View metadata, citation and similar papers at core.ac.uk brought to you by fCORE

provided by Repositorio da Producao Cientifica e Intelectual da Unicamp

oBY

SISTEMA DE BIBLIOTECAS DA UNICAMP

UNIVERSIDADE ESTADUAL DE CAMPINAS
SISTEMA DE BIBLIOTECAS DA UNICAMP
REPOSITORIO DA PRODUGAO CIENTIFICA E INTELECTUAL DA UNICAMP

Versao do arquivo anexado / Version of attached file:

Versao do Editor / Published Version

Mais informacoes no site da editora / Further information on publisher's website:
https://journals.aps.org/pra/abstract/10.1103/PhysRevA.90.062704

DOI: 10.1103/PhysRevA.90.062704

Direitos autorais / Publisher's copyright statement:
©2014 by American Physical Society. All rights reserved.

DIRETORIA DE TRATAMENTO DA INFORMAGAO

Cidade Universitaria Zeferino Vaz Barao Geraldo
CEP 13083-970 — Campinas SP
Fone: (19) 3521-6493
http://www.repositorio.unicamp.br


https://core.ac.uk/display/296662708?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://www.repositorio.unicamp.br/

PHYSICAL REVIEW A 90, 062704 (2014)

Electron collisions with ammonia and formamide in the low- and intermediate-energy ranges
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We report an investigation on electron collisions with two nitrogen-containing compounds, namely ammonia
(NH;) and formamide (NH,CHO). For ammonia, both theoretical and experimental differential, integral, and
momentum-transfer cross sections, as well as calculated grand-total and total absorption cross sections, are
reported in the 50-500 eV incident energy range. Calculated results of various cross sections are also reported
for energies below 50 eV. Experimentally, angular distributions of the scattered electrons were measured using a
crossed electron beam-molecular beam geometry and then converted to absolute differential cross sections using
the relative flow technique. Absolute integral and momentum-transfer cross sections for elastic e”-ammonia
scattering were also derived from the measured differential cross sections. For formamide, only theoretical cross
sections are presented in the 1-500 eV incident energy range. A single-center-expansion technique combined
with the method of Padé was used in our calculations. For both targets, our calculated cross sections are compared
with the present measured data and with the theoretical and experimental data available in the literature and show
generally good agreement. Moreover, for formamide, two shape resonances located at 3.5 eV and 15 eV which
correspond to the continuum 2A” and ?A’ scattering symmetries, respectively, are identified. The former can be
associated to the 2B, shape resonance in formaldehyde located at around 2.5 eV, whereas the latter can be related
to the 2E resonance in ammonia at about 10 eV. Such correspondence is very interesting and so supports the

investigation on electron interaction with small building blocks, instead of with larger biomolecules.

DOI: 10.1103/PhysRevA.90.062704

I. INTRODUCTION

Without any doubt, nitrogen-containing compounds con-
stitute a class of most abundant and important materials in
universe. These molecules have played an important role in
the evolution of life on Earth. Recently, it has been discovered
that significant damage to DNA and RNA, such as single or
double strand breaks, can be caused by their interaction with
low-energy electrons [1]. Large biomolecules are built from
smaller components, most of them containing nitrogen. Thus
electron interaction with such molecules which form build-
ing blocks of large biomolecules has attracted considerable
attention in recent years [1,2]. In the near past, several small
biomolecules such as methanol [3], ethanol [4], propane [5],
and dimethylether [6] were investigated both theoretically
and experimentally by our group. In this work, we present a
study of electron collisions with two nitrogen-containing com-
pounds, namely ammonia (NH3) and formamide (NH,CHO).

Electron scattering by ammonia has many practical appli-
cations in fields such as space physics, modeling of planetary
atmospheres, gas-discharge lasers, switching devices, and
plasma chemistry, where NH3 is a source of nitrogen atoms for
the fabrication of nitride films and other nitrogen-containing
compounds [7]. In addition, due to the ozone-layer destruction
by the chlorofluorocarbon compounds, ammonia has been
reintroduced as a cooling gas, replacing the freons. Thus
e~ -NHj interaction is also important in atmospheric studies,
since the concentration of ammonia is expected to increase in
Earth’s atmosphere due to this replacement.

