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Abstract. We present a joint theoretical-experimental study on electron scattering by C2Hsz in the in-
termediate energy range. We report calculated elastic differential, integral, and momentum-transfer as
well as total (elastic + inelastic) and absorption cross-sections at impact energies ranging from 10 to
500 eV. Also, experimental absolute elastic cross-sections are reported in the (50-500)-eV energy range.
A complex optical potential is used to represent the electron-molecule interaction dynamics. The itera-
tive Schwinger variational method, combined with the distorted-wave approximation, is used to solve the
scattering equations. Experimentally, the angular distributions of the scattered electrons are converted
to absolute cross-sections using the relative flow technique. The comparison of our calculated with our
measured results, as well as with other experimental and theoretical data available in the literature, is

encouraging.

PACS. 34.80.Bm Elastic scattering of electrons by atoms and molecules

1 Introduction

Electron scattering from small hydrocarbon molecules
has been a subject of increasing interest, both theoret-
ically and experimentally, in the past few years [1-12].
Electron-impact cross-sections for these molecules are im-
portant for understanding and modeling plasmas [13],
to elucidate some mechanisms of astrophysical phenom-
ena [14], and to control plasma processing in industry [15].
A critical review of experimental efforts on this matter
was reported recently by Karwasz et al. [16]. Specifically
for electron-acetylene collisions, some early experimental
studies reported in the literature include measurements
of relative grand total (elastic + inelastic) cross-sections
(TCS) by Briiche [17] in the (1-40)-eV energy range and
those of Dressler and Allan [18] in the (0.05-5)-eV en-
ergy range. Normalized and absolute TCS for e™-CyH,
scattering were reported by Sueoka and Mori [19] in the
(0.7-400)-eV energy range, by Xing et al. [20] between 400
and 2600 eV, and recently by Ariyasinghe and Powers [21]
in the (200-1400)-eV energy range. A few experimental
studies on elastic e”—CyH, scattering were also published
over the years. In 1933, Hughes and McMillen [22] re-
ported relative differential cross-sections (DCS) in the
10-150° angular range and (10-225)-eV energy range.
Also, Fink et al. [23] reported relative DCS, normal-
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ized to the calculated results from the independent-atom
model (IAM), in the 3-130° angular and (100-1000)-eV
energy ranges. Absolute DCS at a single incident energy
of 2 eV were reported by Kochem et al. [24]. More recently,
absolute DCS obtained using the relative-flow technique
(RFT) in the (5-100)-eV energy range were determined
by Khakoo et al. [25]. Above 100 eV, there are no exper-
imental results for absolute DCS for this target. In gen-
eral, the DCS of Khakoo et al. agree in shape with the
relative data of Hughes and McMillen, except at small
scattering angles. In particular at 100 eV, as observed
by Karwasz et al. [16], the DCS obtained by the three
groups (Hughes and McMillen, Fink et al., and Khakoo
et al.), normalized at 90° to the measured data of Khakoo
et al., disagree with each other for scattering angles be-
low 15°. Also, quantitatively, the DCS at 100 eV reported
by Khakoo et al. and those of Fink et al. normalized to
the TAM differ by a factor of two [16]. From the theoreti-
cal point of view, although numerous studies on e™-CyH,
scattering have been reported over the past two decades,
most of them were performed for incident energies be-
low 100 eV. Cross-section calculations for electron scat-
tering by this molecule above that energy are also scarce.
In 1992, Jain and Baluja [26] calculated elastic integral
cross-sections (ICS) as well as TCS for e —CsoHs in the
(10-5000)-eV energy range using a complex optical poten-
tial approach. In their calculation, only the spherical part
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of the interaction potential was taken into account. More
recently, TCS in the (10-1000)-eV were also calculated by
Jiang et al. [3] using the additivity rule. DCS for elastic
e~ —CyHs scattering were calculated by Mu-Tao et al. [27]
in the (10-200)-eV energy range, by Jain [28] in the (0-
20)-eV energy range and by Gianturco and Stoecklin [29]
in the (0-100)-eV energy range. The interaction potential
used in Jain’s calculation includes the exact static poten-
tial plus model exchange and polarization contributions,
whereas an exact static-exchange potential plus a model
polarization contribution is used in the calculations of Mu-
Tao et al. and Gianturco and Stoecklin. In general, the
DCS calculated by both Mu-Tao et al. [27] and Gianturco
and Stoecklin [29] are larger than the absolute data of
Khakoo et al. [25]. In principle, this discrepancy may be
attributed either to errors in the experimental measure-
ments or deficiencies of the calculations, e.g., the neglect
of absorption effects. Such effects are known to be im-
portant at intermediate and high incident energies, where
most inelastic channels (electronic excitations, ionization,
etc.) are open, thus resulting in a reduction of the flux
corresponding to the elastic channel. Those discrepancies
clearly show the need of further experimental and theo-
retical investigations on elastic e”—CyHy collisions.

