
PHYSICAL REVIEW A MAY 1998VOLUME 57, NUMBER 5
Low-energy elastic scattering of electrons by ethylene
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Elastic differential, integral, and momentum-transfer cross sections are reported for electron scattering by
C2H4 at impact energies ranging from 1 to 50 eV. The Schwinger iterative variational method in the fixed-
nuclei, static-exchange plus correlation-polarization approximation is used to calculate the scattering ampli-
tudes. Integrated cross sections are also calculated below 1 eV, showing the existence of a Ramsauer-
Townsend minimum in this region. Our calculated cross sections are compared with recent experimental data
and other theoretical results.@S1050-2947~98!00405-3#
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I. INTRODUCTION

Elastic scattering of low-energy electrons from sm
polyatomic molecules has been a subject of increasing in
est both theoretically and experimentally. The study of sc
tering properties is of great practical importance in a vari
of plasma phenomena~etching, chemical vapor deposition
etc.! and in the understanding of the physics and chemi
of planetary atmospheres and interstellar media.

Although hydrocarbons constitute an important group
such molecules, among them only methane has receiv
considerable degree of attention in the past few years.
ethylene, although a few recent experimental data on ela
scattering are now available, much less attention has b
devoted as yet. In 1985, Floederet al. @1# measured tota
cross sections for ethylene between 5 and 400 eV in a tr
mission experiment. In 1986, Sueoka and Mori@2# reported
total cross sections for C2H 4 and C2H 6 in the ~1–400!-eV
range, measured using a retarding potential time-of-fli
method. In 1992, Mapstone and Newell@3# reported mea-
surements for elastic differential cross sections~DCSs! for
e2-C2H 4 for electron energies of 3–15 eV and for scatteri
angles of 30°–140°. Finally, Luntet al. @4# studied low-
energy elastice2-C2H 4 scattering using two different syn
chrotron radiation photoionization spectrometers, focus
attention in the energy range below 2 eV. From the theo
ical point of view, the studies one2-C2H 4 elastic scattering
have been more sparse. To our knowledge, only two ca
lations on this molecule have so far been reported in
literature: Schneideret al. @5# used the complex Kohn varia
tional method to calculate partial integrated cross secti
(2B2g and 2Ag symmetries! below 5.5 eV and Winstead
et al. @6# reported elastic DCSs, calculated within the stat
exchange~SE! approximation, from 5 to 20 eV using th
Schwinger multichannel method.

In this work we report calculated~DCSs!, integral cross
sections~ICSs!, as well as momentum-transfer cross sectio
~MTCSs! for elastic scattering of electrons by C2H 4 for in-
571050-2947/98/57~5!/3504~7!/$15.00
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cident energies ranging from 1 to 50 eV. Our description
the electron-molecule collision goes beyond the SE appr
mation through the inclusion of a scattering-electron corre
tion as well as polarization of the target electron cloud. It
known @5# that an adequate theoretical description of lo
energy electron collisions with atoms or molecules require
proper balance of the direct electrostatic interaction, the e
tron exchange, and the electron correlation. Yet the inclus
of polarization effects and target distortion has been sho
to produce elastic cross sections qualitatively different fr
the SE value at low energies@7#. Our scattering amplitudes
are calculated using the Schwinger variational iterat
method ~SVIM! @8,9#, a tool capable of providing highly
converged estimates of the partial-waveT-matrix elements
and scattering wave functions. This method has been
cently applied to study photoionization cross sections a
elastic scattering of electrons by nonlinear molecules@10–
12#. Recently, the SVIM codes were extended in order
permit the inclusion of the correlation-polarization contrib
tion to the electron-molecule interaction potential. Such
contribution was taken into account by following the pr
scription given by Padial and Norcross@13#. To our knowl-
edge, no theoretical DCSs including correlation-polarizat
effects have yet been published for ethylene.

The organization of this paper is the following. In Sec.
the theory is briefly described and some details of the ca
lations are given. Our calculated results and discussions
presented in Sec. III. Section IV summarizes our conc
sions.