1050-2947/2014/90(6)/062704(9)

062704-1

PACS number(s): 34.80.Bm

Previous experimental investigation on e~ -NHj; scattering
is limited. The very first experimental grand-total cross
sections (TCS) were reported in the 1-20 eV energy range by
Briiche [8] in 1929. Lately, TCS were also measured by Sueoka
et al. [9] using a time-of-flight technique and by Szmytkowski
etal. [10], Zecca et al. [11], and Garcia and Manero [12] using
a linear transmission technique. More recently, experimental
TCS were reported by Ariyasingue et al. [13] in the 400-
4000 eV range and by Jones et al. [14] in the 0.02—10 eV range.
Also, experimental total ionization cross sections (TICS) were
reported by Rao and Srivastava [15]. In addition, Hayashi [16]
reported momentum-transfer cross sections (MTCS) which are
based on the drift velocity measurements of Pack er al. [17] and
the calculations of Altshuler [18]. Absolute elastic differential
cross sections (DCS) at 7.5 eV energy were reported by Ben
Arfa and Tronc [19] and also relative DCS were reported by
Furlan et al. [20] in the 12-50 eV range. The most complete
experimental DCS determination for this target was probably
that performed by Alle et al. [21]. In that work, absolute DCS
were reported in the 2-30 eV energy range and in the 10°-125°
angular range. Above 30 eV, the only set of experimental DCS
in absolute scale were those of Bromberg measured in the
2°-10° angular range and at incident energies of 300, 400,
and 500 eV, reported in the article of Harshbarger et al. [22].
Relative DCS, measured in the same energy and angular ranges
but normalized to those of Bromberg, were also reported by
Harshbarger et al. [22]. Finally, absolute measurements of
DCS for the electron impact excitation of the v; 3 vibrational
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modes of e”-NHj at incident energies of 5, 7.5, and 15 eV
were reported by Gulley et al. [23].

From the theoretical point of view, the literature for the
elastic scattering of electrons by NHj3 is quite abundant.
Some earlier DCS calculations include those reported by
Gianturco and Jain [24], Pritchard et al. [25], Gianturco [26],
and Rescigno et al. [27]. More recently, calculations were
also reported by Ribeiro et al. [28] and by Munjal and
Baluja [29]. In all these calculations, the framework of the
fixed-nuclei approximation combined with the single-center
expansion technique was employed. This procedure may
cause severe convergence problems in the calculation of
electron-polar molecule cross sections due to truncations in
partial-wave expansions [25]. Because of that, Pritchard et al.
reported DCS only at intermediate and backward angles where
the first few partial waves dominate the description of the
interaction dynamics. On the other hand, Gianturco [26],
Rescigno et al. [27], and Munjal and Baluja [29] applied the
Born-closure method to overcome this difficulty. Nevertheless,
these calculations were limited to incident energies up to 20 eV.
At higher energies, elastic DCS in the 0.1-1.0 keV range were
calculated by Jain et al. using a parameter-free spherical optical
potential at the static-exchange-polarization (SEP) level of
approximation. In addition, calculations of TCS [31-33] and
TICS [31] are also available in the literature.

Formamide, a derivative of ammonia, constitutes the sim-
plest molecular system containing the peptide bond. Since the
peptide type of chemical bonds are essential in the structure
of proteins, the investigation on electron interaction with
formamide can be useful to understand processes of electron-
protein interactions and modeling of energy deposition upon
high-energy irradiation of biomaterials [34]. Moreover, for-
mamide is also considered as a prebiotic molecule. The
identification of this system in the interestellar regions [35]
has stimulated considerable studies in the astrobiological
research in recent years. Despite that, the investigation on
e~ -formamide interaction reported in the literature is very
limited, both theoretically and experimentally.

Theoretical integral cross sections (ICS) and MTCS for
elastic scattering of low-energy electrons (1-12 eV) by this
target were calculated by Bettega [36] using the Schwinger
multichannel method (SMC). The elastic DCS, ICS, and
MTCS and the excitation cross sections from the ground state
to the first four low-lying electron excited states at incident
energies up to 10 eV were recently calculated by Wang and
Tian [37] using the R-matrix method. In addition, TICS in the
10-2000 eV range were calculated by Gupta et al. [38] using
the spherical complex optical potential (SCOP) approach.

Experimentally, absolute DCS for elastic e~-NH,CHO
scattering were measured and reported by Maljkovié et al. [34]
at 100, 150, and 300 eV energies and in the 20°-110°
angular range. To our knowledge, no other theoretical and/or
experimental determinations of cross sections for this system
were reported.