Recently, our group carried out a joint theoretical-
experimental study on elastic e”—CgHy scattering [7] in
the intermediate energy range. In that work, a complex
optical potential, derived from a fully molecular near-
Hartree-Fock self-consistent-field (SCF) wavefunction, is
used to describe the electron-molecule interaction. The
comparison between our calculated and experimental re-
sults, as well as with the existing data in the literature
was encouraging. In this paper we extend such a joint
study to the electron scattering by CoHs in the interme-
diate energy range. Specifically, calculated DCS, ICS, mo-
mentum transfer cross-sections (MTCS), as well as TCS
and total absorption cross-sections (TACS) are reported
for incident energies ranging from 10 to 500 eV. Experi-
mental absolute DCS, ICS, and MTCS in the (50-500)-eV
energy range are also reported. In addition to providing
reliable experimental cross-sections, it is hoped that the
comparison of our measured data with those available in
the literature at some common incident energies can help
clarify the existent discrepancies among the experimental
results [22,23,25], as well as to understand the role played
by the absorption effects in the collisional dynamics.

The organization of this paper is as follows: in Sec-
tion 2, the theory is briefly described and some details of
the calculations are given, whereas some experimental de-
tails are briefly presented in Section 3. Finally, our calcu-
lated results are compared with the present experimental
and other existing theoretical and/or experimental data
in Section 4, where we also summarize our conclusions.

2 Theory and calculation

In the present study, a combination of the iterative
Schwinger variational method (ISVM) and the distorted-
wave approximation (DWA) is used to solve the scatter-

ing equations. Since the details of these methods have al-
ready been presented in previous works [30,31], they will
be only briefly outlined here. The dynamics of e™-molecule
scattering is described by a complex optical potential,

given by:
(1)

where Vi and V., are the static and the exchange compo-
nents respectively, V¢, is the correlation-polarization con-
tribution and V,; is an absorption potential. In our cal-
culation, Vy; and V., are treated exactly, whereas V,, is
obtained in the framework of the free-electron-gas model,
derived from a parameter-free local density, following the
prescription of Padial and Norcross [32], where a short-
range correlation potential between the scattering and
the target electrons is defined in an inner region. The
correlation potential is calculated by a free-electron-gas
model, derived using the target electronic density ac-
cording to equation (9) of Padial and Norcross [32]. In
addition, an asymptotic form of the polarization poten-
tial is used for the long electron-target interaction. Ex-
perimental dipole polarizabilities ag = 22.473 a.u. and
ag = 11.972 a.u. [33] were used to calculate the asymptotic
form of V.,,. The absorption potential V; in equation (1)
is taken as the semi-empirical version 3 of the quasi-free
scattering model, derived by Staszewska et al. [34]. The
implementation of these model potentials are discussed in
references [6,10,11].

The scattering process is studied within the fixed-
nuclei framework, where the DCS averaged over the molec-
ular orientations are written as:

dr _
an

Vopt = Vst + Vew + Vep + iVas

1 N ~
@/da sin BdBdy|f (kb k')|?, (2)

where f(l%,fc' ) is the laboratory-frame scattering am-
plitude, & and k' are the directions of incident- and
scattered-electron linear momenta, respectively, and (a,
B, =) are the Euler angles which define the orientation of
the principal axis of the molecule.

The quantity f(k{, k') is related to the T-matrix ele-
ments by:

F(kh, K) = ~2n°T. 3)

Based on the two-potential formalism, the transition
T matrix can be written as:

Tri = (Pr | UL | X)) + (xy | U2 | 51), (4)
where the superscripts (+) and (—) designate the
outgoing- and incoming-wave boundary conditions, re-
spectively, and ¥, x, and @ are solutions of the corre-
sponding Schrodinger equations:

(Ho+ U — E)W =0,

(HO+U17E)X:07

and
(HO - E)¢ =0,
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where Hy = V? is the unperturbed Hamiltonian operator
for a free electron and U is the total interaction potential
that can be split arbitrarily as

U=U +U,. (8)

In the present study, U; is taken as the real part of the
optical potential, whereas U, is the imaginary absorp-
tion potential. The corresponding distorted-wave scatter-
ing equation (6) is solved using the ISVM [30]. Further-
more, the DWA is used to calculate the absorption part
of the T' matrix:

Tab = Z<X; | Vab | Xj_> (9)

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

Tuor = T Im(f(0 = 0°)). (10)
The SCF wavefunction for the ground state used in the
static-exchange calculation was obtained using the con-
tracted Gaussian basis set of reference [7]. It consists of
the contracted set of Dunning [35] augmented with some
uncontracted functions on the nuclei and on the center-
of-mass of the molecule. At the experimental equilibrium
geometry of Ric_c) = 2.2734 a.u.,, Ric_p) = 2.003 a.u,,
this basis set gives an SCF energy of —76.844741 a.u.,
in good agreement with the previous calculated value of
—76.831406 a.u. [27].