II. THEORY AND CALCULATION

The Schro¨dinger equation for the continuum scatterin
orbitals can be written~in atomic units! as

@2¹21U~rW !2k2#CkW~rW !50, ~1!

where U(rW)52V(rW) and V(rW) is the interaction potentia
3504 © 1998 The American Physical Society
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57 3505LOW-ENERGY ELASTIC SCATTERING OF ELECTRONS . . .
TABLE I. Cartesian Gaussian functions used in the SCF calculations. Cartesian Gaussian basis fu
are defined asfa,l ,m,n,A(r )5N(x2Ax)

l (y2Ay)
m(z2Az)

nexp(2aur2Au2), with N a normalization con-
stant.

d p d
Atom Exponent Coefficient Exponent Coefficient Exponent Coefficien

C 4232.61 0.006228 18.1557 0.039196
634.882 0.047676 3.98640 0.244144
146.097 0.231439 1.14290 0.816775
42.4974 0.789108
14.1892 0.791751
1.96660 0.321870
5.14770 1.000000 0.35940 1.000000 1.500 1.000000
0.49620 1.000000 0.11460 1.000000 0.750 1.000000
0.15330 1.000000 0.04584 1.000000 0.300 1.000000
0.06132 1.000000 0.02000 1.000000

CM 0.03000 1.000000 0.00500 1.000000 0.085 1.000000
0.01000 1.000000
0.00300 1.000000

H 33.6444 1.000000 1.00000 1.000000
5.05796 1.000000 0.50000 1.000000
1.14680 1.000000 0.10000 1.000000
0.321144 1.000000
0.101309 1.000000
ge
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between the target and the scattering electron. Equation~1!
can be converted into an equivalent Lippmann-Schwin
equation

CkW
~6 !

5FkW1G0
~6 !UCkW

~6 ! , ~2!

with G0
(6) being the free-particle Green’s operator wi

outgoing- (G0
(1)) or incoming-wave (G0

(2)) boundary condi-
tions. In order to take advantage of the symmetry of
target, the scattering wave functions can be partial-wave
panded as

CkW
~6 !

~rW !5F 2

p G1/21

k (
p,m,l ,h

i lCk,lh
~6 !pm

~rW !Xlh
pm~ k̂!, ~3!

whereXlh
pm( r̂ ) are generalized spherical harmonics, related

the usual spherical harmonicsYlm by

Xlh
pm~ r̂ !5(

m
blhm

pm Ylm~ r̂ !. ~4!

Herep is an irreducible representation~IR! of the molecular
point group,m is a component of this representation, andh
distinguishes between different bases of the same IR co
sponding to the same value ofl . The coefficientsblhm

pm satisfy
important orthogonality conditions and are tabulated for
C2v and Oh groups by Burkeet al. @14#. The Schwinger
variational expression for theT matrix can be written in the
bilinear form as
r

e
x-

o

e-

e

TkW ,kW0

~6 !
5^FkW

~7 !uUuC̃kW0

~6 !
&1^C̃kW

~7 !uUuFkW0

~6 !
&

2^C̃kW
~7 !uU2UG0

~6 !UuC̃kW0

~6 !
&, ~5!

with C̃kW
(6) denoting trial scattering wave functions. Usin

partial-wave expansions similar to Eq.~3! for bothC̃kW
(6) and

TABLE II. Basis set used for the initial scattering functions.

Scattering
symmetry Center

Gaussian
function Exponents

ka1 C s 2.0, 0.5, 0.1, 0.02
z 4.0, 1.0, 0.25, 0.05

x2,y2,z2 0.2, 0.05
c.m. s 2.0, 0.5, 0.1, 0.02

z 2.0, 0.5, 0.1, 0.02
x2,y2,z2 0.2, 0.05

H s 1.0, 0.2, 0.05
x,z 1.0, 0.2, 0.05

ka2 C xy 1.0, 0.2, 0.04
c.m. xy 0.1, 0.02
H y 1.0, 0.2, 0.04

kb1 C y 2.0, 0.5, 0.1, 0.02
c.m. y 2.0, 0.5, 0.1, 0.02

yz 0.1, 0.02
H y 1.0, 0.25, 0.05

kb2 C x 4.0, 1.0, 0.25, 0.05
c.m. x 1.0, 0.2, 0.05
c.m. xz 0.5, 0.05
H s 2.0, 0.5, 0.1

x,z 1.0, 0.2, 0.05
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the free-particle wave vectorFkW
(6) , a partial-wave on-shellT

matrix ~diagonal in bothp andm) is obtained:

Tk,lh; l 8h8
~6 !pm

5^Fk,l 8h8
~7 !pm

uUuC̃k,lh
~6 !pm

&1^C̃k,l 8h8
~7 !pm

uUuFk,lh
~6 !pm

&

2^C̃k,l 8h8
~7 !pm

uU2UG0
~6 !UuC̃k,lh

~6 !pm
&, ~6!

wherek5ukW0u5ukW u for the elastic process.
The initial scattering wave functions can be expanded

setR0 of L2 basis functionsa i(rW)5^rWua i&:

C̃k,lh
~6 !pm

~rW !5(
i 51

N

ai ,lh
~6 !pm

~k!a i~rW !. ~7!

Using Eqs.~6! and~7!, variationalTk,lh; l 8h8
(6)pm

matrix elements
can be derived as

FIG. 1. DCS for elastice2-C2H4 scattering at an impact energ
of 3.3 eV. Solid line, present SECP results; asterisks, experime
results of Mapstone and Newell@3#.
a

Tk,lh; l 8h8
~6 !pm

5 (
i , j 51

N

^Fk,l 8h8
~7 !pm

uUua i&@D ~6 !21
# i j ^a j uUuFk,lh

~6 !pm
&,

~8!

where

Di j
~6 !5^a i uU2UG0

~6 !Uua j& ~9!

and the corresponding approximate scattering solution w
outgoing-wave boundary condition becomes

Ck,lh
~1 !pm~S0!

~rW !5Fk,lh
pm ~rW !1 (

i , j 51

M

^rWuG0
~1 !Uua i&

3@D ~1 !21
# i j ^a j uUuFk,lh

pm &. ~10!

Converged outgoing solutions of Eq.~2! can be obtained via
an iterative procedure. The method consists in augmen
the basis setR0 by the set

S05$Ck,l 1h1

~1 !pm~S0!

~rW !,Ck,l 2h2

~1 !pm~S0!

~rW !, . . . ,Ck,l chc

~1 !pm~S0!

~rW !%,

~11!

tal
FIG. 2. Same as Fig. 1, but for 4.3 eV.
2

TABLE III. Eigenphase sums~for the C2v point group! in the iterative procedure.

Energy
~eV!

Scattering
symmetry

Iteration

0 1 2 3 4

0.1 ka1 20.0726 0.0561 0.0587 0.0582 0.058
ka2 0.0003 0.00243 0.00244 0.00244
kb1 20.0027 20.0174 20.0171 20.0171
kb2 0.0205 0.0832 0.0832 0.0832

1 ka1 20.333 20.0968 20.0930 20.0938 20.0936
ka2 0.0501 0.115 0.115 0.115
kb1 0.0323 0.119 0.122 0.122
kb2 0.229 0.388 0.388 0.388

10 ka1 2.500 3.680 3.713 3.700 3.690
ka2 1.143 1.601 1.603 1.600
kb1 21.337 20.380 20.383 20.383
kb2 0.975 1.737 1.742 1.742
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57 3507LOW-ENERGY ELASTIC SCATTERING OF ELECTRONS . . .
wherel c is the maximum value ofl for which the expansion
of the scattering solution~3! is truncated. A new set o
partial-wave scattering solutions can now be obtained fro

Ck,lh
~1 !pm~S1!

~rW !5Fk,lh
pm ~rW !1 (

i , j 51

M

^rWuG~1 !Uuh i
~S0!

&

3@D ~1 !21
# i j ^h j

~S0!uUuFk,lh
pm &, ~12!

whereh i
(S0)(rW) is any function in the setR15R0øS0 andM

is the number of functions inR1. This iterative procedure

continues until a convergedCk,lh
(1)pm(Sn)

is achieved. These
converged scattering wave functions correspond, in fact
exact solutions of the truncated Lippmann-Schwinger eq
tion with the potentialU.