In this work, we present a joint theoretical-experimental
study of electron scattering by ammonia in the low- and
intermediate-energy ranges. Also, a theoretical investiga-
tion on e -NH,CHO collisions is reported. Specifically,
experimental absolute DCS for electrons elastically scattered
from NH; are determined using the relative flow technique
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(RFT) [39] in the 50-500 eV range and in the 10°-130°
angular range. ICS and MTCS are also derived from the
experimental DCS. Theoretically, DCS, ICS, MTCS, TCS,
and total absorption cross sections (TACS) are also reported
in 1-500 eV energy range for both ammonia and formamide.
Thus the present study represents an attempt to partially fill the
lack of both theoretical and experimental results for e~-NHj3
and e~ -NH,CHO collisions.

The organization of this work is as follows. In Sec. II,
we present some details of our experimental procedure. In
Sec. III, the theory is briefly described. In Sec. IV, some
computational details are presented and our calculated results
for ammonia and formamide are compared with the present
measured results, as well as with existing experimental and
theoretical data. Some concluding remarks are also presented
in Sec. V.

II. EXPERIMENTAL PROCEDURE

The experimental setup and procedure used in the present
measurement are given in detail in some of our previous
works [40,41]. Briefly, the relative angular distribution of the
scattered electrons at a given incident electron energy is mea-
sured using a crossed electron beam-molecular beam geome-
try. The scattered electrons are energy filtered by a retarding-
field energy selector with a resolution of about 1.5 eV. This
resolution allows the discrimination of inelastically scattered
electrons that resulted from electronic excitation, whereas
those from vibrational excitation processes remain unresolved.
Thus our measured DCS are indeed vibrationally summed.

The sample of ammonia used in the measurements is
prepared in our laboratory from a commercial ammonia
solution with concentration of 36% in weight. For each
measurement, a sample of ammonia solution is put into a
glass balloon attached to a gas handling manifold and then
undergoes a pretreatment for elimination of atmospheric air,
through several freeze-thaw cycles using liquid nitrogen as
the cooling agent. After these steps, the balloon with the
liquid sample is then immerged into a Dewar frask filled
with ice and salt. The temperature of this system is around
—20°C. At such low temperature, the vapor pressure of water
is negligible compared to that of ammonia. In fact, the purity
of the gaseous ammonia so generated was constantly checked
using both a quadrupole mass spectrometer and a time-of-flight
mass spectrometer [42], and was shown to be better than 99%.
During the measurements, the working pressure in the vacuum
chamber was around 5x 10~ torr.

The recorded scattering intensities were converted into
absolute elastic DCS using the RFT [39]. Accordingly, the
DCS for a gas under determination (x) can be related with the
known DCS of a secondary standard (szd) as

(da) B <da> I, RS,J(MS,(,>% 0
), dQ) 4 Lia Re \ M, )’

where [ is the scattered electron intensity, R is the relative flow
rate, and M is the molecular weight. The application of RFT
requires precise measurements of R for both gases, x and std.

They were determined according to the procedure described
in our previous studies [3,4,43].
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In the present study, the absolute DCS of Ar and N, reported
by Jansen et al. [44] and Dubois and Rudd [45] were used as
secondary standards. Details of the analysis of the experimen-
tal uncertainties have also been given elsewhere [40,41]. They
were briefly estimated as follows. Uncertainties of random
nature such as pressure fluctuations, electron-beam current
readings, background scattering, etc., were estimated to be less
than 2%. These contributions combined with the estimated
statistical errors gave an overall uncertainty of 4% in the
relative DCS for each gas. Also, the experimental uncertainty
associated with the normalization procedure was estimated to
be 5.7%. These errors combined with the quoted errors [45]
in the absolute DCS of the secondary standard provided an
overall experimental uncertainty of 15% in our absolute DCS.
Absolute DCS were determined in the 10°—130° angular range.
In order to obtain ICS and MTCS, a manual extrapolation
procedure was adopted to estimate DCS at scattering angles
out of the angular range covered experimentally. The overall
uncertainties on the ICS and MTCS were estimated to be 24%.

III. THEORY

The theory used in this work is essentially the same as in
several previous works [5,46,47]. Briefly, a complex optical
potential given by

Vopt =Vy+ Vexr + ch +iVap (2)

was used to represent the electron-target interaction. Using
this optical potential, the many-body nature of the electron-
molecule interaction is reduced to a one-particle scattering
problem which can be solved exactly using the numerical
solution of the close-coupling Lippmann-Schwinger (LS)
integral equation. In the above equation, V,, and V,, are the
static and the exchange components, respectively, and V,, is
the correlation-polarization contribution. In addition, V,; is an
absorption potential which describes the reduction of the flux
of elastically scattered electrons due to opening of inelastic
scattering channels.