In ISVM calculations, the target and the scattering
wavefunctions, as well as the interaction potentials and all
calculated matrices are partial-wave expanded about the
center-of-mass of the molecule. The truncation parame-
ters used in these expansions are: [, = 28 for the bound
orbitals, I, = 50 for Vy, I, = 20 for both V,, and V;. The
scattering wavefunctions and the Ty, matrix elements are
truncated at [, = 40 and m. = 17. With these parameters,
the resulting normalizations of the bound orbitals are bet-
ter than 0.999. All our ISVM results are converged within
two iterations.

3 Experiment

Details of our experimental set-up and procedure have al-
ready been presented in previous works [10,36] and will
only be briefly described here. A crossed electron beam-
molecular beam geometry is used to measure the rela-
tive distribution of the scattered electrons as a function
of the scattering angle at a given incident energy. The
scattered electrons are energy-filtered by a retarding-field
energy selector with a resolution of about 1.5 eV. This res-
olution is sufficient to distinguish electronically inelastic
scattered electrons; however it cannot resolve vibrational
levels. Thus, our measured DCS are indeed vibrationally
summed. During the measurements, the working pressure
in the vacuum chamber is around 5 x 1077 torr. The
recorded scattering intensities are converted into absolute
elastic DCS using the well known RFT [37,38], in which

Ar is used as the secondary standard. The e~ —Ar abso-
lute cross-sections of Jansen et al. [39] in the (100-500)-eV
energy range and Panajotovic et al. [40] for 50 and 80 eV
are used to normalize our data. Details of the analysis
on experimental uncertainties have also been given else-
where [10]. They are estimated briefly as follows. Uncer-
tainties of random nature such as pressure fluctuations,
electron beam current readings, background scattering,
etc., are estimated to be less than 2%. These contri-
butions, combined with the estimated statistical errors,
give an overall uncertainty of 4% in the relative DCS for
each gas. Also, the experimental uncertainty associated
with the normalization procedure is estimated to be 5.7%.
These errors, combined with the quoted ones [39,40] in the
absolute DCS of the secondary standard, provide an over-
all experimental uncertainty of 11% in our absolute DCS.
The absolute DCS were determined in the 8-130° angular
range. In order to obtain the ICS and MTCS, an extrap-
olation procedure was adopted to estimate the DCS at
scattering angles out of that angular range. The extrapo-
lation was carried out following the trend of the theoretical
DCS in both forward and backward directions. The overall
errors on ICS and MTCS are estimated to be 22%.

4 Results and discussion

The present experimental data of DCS, ICS, and MTCS,
measured in the (50-500)-eV energy range, are presented
in Table 1.

In Figures 1-3 we compare our calculated DCS with
our experimental values and the absolute data of Khakoo
et al. [25], and with the calculated results of Mu-Tao
et al. [27], Jain [28], and Gianturco and Stoecklin [29]
at some common incident energies. The relative DCS of
Fink et al. [23] at incident energies Ey = 100 and 200 eV,
normalized to our absolute values at the scattering angle
of 40°, are also shown for comparison. At 10 eV, where
only a few inelastic channels are open, the DCS obtained
from three different calculations (the present, Jain [28],
and Gianturco and Stoecklin [29]) agree well with each
other (see Fig. 1a). Also at this energy, the agreement be-
tween these theoretical results and the experimental data
of Khakoo et al. is fairly good. On the other hand, the cal-
culation of Mu-Tao et al. [27] strongly overestimates the
DCS at small scattering angles, probably due to the use
of a very crude model polarization potential adopted in
that study. At higher incident energies, the discrepancies
between our calculated DCS and those of Mu-Tao et al.
and of Gianturco and Stoecklin become evident. In par-
ticular, the calculated results of the latter two papers lie
well above our data in the intermediate and large angular
ranges. This overestimation is attributed to the neglect
of the absorption effects in those works. In order to bet-
ter illustrate the influence of these effects, we present the
DCS calculated without the inclusion of the absorption
potential for incident energies of 300 and 500 eV. Also
at these energies, the neglect of absorption effects leads
to the overestimation of DCS as can be seen in Figure 3.
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Table 1. Experimental DCS, ICS and MTCS (in 107! cm?)
for elastic e”—CgaHy scattering.

