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Elastic scattering of low-energy electrons by C3H4 isomers

A. R. Lopes and M. H. F. Bettega
Departamento de Fı´sica, Universidade Federal do Parana´, Caixa Postal 19044, 81531-990 Curitiba, Parana´, Brazil

~Received 12 November 2002; published 21 March 2003!

We report integral, differential, and momentum-transfer cross sections for elastic scattering of low-energy
electrons by the C3H4 isomers allene, propyne, and cyclopropene, which belong to theD2d , C3v , andC2v

groups, respectively. We use the Schwinger multichannel method with pseudopotentials@Bettegaet al., Phys.
Rev. A47, 1111~1993!# at the static-exchange approximation to compute the cross sections for energies up to
40 eV. We compare our results with available experimental results and find very good agreement. Our results
confirm the existence of the shape resonances in the cross sections of allene and propyne, and theisomer effect,
both reported by the experimental studies.

DOI: 10.1103/PhysRevA.67.032711 PACS number~s!: 34.80.Bm, 34.80.Gs
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I. INTRODUCTION

Recent experimental studies on electron-molecule co
sions have focused their attention on hydrocarbons, spec
the C3H4 isomers@1,2#. Szmytkowski and Kwitnewski mea
sured total cross sections~TCS! for scattering of electrons by
the C3H4 isomers allene and propyne, and for C3H8 ~pro-
pane!. They found that the shapes of the TCS for the isom
are very similar, specially at high energies, and that b
present shape resonances centered around 2.3 eV for a
and around 3.4 eV for propyne. They also reported a v
broad structure around 10 eV for allene, and around 8.5
for propyne. Although the shapes of the TCS are very si
lar, they present some features at low energies that allow
distinguish the two TCS, which is theisomeric effect. They
also made a comparison of the TCS for the open-chainC3
hydrocarbons with different number of C-C bonds, name
C3H4 ~propyne!, with a triple bond; C3H6 ~propene!, with a
double bond; and C3H8 ~propane!, with a single bond. An-
other experimental study on the C3H4 isomers allene and
propyne has been done by Nakanoet al. They measured
elastic differential cross sections and vibration excitations
energies from 1.5 eV to 100 eV. They also calculated
differential cross sections~DCS! using the continuum
multiple-scattering method, and found good agreement
tween their calculated and measured results. They foun
the DCS for allene and propyne some resonant charact
tics below 4 eV. Theisomer effect~or isomeric effect! was
discussed for different energies through direct compariso
the DCS for allene and propyne, which is most evident
low energies, where the DCS showed to be very differe
These results agree with the observations of Szmytkow
and Kwitnewski. Nakanoet al. also discussed the bondin
effect through the comparison of the DCS of allene with
DCS of C2H2, which have a double bond, and of the DCS
propyne with the DCS of C2H4, which have a triple bond.

In the present work we calculated elastic integral, diff
ential, and momentum-transfer cross sections for the C3H4
isomers allene, propyne, and cyclopropene for energies u
40 eV. The isomers allene, propyne, and cyclopropene
long to theD2d , C3v , andC2v groups, respectively. Thes
calculations employed the Schwinger multichannel meth
~SMC! with pseudopotentials~SMCPP! @6# at the static-
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exchange approximation. Our goal in the present work is
carry out a comparative study of the elastic cross sections
electron collisions with allene, propyne, and cycloprope
and then extend the experimental studies of Szmytkow
and Kwitnewski, and Nakanoet al. We can further explore
the shape resonances found in the cross sections for a
and propyne, and also discuss theisomer effectthrough the
inclusion of a third isomer, cyclopropene.

In the rest of this paper we present a brief description
the theoretical formulation of our method, the computatio
procedures used in our calculations, and our results and
cussion. We end this paper with a brief summary of o
findings.

II. THEORY

The SMC method@3–5# and its implementation with
pseudopotentials~SMCPP! @6# have been described in deta
in several publications. Here we will describe only the r
evant points concerning the present work.