The reduced form of the optical potential U,,, = 2V,,; can
be partitioned as a sum of two components:

Uopr = Ui + U, 3)

with
Uy =U, + U+ U, (4)

and
Uy = Uy — UM +iU,, (5)

where U!%¢ is a reduced local exchange potential. According
to the two-potential formalism, the full transition 7 matrix,
given as

Tpi = {pUe )| Uopel ¥ (K1), (6)
is also composed of two parts:
Tri =T + Ts, (7
where
Ty = (pKkIU Y (ki) )
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and

Ty = (Y7 (k)| Ualy (k). )

In Egs. (6) and (8), ¢ is the unperturbed plane wave, ¥ is
the solution of the LS equation for the full optical potential
Uops» Y1 is the solution of the distorted-wave LS equation for
potential U;, and k is the magnitude of the electron linear
momentum.

Further, 7, can be obtained iteratively using the [N/N]
technique of Padé [48]:

DIN/NI=— Y (U™ )D (e [Ualyh),
i,j=1,N—1
(10)
where
Djj = (V7 |Us — Us G Un|¢pV), (11)

and G is the distorted-wave Green’s function, which satisfies
the following condition:

(V24 k2 = UDNGEF.r) = 8(F.r). (12)

The superscripts — and + appearing in the above equations
denote the incoming- and outgoing-boundary conditions of
the scattering waves, respectively. In our calculation, the
truncation parameter N is iteratively increased until con-
vergence is achieved. The converged body-frame (BF) T
matrix (or equivalently the BF scattering amplitude f) can
then be expressed in the laboratory frame (LF) by the usual
frame transformation [49]. Additionally, the TCS for electron-
molecule scattering are obtained using the optical theorem:

4
Otor = TIm[f(G =091 (13)

In the present work, Uy, and U, were derived exactly from a
near-Hartree-Fock self-consistent-field (HF-SCF) target wave
function, whereas U, was obtained in the framework of the
free-electron-gas model, derived from a parameter-free local
density, as prescribed by Padial and Norcross [50], and the
absorption potential U,, in Eq. (5) was the reduced scaled
quasifree scattering model (SQFSM) absorption potential of
Lee et al. [51], which is an improvement of the version 3 of the
model absorption potential originally proposed by Staszewska
et al. [52]. The Hara free-electron-gas-exchange potential [53]
was used to generate the local exchange potential U'°.

IV. COMPUTATIONAL DETAILS AND RESULTS
A. Ammonia

The HF-SCF wave function of ammonia was obtained
using the aug-cc-pVTZ (6D, 10F) basis set of the GAUSSIAN 03
package [54]. At the experimental ground-state molecular ge-
ometry [55], this basis provided a total energy of —56.221 023
hartrees. The calculated electric dipole moment was 1.4682 D,
in good agreement with the experimental value of 1.470 D
[55]. Moreover, the asymptotic form of U, was generated
with the dipole polarizabilities [55] calculated at the HF-SCF
level using the same basis set. The obtained values were o, =
12.31 a.u., oy = 12.31 a.u,, and o ; = 12.80 a.u., resulting
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DCS (1070 em?/sr)

DCS (1070 em?/sr)

0 45 90 135 180 0 45 90 135 180
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FIG. 1. DCS for elastic e -ammonia scattering at (a) 1 eV, (b)
2 eV, (c)5eV,and (d) 7.5 eV. Full curve, present theoretical results
calculated with Born-closure procedure; dashed curve, calculated
data of Rescigno et al. [27]; dashed-dotted curve, calculated data
of Munjal and Baluja [29]; short-dashed curve, present theoretical
results calculated without Born-closure procedure; solid squares,
measured data of Alle et al. [21].

in an average dipole polarizability of op = 12.473 a.u., in fair
agreement with the experimental value of 14.192 a.u. [55].
In our calculation, the wave functions and the interaction
potentials, as well as the related matrices, were single-center
expanded about the center of mass of the molecule in terms
of the well known X/} symmetry-adapted functions [56]. The
truncation parameters used in these expansions were [, = 25
and h, = 25 for all bound and continuum orbitals, as well
as for the T-matrix elements. The calculated cross sections
were converged with N = 7. Since ammonia is a polar system,
the 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 was used to
account for the contribution of higher partial-wave components
to the scattering amplitudes. The procedure used was the same
as in some of our previous studies [4,57,58].