In an actual calculation we compute the converg

partial-waveK-matrix elementsKk,lh; l 8h8
pm(Sn)

. TheseK-matrix
elements can be obtained by replacingD (1) by its principal

FIG. 3. DCS for elastice2-C2H4 scattering at an impact energ
of 5 eV. Solid line, present SECP results; dashed line, Schwin
multichannel~SE! calculated results of Winsteadet al. @6#; aster-
isks, experimental results of Mapstone and Newell@3#.

FIG. 4. Same as Fig. 1, but for 6.1 eV.
to
a-

d

valueD (P) in Eq. ~8!. Hence the corresponding partial-wav
T-matrix elements can be calculated from

Tk,lh,l 8h8
pm~Sn!

52F 2

pG (
l 9,h9

@12 iK ~Sn!#k,lh; l 9h9
pm Kk,l 9,h9; l 8h8

pm~Sn!

.

~13!

By usual transformations, these matrix elements can be
pressed in the laboratory frame~LF!. The LF scattering am-
plitude f ( k̂8,k̂08) is related to theT matrix by

f ~ k̂8,k̂08!522p2T, ~14!

wherek̂08 and k̂8 are the directions of incident and scatter
electron linear momenta, respectively. The differential cr
section for elastic electron-molecule scattering is given b

ds

dV
5

1

8p2E da ~sin b!db dgu f ~ k̂8,k̂08!u2. ~15!

Here ~a,b,g! are the Euler angles that define the orientat
of the principal axes of the molecule. Finally, after som

er
FIG. 5. Same as Fig. 1, but for 8 eV.

FIG. 6. Same as Fig. 3, but for 15.5 eV.
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3508 57L. M. BRESCANSIN, L. E. MACHADO, AND M.-T. LEE
angular-momentum algebra, the LF DCSs averaged ove
molecular orientations can be written as

ds

dV
5(

L
AL~k!PL~cosu!, ~16!

whereu is the scattering angle. The coefficientsAL(k) in Eq.
~16! are given by the formula

AL~k!5
1

2

1

2L11 (
p,m,l ,h,l 8,h8,m,m8

p1 ,m1 ,l 1 ,h1 ,l 18 ,h18 ,m1 ,m18

3~21!m82mA~2l 11!~2l 111!

3b
l
18h

18m
18

p1m1 bl 1h1m1

p1m1* bl 8h8m8
pm* blhm

pm a
l 1h1 ,l

18h
18

p1m1* ~k!alh,l 8h8
pm

~k!

3~ l 10l0uL0!~ l 180l 80uL0!~ l 12m1lmuL2M !

3~ l 18m18l 8m8uLM !, ~17!

where (j 1m1 j 2m2u j 3m3) are the usual Clebsch-Gordan coe
ficients and the auxiliary amplitudesalh,l 8h8

pm (k) are defined
as

alh,l 8h8
pm

~k!52
Ap3

k
i l 82 lA2l 811Tk,lh; l 8h8

pm~Sn!

. ~18!

The self-consistent-field~SCF! wave function for the
ground state used in the static-exchange calculation was
tained using the contracted Gaussian basis set show
Table I. It consists of the contracted set of Dunning@15#
augmented with some uncontracted functions on the nu
and on the center of mass of the molecule. At the experim
tal equilibrium geometry of R(CuC)52.5133 a.u.,
R(C—H)52.0333 a.u., andu (H—C—H)5116.6°,this basis se
gives a SCF energy of278.06060 a.u. This value compare

FIG. 7. ICS fore2-C2H4 scattering. Solid line, present SVIM
results; dashed line, Schwinger multichannel~SE! results of Win-
steadet al. @6#; circles, experimental results of Sueoka and M
@2#; triangles, experimental data of Floederet al. @1#. Inset: partial
ICS (2B2g symmetry! in the~1.0–4.5!-eV range. Dashed line, Kohn
variational results of Schneideret al. @5#.
he