Angle Ey (eV)
(deg) 50 80 100 150
8 223(1)° 206(1) 1.97(1)  L55(1)
10 1.87(1)  1.60(1) 1.19(1)  9.59(0)
15 1.06(1)  8.08(0)  6.01(0)  4.90(0)
20 551(0)  4.0000)  2.86(0)  2.02(0)
30 1.67(0) 1.07(0) 7.70(-1)  5.52(-1)
40 6.18(-1) 3.93(-1) 2.90(-1)  2.66(-1)
50 277(-1)  1.94(-1) 1.80(-1)  1.75(-1)
60 1.65(-1) 1.43(-1) 1.24(-1) 1.15(-1)
70 142(-1)  1.04(-1) 8.46(-2)  7.85(-2)
80 1.06(-1) T7.98(-2) 6.81(-2)  5.98(-2)
90 1.07(-1) 7.82(-2) 6.98(-2)  5.01(-2)
100 1.21(-1) 8.00(-2) 6.84(-2) 5.35(-2)
110 1.60(-1) 9.66(-2) 7.15(-2)  5.29(-2)
120 229(-1) 1.09(-1) 8.73(-2)  6.12(-2)
130 3.00(-1) 1.42(-1) 1.01(-1) 6.88(-2)
ICS  9.92(0) 7.43(0)  6.01(0)  4.72(0)
MTCS  3.46(0)  1.92(0)  1.44(0)  1.02(0)
Angle Ey (eV)
(deg) 200 300 400 500
8 1.28(1) 1.09(1) 826(00) 6.41(0)
10 845(0)  6.92(0) 4.83(0)  3.86(0)
15 341(0) 2.74(00)  1.85(0)  1.27(0)
20 155(0)  1.14(0) 7.37(-1)  6.07(-1)
30 4.14(-1) 3.94(-1) 3.21(-1) 2.88(-1)
40 235(-1)  2.34(-1) 1.42(-1)  1.03(-1)
50 151(-1) 1.14(-1) 6.31(-2) 4.97(-2)
60 8.15(-2) 6.02(-2) 3.84(-2)  3.36(-2)
70 5.42(-2) 4.41(-2) 2.53(-2)  2.01(-2)
80 3.97(-2) 359(-2) 1.77(-2) 1.31(-2)
90  3.64(-2) 2.88(-2) 1.26(-2) 1.06(-2)
100 3.36(-2) 2.12(-2) 1.17(-2)  8.70(-3)
110 3.29(-2) 1.98(-2) 9.10(-3)  7.40(-3)
120 3.29(-2) 2.00(-2) 8.20(-3)  6.20(-3)
130 3.31(-2) 2.00(-2) 7.20(-3) 6.00(-3)
ICS  3.78(0)  3.17(0)  2.33(0)  1.81(0)
MTCS  6.17(-1) 4.43(-1) 2.37(-1)  1.88(-1)

*2.23(1) means 2.23 x 10%.

The present calculated results accounting for the absorp-
tion effects are in better agreement with the experimental
DCS, both in shape and magnitude, particularly for ener-
gies above 100 eV.

On the other hand, our experimental results and the
previous measured data of Khakoo et al. at 50 and 100 eV
show different angular behaviors. There is a good agree-
ment at intermediate scattering angles (30-100°); how-
ever, the present measured DCS are larger than theirs out
of this angular range. In addition, an excellent agreement
is seen between our experimental data and the normalized
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Fig. 1. DCS for elastic e”—CoHy scattering at incident en-
ergies of (a) 10 eV, and (b) 50 eV. Solid line, present calcu-
lated results; short-dashed line, calculated results of Jain [28];
dashed line, calculated results of Gianturco and Stoecklin [29];
long-dashed line, theoretical results of Mu-Tao et al. [27]; open
circles, experimental results of Khakoo et al. [25]; full circles,
present experimental results.

DCS of Fink et al. at 100 and 200 eV, in the entire angular
range.