The comparison of the present experimental and calculated
DCS data with the existing theoretical [27,29] and mea-
sured [21] results is made in Figs. 1-3. In Fig. 1, our theoretical
dipole-Born-corrected DCS for elastic electron scattering by
ammonia in the 1-7.5 eV range are presented. Particularly, in
Fig. 1(b), DCS obtained without a dipole-Born correction at
2 eV are also shown. It is seen that our DCS calculated without
the dipole-Born correction present unphysical oscillations, due
to the lack of convergence of the partial-wave expansion.
Also, in this low-energy range, absorption effects were not
included in the present study and, therefore, our calculations
were performed at the same level of approximation as those of
Rescigno et al. [27] and Munjal and Baluja [29]. From Fig. 1,
it is seen that our calculated results are in good agreement
with the experimental DCS of Alle et al. [21]. Comparing
with other theoretical results, it is seen that at 5 and 7.5 eV,
there is a general good agreement among all the calculated
DCS. Nevertheless, at 1 and 2 eV, there are some discrepancies
between these results, particularly at scattering angles larger
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FIG. 2. Same as Fig. 1 but at (a) 15 eV, (b) 20 eV, (c) 30 eV, and
(d) 50 eV except: dotted curve, present theoretical results calculated
without inclusion of absorption effects; solid circles with error bars,
present experimental data.

than 40°. In general, our results are in better agreement with
those of Rescigno et al. [27].

In Figs. 2 and 3, we present our theoretical dipole-Born-
corrected DCS for elastic electron scattering by ammonia in
the 15-500 eV energy range. In this range, the absorption
effects were taken into account in our calculations. At 15
and 20 eV, comparison is made with the theoretical results
of Rescigno et al. [27] and Munjal and Baluja [29]. Very
good agreement is also seen among all these theoretical
results which seems to indicate that the absorption effects
are still weak at these energies. Nevertheless, above 30 eV
inelastic scattering processes become relevant and thus affect
significantly the elastic scattering processes. Such influences
are clearly seen in Figs. 2(d) and 3(a), where DCS at 50 and
100 eV calculated without inclusion of absorption effects
are also shown. It is seen that the DCS calculated without

100
&
g 10
Q
2 1
e
g 0.1
[a]

0.01 ! ! ! 0.01

100 100
=
= 10 10
E
° 1 1
>
= ol 0.1
v
] o0l 0.01

1 1 1
0 45 90 135 180 0 45 90 135 180
Angle (deg) Angle (deg)

FIG. 3. Same as Fig. 2 but at (a) 100 eV, (b) 200 eV, (c) 300 eV,
and (d) 500 eV, except: dashed line, calculated SHP1 results of Jain
et al. [30] using the SCOP model; open squares, experimental DCS
of Bromberg [22].
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such effects lie significantly above those including them. In
addition, our theoretical results are also compared with the
experimental data of Alle er al. [21] at energies up to 30 eV
and with the present measured data in the 50-500 eV range.
There is a very good agreement between our theoretical data
calculated with absorption effects and both experimental data.
At 300 and 500 eV, the experimental DCS of Bromberg
measured in the 2°-10° angular range [22] are also shown.
These results seem to match very well to our measured data.
At the only overlapping scattering angle, 10°, the results
of Bromberg and our data agree within the experimental
uncertainties at incident energies of 400 and 500 eV. However,
his DCS at 10° and 300 eV is slightly out of the uncertainty
margin. At these energies, our calculated results also agree
well with both the present measured data and with those of
Bromberg [22], although some small oscillations are seen in
our theoretical DCS, particularly at scattering angles larger
than 60°. Such oscillations are not clear in the experimental
data and can be attributed to the lack of higher partial waves in
the expansion of both the interaction potential and the 7 -matrix
elements.

Figures 4(a) and 4(b) show our theoretical elastic ICS
and MTCS, respectively, in the 1-500 eV energy range. Our
ICS are compared with the calculated results of Munjal and

60 T T

ICS (106 em?)

MTCS (1076 cm?)

