.
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FIG. 11. ICS for elastic e−-C4H4N2 scattering. Solid line, present
theoretical results; short-dashed line, calculated CC data of Mašı́n
et al. [23]; dotted-dashed line, calculated SMC data of Palihawadana
et al. [19]; solid circles, experimental data of Palihawadana et al.
[19]. All the calculations were performed without the Born-dipole
correction.

that absorption is not yet significant even for this larger target.
Again, the IAM-SCAR DCS are significantly different from
our data. The comparison of our DCS with the experimental
data shows a good qualitative agreement. Quantitatively, good
agreement is also seen at angles up to 40◦. Above this angle,
our calculation overestimates the measured data. At 50 eV,
the SMC DCS calculated without accounting for absorption
effects lie significantly above our data at intermediate and
large scattering angles, which clearly indicates the significant
influence of such effects. At this energy, there is a reasonably
good agreement between our calculated results and the two
sets of experimental data [19,20]. Also, there is a significant
improvement in the agreement between the IAM-SCAR data
and our data. In the 100–300 eV range, there is a generally good
agreement between our calculated results and the experimental
and IAM-SCAR data of Maljković et al. [20].

In Fig. 11 we show our ICS calculated without the Born-
dipole correction for elastic e−-C4H4N2, in comparison with
the corresponding data obtained by SMC [19] and by the
R-matrix method at the SEP level of approximation [23].
The experimental results of Palihawadana et al. [19] in the
3–50 eV energy range are also presented. At energies above
3 eV, there is a good agreement among the calculated data and
the experimental ICS. However, at energies near threshold, the
three sets of theoretical ICS are different from each other, with
our calculated data lying well above the others. Moreover,
the ICS of Mašı́n et al. [23] calculated at the SEP level of
approximation show two very sharp resonances centered at
0.21 eV (2A2) and 0.63 eV (2B1), respectively, and one broad
resonance located at 5.15 eV (2B1). These resonances were also
identified by Winstead and McKoy [50] but in a different order,
namely, 2B1, 2A2, and 2B1. In our calculation we have identified
one sharp resonance located at 1.4 eV and another broad
resonance located at about 7.5 eV. The partial-channel analysis
of our ICS showed that both resonances are of 2B1 symmetry
and are probably the same as those identified by Mašı́n et al.
[23], but shifted to higher incident energies, probably due to
the different treatment of the polarization effects.
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FIG. 12. (a) TCS and (b) TACS for e−-C4H4N2 scattering.
Solid line, present theoretical results calculated including absorption
effects; short-dashed line, calculated SEP results of Mašı́n et al. [23]
with the Born-dipole correction; dotted line, calculated IAM-SCAR
data of Zecca et al. [24].

In Fig. 12(a) we present our TCS calculated with the
Born-dipole correction at incident energies up to 300 eV.
The ICS calculated with the R-matrix method with the
SEP + Born-dipole correction [23] and the TCS obtained
using the SCAR + rotational excitation of Zecca et al. [24]
are also shown for comparison. Unfortunately, there are no
reported experimental TCS in the literature. At low energies,
both the R-matrix ICS and SCAR TCS lie well above our
results. This discrepancy is probably due to the different ways
of performing the dipole correction. In our calculation, this
correction is made on the scattering amplitudes, whereas in
SCAR and R-matrix calculations it is made directly on the
cross sections. However, there is a good agreement between
the SCAR TCS and our results for energies above 50 eV.
In Fig. 12(b), we present our calculated results for TACS.
Unfortunately, there are no experimental or calculated data to
compare with.

IV. CONCLUDING REMARKS

In the present work, we report a theoretical study on
e−-CH2O and e−-C4H4N2 scatterings in the low- and
intermediate-energy ranges. These targets are both strongly
polar. Due to this characteristic, DCS at near the forward
direction are sharply peaked. Also, the ICS and TCS at very
low incident energies are strongly enhanced. Our method
was able to provide DCS in reasonably good agreement with
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other theoretical results and experimental data available in
the literature. Particularly for CH2O, our calculations were
able to predict a 2B1 shape resonance located at around
1.0 eV, in agreement with previous calculations [10,15,16].
Experimental evidence of this resonance was observed by
Benoit and Abouaf [8]. Also for C4H4N2, our calculations
have identified two 2B1 shape resonances located at about
1.4 and 7.5 eV, respectively. These resonances are probably
the same as those observed by Mašı́n et al. [23], although
slightly shifted to higher incident energies. Nevertheless, the
2A2 shape resonance identified by them located at 0.21 eV was
not observed in the present study. Different ways to compute
the correlation-polarization potential may be the reason for
this discrepancy.

At energies above 30 eV, absorption effects become rele-
vant. Therefore, the DCS calculated accounting for such effects
lie below those obtained without them, particularly at interme-
diate and large scattering angles. In general, DCS and ICS
including absorption effects are in better agreement with the
experimental data available in the literature. Due to the lack of
experimental and/or theoretical studies for e−-CH2O scatter-
ing, mainly in the intermediate-energy region, we hope that the
present study may stimulate further investigation on this target.
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