The SMC method is a variational method that results
the following expression of the scattering amplitude:

f ~kW f ,kW i !52
1

2p (
m,n

^SkW f
uVuxm&~d21!mn̂ xnuVuSkW i

&, ~1!

where

dmn5^xmuA(1)uxn& ~2!

and

TABLE I. Cartesian Gaussian functions for H.

Type Exp. Coef.

s 13.3615 0.130844
2.0133 0.921539
0.4538 1.0
0.1233 1.0

p 0.7500 1.0
©2003 The American Physical Society11-1
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A(1)5
Ĥ

N11
2

~ĤP1PĤ!

2
1

~VP1PV!

2
2VGP

(1)V.

~3!

In the above equations,uSkW i , f
& is a solution of the unper

turbed HamiltonianH0 and is a product of a target state a
a plane wave,V is the interaction potential between the i
cident electron and the electrons and nuclei of the tar
uxm& is a set of (N11)-electron Slater determinants~con-
figuration state functions! used in the expansion of the tria
scattering wave function,Ĥ5E2H is the total energy of the
collision minus the full Hamiltonian of the system, withH
5H01V, P is a projection operator onto the open-chan
space defined by the target eigenfunctions, andGP

(1) is the
free-particle Green’s function projected on theP space. The
~direct! configuration space is constructed as

$ux i&%5$A~ uF1& ^ uw i&)%, ~4!

where uF1& is the target ground-state wave function, d
scribed at the Hartree-Fock level of approximation,uw i& is a
one-electron function, andA is the antisymmetrizer.

TABLE II. Dipole moments~D! for the C3H4 isomers.

System Calc. Expt.

propyne 0.807 0.784~Ref. @8#!

allene 0.000 0.200~Ref. @2#!

cyclopropene 0.509 0.450~Ref. @8#!

FIG. 1. Integral cross section for C3H4 isomers. The total cross
sections of Ref.@1# are also shown.
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III. COMPUTATIONAL DETAILS

Our cross-section calculations were performed with
Schwinger multichannel method along with the pseudo
tentials of Bachelet, Hamann, and Schlu¨ter @7#, at the static-
exchange approximation. We used the ground-state equ
rium geometries of allene, propyne, and cyclopropene gi
in Ref. @8#. The basis set for the carbon atom is formed

FIG. 2. ~a! Integral cross section and~b! momentum transfer
cross section for C3H4 isomers.

FIG. 3. Differential cross section for allene (D2d group! at 5, 7,
10, and 12 eV. Solid line, our calculated results; circles, experim
tal data from Ref.@2#.
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six uncontracteds-type functions~with exponents 12.49 408
2.470 291, 0.614 027, 0.184 029, 0.036 799, and 0.013 6!,
five uncontracted p-type functions ~with exponents
5.228 869, 1.592 058, 0.568 612, 0.210 326, and 0.072 2!,
and two uncontractedd-type functions ~with exponents
0.603 592 and 0.156 753!, and was generated according
Ref. @9#. The basis set for the hydrogen atom is shown
Table I. The calculated and experimental dipole moments
the C3H4 isomers are shown in Table II. Due to the sm
value of the dipole moments we have not included the lo

FIG. 4. As in Fig. 3, but at 15, 20, 25, and 30 eV.

FIG. 5. As in Fig. 3, but for propyne (C3v group!.
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range potential due to the dipole interaction in our calcu
tions.

IV. RESULTS AND DISCUSSION

As discussed at the end of the preceding section, we h
not included in our cross-section calculations the correct
due to the long-range dipole interaction, since the values
the dipole moments are small, as shown in Table II. This
usually done by combining the scattering amplitude obtain

FIG. 6. As in Fig. 4, but for propyne.

FIG. 7. As in Fig. 3, but for cyclopropene (C2v group!.
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with the SMC method with the scattering amplitude obtain
with the first Born approximation of the dipole potential. F
the values of the dipole moments of the C3H3 isomers, this
correction would increase the integral cross sections i
small amount, and would retain the shape resonances a
same location. It would correct the differential cross sectio
at low scattering angles, and would cause no effect in
momentum transfer cross sections~due to the weight factor
12cosu in the integral!.