Energy (eV)

FIG. 4. (a) ICS and (b) MTCS for elastic e~ -ammonia scattering
in the 1-500 eV range. Full curve, present dipole-Born-corrected re-
sults; dashed-dotted curve, calculated data of Munjal and Baluja [29];
dashed curve, calculated MTCS of Rescigno et al. [27]; short-dashed
curve, calculated MTCS of Gianturco [26]; full circles with error
bars, present experimental data; solid squares, experimental data of
Alle et al. [21]; open triangles, experimental TCS of Jones et al. [14];
open circles, recommended MTCS of Itikawa [59].
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Baluja [29] at energies up to 20 eV, with the experimental
results of Alle et al. [21] in the 2-30 eV energy range, and with
the present experimental ICS in the 50-500 eV range. Since at
energies below the electronic excitation threshold the ICS and
the TCS are essentially equivalent, the experimental TCS data
of Jones et al. [14] at energies up to 10 eV are also shown.
Our calculated ICS show a strong enhancement towards zero
energy, which is due to the large target dipole moment. This
feature is also seen in the theoretical ICS of Munjal and
Baluja, and confirmed by the experimental TCS of Jones et al.
Moreover, a broad resonance feature, centered at about 10 eV
is seen, in agreement with the experimental results of Alle
et al. [21]. Both the partial ICS and eigenphase-sum analyses
indicated that the observed feature is a shape resonance
in the continuum 2E scattering channel. Quantitatively, our
calculated results are in fair agreement with the TCS of Jones
et al. at the overlapping energies. The experimental results of
Alle et al. agree well with our calculated data in the 5-30 eV
range, but lie well below our data at 2 eV. This disagreement
is not surprising, since their experimental ICS were generated
by integrating the DCS, which are extrapolated to the angular
region where the DCS are strongly peaked, specially at such
low incident energies. At energies of 50 eV and above, thereisa
very good agreement between our calculated and experimental
ICS.

In Fig. 4(b), our calculated MTCS are compared with the
experimental data of Alle et al. [21] in the 2-30 eV range,
with the present experimental MTCS in the 50-500 eV range,
and also with the recommended data of Itikawa [59]. The
calculated MTCS of Gianturco [26], Rescigno et al. [27], and
Munjal and Baluja [29] are also shown for comparison. Our
calculated data agree very well with the present experimental
data. At lower energies, our MTCS agree reasonably well with
the experimental results of Alle et al. and with the recom-
mended data of Itikawa. Comparison with other theoretical
data also shows good agreement, particularly with those of
Rescigno et al. [27].

In Fig. 5(a) we show our calculated TCS for electron
scattering by ammonia in the 1-500 eV range. Our TCS are
compared with the experimental data of Jones et al. [14],
Szmytkowski et al. [10], Zecca et al. [11], and with the
calculated data of Limbachiya et al. [33]. At 7 eV and above,
our calculated TCS agree very well with the experimental data
of Szmytkowski et al. and Zecca et al. At lower energies, our
data are in reasonably good agreement with the experimental
results of Jones et al. [14]. Although the measured data of
Szmytkowski et al. [10] show a similar trend towards zero
incident energy, they are significantly underestimated in this
region. Comparison with the theoretical results of Limbachiya
et al. [33] shows good agreement with our TCS at energies
above 20 eV. At lower energies, their results are substantially
underestimated. This discrepancy can be attributed to the
fact that no Born-closure correction was included in their
calculations. In Fig. 5(b), our TACS are compared with the
experimental TICS of Rao and Srivastava [15], and with the
calculated TICS of Joshipura et al. [31] using the SCOP
model and also with the present TICS calculated using the
binary-encounter Bethe (BEB) model [60]. Our TACS agree
qualitatively with the experimental and calculated TICS.
Quantitatively, our TACS are systematically larger than all
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FIG. 5. (a) TCS and (b) TACS for e~ -ammonia scattering. Full
curves, present calculated data; dashed curve, calculated results of
Limbachiya ez al. [33]; open triangles, experimental TCS of Jones
et al. [14]; open circles, measured data of Szmytkowski ez al. [10]; full
circles, experimental TCS of Zecca et al. [11]; short-dashed curve,
calculated TICS of Joshipura et al. [31]; dashed-dotted curve, present
theoretical TICS calculated using the BEB model; full triangles,
experimental TICS of Rao and Srivastava [15].
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the TICS. These results are expected, since TACS account
for all inelastic scattering processes including excitation and
ionization, whereas only ionization processes are accounted
for in the TICS.

For completeness, our experimental data of DCS, ICS, and
MTCS, obtained in the 50-500 eV energy range, are presented
in Table I.