In Figures 4a and 4b we compare our calculated ICS
and MTCS in the (10-500)-eV energy range with the
present experimental data and the experimental ICS of
Khakoo et al. [25]. The calculated ICS and MTCS of
Jain [28], the calculated ICS of Mu-Tao et al. [27] and
of Jain and Baluja [26], as well as the calculated MTCS of
Gianturco and Stoecklin [29] are also shown for compar-
ison. There is a very good agreement between our cal-
culated and our measured data. The calculated results
of Jain and of Gianturco and Stoecklin also agree quite
well with our theoretical results at low incident energies,
whereas the calculated ICS of Mu-Tao et al. and of Jain
and Baluja are larger than ours in the entire energy range.
On the other hand, the experimental ICS of Khakoo et al.
lie 30% to 40% below our measured data. These discrep-
ancies are probably originated by the underestimation of
their DCS at small scattering angles and also by the ex-
trapolation procedure towards the forward direction. The
DCS for small scattering angles contribute significantly to
the ICS.

Figure b5a presents our calculated TCS in the
(10-500)-eV energy range along with the experimen-
tal data of Sueoka and Mori [19] and Ariyasinghe and
Powers [21], as well as the calculated results of Jain and
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Fig. 3. The same as Figure 2, but for (a) 300 eV and (b)

500 eV. Dashed-line, present calculated results without the ab-

sorption effects.
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Fig. 4. (a) ICS and (b) MTCS, for elastic e”—C2H> scattering.
The symbols are the same as in Figures 1 and 2, except: dotted
line, calculated results of Jain and Baluja [26].

Baluja [26] and of Jiang et al. [3]. While the present study
is unable to provide directly the electron-impact total ion-
ization cross-sections (TICS) for e~—CyHy, the difference
between the calculated TCS and ICS provides an esti-
mate of the TACS, which account for all inelastic con-
tributions including both excitation and ionization pro-
cesses. Nevertheless, Joshipura et al. [41] have observed
that for a set of molecules, ionization dominates the in-
elastic processes, the values of the TICS being about 80%
of the TACS at energies around 100 eV and about 100%
for energies above 300 eV. Therefore, the comparison of
the present calculated TACS with experimental and cal-
culated TICS is meaningful and would provide insights of
the electron-impact ionization dynamics of this molecule.
They are shown in Figure 5b along with the measured
TICS of Gaudin and Hagemann [42], Tian and Vidal [43],
and Zheng and Srivastava [44], and also with the calcu-
lated TICS of Kim et al. [45] using the binary-encounter
Bethe (BEB) model and the TACS of Jain and Baluja [26].

In general, our calculated TCS are in good agreement
with all experimental data for incident energies of 50 eV
and above. At lower energies, our results are at most 20%
larger than those of Sueoka and Mori [19], which is still
quite reasonable. The calculations of Jain and Baluja [26]
and of Jiang et al. [3] overestimate the TCS. In addition,
the present calculated TACS agree fairly well with the ex-
perimental TICS of Tian and Vidal [43], and Zheng and
Srivastava [44] in the (15-50)-eV energy range. A general
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Fig. 5. (a) TCS, and (b) TACS for e —C2Hj scattering. Solid
line, present calculated data; long-dashed line, calculated re-
sults of Jain and Baluja [26]; short-dashed line, calculated re-
sults of Jiang et al. [3]; open squares, measured TCS of Sueoka
and Mori [19]; full triangles, experimental TCS of Ariyasinghe
and Powers [21]; full circles, experimental TICS of Gaudin
and Hagemann [42]; open circles, experimental TICS of
Tian and Vidal [43]; full squares, experimental TICS of Zheng
and Srivastava [44]; dashed-line, BEB TICS of Kim et al. [45].

good agreement is also seen between the calculated TICS
of Kim et al. [45] and our TACS. At higher incident ener-
gies, our calculated data also agree reasonably well with
those of Gaudin and Hagemann [42]. However, they lie
systematically below the experimental TICS of Tian and
Vidal [43], and of Zheng and Srivastava [44], as well as
below the calculated TACS of Jain and Baluja [26].

In summary, we performed a joint theoretical-
experimental study on e”—CoHs scattering in the inter-
mediate energy range. A new set of absolute DCS, ICS,
and MTCS in the (50-500)-eV energy range is presented.
To our knowledge, the absolute data above 100 eV are
published here for the first time. The comparison of the
present measured DCS with the absolute data of Khakoo
et al. [25] and with the normalized results of Fink et al. [23]
shows a possible underestimation of the DCS of Khakoo
et al. near the forward and backward directions. As a con-
sequence of this underestimation, their ICS lie about 30%
to 40% below our data. In addition, the good agreement
seen between the present calculated and experimental
cross-sections in the (50-500)-eV energy range has con-
firmed the relevant influence of absorption effects. Al-

though such a simple model potential is able to provide
accurate elastic DCS, ICS, and MTCS, the used model ab-
sorption potential may need some improvement in order
to adequately describe quantitative TACS.

This research was partially supported by the Brazilian agencies
CNPq and FAPESP.
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