In Fig. 1 we present the integral cross section~ICS! for
the C3H4 isomers allene, propyne, and cyclopropene. F
allene and propyne we also include the TCS of Szmytkow
and Kwitnewski. In this figure we also show the symme
decomposition of the ICS for each isomer. Allene and p
pyne present a shape resonance for energies around
which belongs to theE representation of theD2d group for
allene, and to theE representation of theC3v group for pro-
pyne. These shape resonances for allene and propyne
seen in the TCS of Szmytkowski and Kwitnewski, and a
also supported by the results of Nakanoet al. For the other
isomer, cyclopropene, we find two resonances, one arou
eV, and the other around 7 eV, which belong to theB2 and
A2 representations of theC2v group, respectively. The ICS’
for these molecules also present some spurious struct
due to numerical problems, in the sum ofA1 andB1 repre-
sentations ofD2d group for allene, in theA1 representation
of C3v group for propyne, and in theA1 representation of the
C2v group for cyclopropene. Since our calculations do n
include polarization effects, we expect that the positions
the shape resonances are placed at higher energies. The
of polarization explains the shift in energy seen in the po
tion of the shape resonaces in the measured TCS and in
calculated ICS.

In Fig. 2 we present the ICS and the momentum-trans

FIG. 8. As in Fig. 4, but for cyclopropene.
03271
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cross section~MTCS! for the C3H4 isomers. For energies
above 15 eV, the ICS’s for the three isomers are identical,
same occurring with the MTCS. For energies between 20
40 eV the molecules are no longer distinguishable by th
ICS and MTCS. For energies below 15 eV the ICS’s f
these isomers present different features, the same occu
with the MTCS. Below 15 eV the C3H4 isomers can then be
distinguished by their cross sections. This result is in agr
ment with theisomer effect~or isomeric effect!, which has
been pointed out by Szmytkowski and Kwitnewski, and N
kanoet al.

In Figs. 3–8 we present the DCS for allene, propyne, a
cyclopropene at 5, 7, 10, 12, 15, 20, 25, and 30 eV. T
calculated DCS for allene and propyne are compared w
the results of Nakanoet al. In both cases our calculated DC
agree very well with experiment, except at 5 and 7 eV. Sin
our calculations do not include polarization effects, this d
crepancy is not a surprise. At higher energies, our calcula
DCS lie above of the experimental data of Nakanoet al. for
angles above;40°. This type of discrepancy was alread
seen for other molecules, and may be attributed to the lac
open inelastic channels. The use of a complex potential
lows the flux to leak into other channels but the elastic o
lowering the elastic cross section@10#.

Figure 9 shows a comparison between our calculated D
for allene, propyne, and cyclopropene at 15, 20, 25, and
eV. At these energies, the differential cross section for th
isomers show very small differences, the DCS for cyclop
pene being more distinguishable from the other two m
ecules. At 30 eV, the DCS for these molecules are alm
identical, confirming again the results of Szmytkowski a
Kwitnewski, and Nakanoet al. ~the isomer effect!.

FIG. 9. Differential cross sections at 15, 20, 25, and 30 eV
allene, propyne, and cyclopropene.
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V. SUMMARY

We presented elastic integral, differential, a
momentum-transfer cross sections for elastic scattering
electrons by C3H4 isomers allene, propyne, and cyclopr
pyne. Our calculated ICS’s show shape resonances for e
gies below 5 eV. The existence of these shape resonanc
the cross sections of allene and propyne is supported by
results of Szmytkowski and Kwitnewski, and Nakanoet al.
The calculated DCS for allene and propyne agree very w
with the experiment, except at 5 and 7 eV. We compared
calculated ICS’s for the three isomers, and found that t
become identical for energies above 15 eV. The same be
ior was found in the MTCS. This is the confirmation of th
isomer effect, which has been reported by Szmytkowski a
.
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