B. Formamide

The HF-SCF wave function of formamide was obtained
using the double-zeta-valence (DZV) basis of the GAMESS
package [61] and using the polarization of HONDO7. The
calculation was performed at the experimental ground-state
molecular geometry of this target [55]. The obtained electric
dipole moment was 4.248 D, which agrees well with the
calculated value of 4.28 D of Bettega et al. [36] and is
also in fairly good agreement with the experimental value of
3.73 D [55]. The calculated dipole polarizabilities were oy, =
24940 a.u., ayy = 19.21 a.u., and v, = 9.37 a.u., which were
used to generate the asymptotic form of U,,. For this target,
the truncation parameters used in the single-center expansion
of the bound and scattering wave functions, the interaction
potentials, and all the related matrices were /. = 35 and
h. = 35. The calculated cross sections were converged with
N = 7. Also for formamide, a Born-closure correction was
applied to account for the contribution of higher partial-wave
components to the scattering amplitudes. The procedure used
is the same as for ammonia.

In Fig. 6, we compare our calculated DCS for elastic
e~ -NH,CHO scattering with the theoretical data of Wang and
Tian [37] in the 2—-10 eV energy range. This comparison shows
fair agreement between the data calculated using the different
theoretical methods, particularly at 6 eV and 10 eV. Moreover,
some oscillations in the calculated results might be unphysical
and are probably an artifact of the Born-closure procedure [62].

TABLE 1. Experimental DCS (in 10~'% cm?/sr), ICS, and MTCS (in 107'¢ cm?) for elastic e~-ammonia scattering. Note: 1.23(1) means

1.23 x 10"

Angle E (eV)

(deg) 50 100 200 300 400 500
10 8.11(0) 1.23(1) 5.96(0) 2.92(0) 2.75(0) 2.11(0)
15 5.41(0) 5.03(0) 2.49(0) 1.10(0) 9.88(—1) 8.59(—1)
20 3.39(0) 2.57(0) 1.01(0) 5.61(—1) 4.87(—1) 3.86(—1)
25 2.12(0) 1.13(0) 5.09(—1) 2.89(—1) 2.44(-1) 2.02(—1)
30 1.24(0) 6.33(—1) 2.66(—1) 1.80(—1) 1.62(—1) 1.29(—1)
40 5.22(—1) 2.53(—1) 1.22(—1) 7.64(-2) 6.90(—2) 5.66(—2)
50 247(—1) 1.21(-1) 5.92(-2) 4.55(-2) 4.08(-2) 3.28(-2)
60 1.66(—1) 7.73(=2) 4.42(-2) 2.82(—2) 2.52(-2) 1.92(-2)
70 1.25(—1) 5.18(-2) 3.44(-2) 2.30(—2) 1.89(-2) 1.33(=2)
80 8.63(—2) 3.49(-2) 2.90(-2) 1.93(-2) 1.36(—2) 9.86(—3)
90 6.59(-2) 3.24(=2) 2.51(=2) 1.61(—-2) 1.11(=2) 8.57(—-3)
100 7.39(-2) 3.42(-2) 2.35(=2) 1.36(-2) 9.62(—3) 6.70(—3)
110 8.09(—2) 4.32(=2) 2.26(—2) 1.25(=2) 9.12(-3) 5.66(—3)
120 1.18(—1) 5.06(—2) 2.16(-2) 1.15(=2) 8.71(=3) 5.28(=3)
130 6.62(—2) 2.12(-2) 1.14(-2) 8.13(—3) 5.06(—3)
ICS 5.87(0) 4.86(0) 2.46(0) 1.50(0) 1.26(0) 1.05(0)
MTCS 2.45(0) 9.90(—1) 3.87(—1) 2.26(—1) 1.77(-1) 1.27(-1)
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FIG. 6. Theoretical DCS for elastic e"-NH,CHO scattering at
(a) 2 eV, (b) 4 eV (c) 6 eV, and (d) 10 eV. Full curve, present
results; dashed curve, calculated data of Wang and Tian [37] using the
R-matrix method.

In Fig. 7, the calculated data in the 100-300 eV range are
presented. The experimental DCS of Maljkovi¢ et al. [34]
measured at 100, 150, and 300 eV are also presented for
comparison. It is seen that there is a good agreement between
theory and experiment, except that some small oscillations
seen in the theoretical results are not clear in the measured data.
Nevertheless, we believe that those oscillations are physical
and can be attributed to electron-diffraction effects.

In Figs. 8(a) and 8(b) we present the calculated ICS
and MTCS, respectively, for this system. We have identified
two shape resonances: the one located at about 3.5 eV is a
resonance in the 2A” scattering channel, whereas that located
at about 15 eV belongs to the 2A’ scattering channel. Our
calculated position and assignment of the shape resonances
agree very well with those observed by Goumans et al. [63]
in their investigation of the dissociative electron attachment
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FIG. 7. DCS for elastic e~-NH,CHO scattering at (a) 100 eV, (b)
150 eV, (c) 200 eV, and (d) 300 eV. Full curve, present dipole-Born-
corrected data calculated including absorption effects; full circles,
experimental data of Maljkovié er al. [34].
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FIG. 8. (a) ICS and (b) MTCS for elastic e”-NH,CHO scattering
in the 1-500 eV range. Full curve, present dipole-Born-corrected
results; dashed curve, calculated data of Wang and Tian [37] using
the R-matrix method.

to formamide. By searching the poles of the § matrix in
the complex plane at the equilibrium geometry, these authors
found a 7* shape resonance belonging to the A” symmetry
located at 3.77 eV, and a o* shape resonance belonging to
the A’ symmetry located at 14.9 eV. On the other hand, the
2A” shape resonance was also identified in some more recent
investigations, but at lower energies: it occurs at 2.50 eV in the
investigation of Bettega [36], at 2.25 eV in the study of Wang
and Tian [37], and at 2.12 eV as reported by Gallup [64].
Different ways to treat the polarization effects may be the
origin of these discrepancies. Moreover, the ICS calculated
by Wang and Tian using the R-matrix approach [37] are also
shown in Fig. 8(a) to compare with our data. In the overlapping
energy range, their results lie about 30% below ours. This
discrepancy may be due to the fact that only 57% of the Born
correction is included in their results as stated by those authors.

It is interesting to note that formamide can roughly be
considered as a union of a formaldehyde molecule with an
ammonia molecule. Similar to formaldehyde, formamide is
also strongly polar and has an empty 7* orbital and therefore
supports a shape resonance. Probably, the feature located at
about 3.5 eV corresponds to the one seen in the > B; continuum
channel of formaldehyde [47], whereas the broad resonance
feature at about 15 eV corresponds to that 2 E shape resonance
seen in ammonia.

In Figs. 9(a) and 9(b) we present our calculated TCS
and TACS, respectively, for formamide. The TICS of Gupta
et al. [38] calculated using the SCOP model, and the present
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FIG. 9. (a) TCS and (b) TACS for e”-NH,CHO scattering in the
1-500 eV range. Full curve, present calculated results; dashed-dotted
curve, present calculated TICS using the BEB model [60]; dashed
curve, calculated TICS of Gupta et al. [38].

calculated TICS using the BEB model [60] are also shown for
comparison. It is interesting to note that although the present
TACS and both results of TICS show qualitative agreement,
the TACS are systematically larger than the TICS, as expected.

PHYSICAL REVIEW A 90, 062704 (2014)

V. CONCLUSIONS

In this study we report a joint theoretical-experimental
investigation on electron collisions with ammonia in a wide
energy range. More precisely, absolute DCS, ICS, and MTCS
for elastic e”-NHj scattering are measured in the 50-500 eV
range, whereas theoretical cross sections including the TCS
and TACS are reported from 1 to 500 eV. In the 1-30 eV range,
our theoretical data calculated including the Born-closure
correction agree very well with the experimental results of Alle
etal. [21] and also with some recent theoretical data [27,29]. At
energies above 30 eV, the results calculated with inclusion of
absorption effects agree better with the present measured data,
which clearly illustrate the influence of the inelastic scattering
processes on the elastic channel. For this target, a shape
resonance in the 2E scattering channel was identified, which
was also confirmed by the existing experimental data [21].

For formamide, our calculated DCS in the 100-300 eV
energy range are compared with the experimental data of
Maljkovi¢ et al. [34] and show a general good agreement.
Unfortunately, no other experimental results, particularly at
lower incident energies, are available to compare with our
data. Moreover, two shape resonances, centered at 3.5 eV and
15 eV, respectively, were identified. The one located at 3.5 eV
is a 2A” resonance corresponding to the 2B, shape resonance
in formaldehyde [47], whereas the broad structure located at
about 15 eV is a 2A’ resonance which corresponds to the
2E resonance in ammonia. Considering that the formamide
molecule is roughly a union of formaldehyde and ammonia,
the observed correspondence is very interesting and clearly
indicates that the recent investigation on electron interaction
with small building blocks, instead of with larger biomolecules
itself, is relevant.
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