b-
in

ei
n-

well with the near-Hartree-Fock limit of278.0616 a.u.@16#.
The resulting orbital energies are211.230 09,211.228 35,
21.036 66,20.796 66,20.646 01,20.591 76,20.509 54,
and 20.377 02 a.u. for the 1ag , 1b1u , 2ag , 2b1u , 1b2u ,
3ag , 1b3g , and 1b3u orbitals, respectively. The correlation
polarization effects are introduced in the potential throug
parameter-free model that combines the target correla
calculated from the local electron-gas theory for short d
tances with the asymptotic form of the polarization poten
@13#. The dipole polarizabilities used in the calculation of t
correction to the SE potential are derived from the expe
mental values published in Ref.@17#: a00528.4667,
a2057.923, anda2250.2625. All partial-wave expansion
were truncated atl c512 and l c516 for incident energies
below and above 20 eV, respectively, and all possible val
of h< l were retained. The resulting orbital normalizatio
were better than 0.999 for all bound orbitals.

The discussion of the convergence in the iterative pro
dure is interesting in itself. As discussed above, this pro
dure starts with trial scattering functions represented b
basis setR0. TheR0 used in the present calculation is show
in Table II. The convergence rate of the iterative proced
can be demonstrated, for example, by the evolution of
eigenphase sums. This evolution is shown in Table III
each IR of theC2v point group and for three selected ene
gies~0.1, 1.0, and 10 eV!. Similar convergence rates are als
seen for the other incident energies studied herein. As it
be seen from that table, our SVIM calculations were all co
verged within four iterations.

III. RESULTS AND DISCUSSION

We have selected representative results on DCSs, mo
where experimental data and/or other calculations are av
able for comparison. The calculated DCSs fore2-C2H 4
scattering at incident energiesE053.3, 4.3, 5, 6.1, 8, and
15.5 eV are shown in Figs. 1–6, along with the experimen
results of Mapstone and Newell@3#. Theoretical cross sec
tions of Winsteadet al. @6# are also included at 5 and 15 eV
The measured data of Mapstone and Newell are relat

i

FIG. 8. Present SECP ICS fore2-C2H4 scattering below 1 eV.
Inset: partial ICS (2Ag symmetry!. Solid line, present SVIM results
dashed line, Kohn variational results of Schneideret al. @5#.
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TABLE IV. DCSs, ICSs, and MTCSs~in 10216 cm2) for elastice2-C2H4 scattering.

Angle
~deg! E0 ~eV!

1 3.3 4.3 5 6.1 8 15.5 30 50

0 1.69 5.38 6.92 8.36 12.31 18.68 29.13 33.55 38.
10 1.24 4.60 5.65 6.78 9.79 14.85 22.41 23.04 21.
20 0.70 3.92 4.31 4.98 6.51 9.34 12.59 9.97 6.6
30 0.55 3.63 3.76 4.14 4.76 5.94 6.51 4.04 2.2
40 0.58 3.30 3.35 3.55 3.71 3.90 3.12 1.64 1.1
50 0.85 3.03 3.05 3.10 3.07 2.85 1.67 0.94 0.6
60 1.14 2.60 2.54 2.48 2.34 2.02 1.05 0.65 0.4
70 1.35 2.12 1.94 1.80 1.59 1.28 0.76 0.54 0.3
80 1.52 1.74 1.46 1.28 1.05 0.83 0.63 0.49 0.3
90 1.57 1.43 1.14 1.00 0.83 0.76 0.64 0.50 0.3
100 1.51 1.23 1.01 0.97 0.97 1.09 0.76 0.51 0.3
110 1.40 1.16 1.05 1.11 1.27 1.54 0.88 0.55 0.3
120 1.24 1.18 1.18 1.30 1.58 1.88 0.99 0.61 0.3
130 1.06 1.33 1.35 1.46 1.77 1.95 1.11 0.72 0.4
140 0.92 1.58 1.53 1.56 1.82 1.88 1.40 0.85 0.4
150 0.91 1.90 1.74 1.67 1.86 1.89 2.00 0.98 0.5
160 0.73 2.24 1.94 1.79 1.93 2.06 2.69 1.13 0.6
170 0.69 2.49 2.09 1.90 2.00 2.30 3.36 1.26 0.6
180 0.68 2.59 2.14 1.95 2.04 2.42 3.63 1.33 0.7
ICS 14.52 25.67 24.65 25.10 27.01 29.80 27.17 19.24 13
MTCS 14.86 20.87 19.17 18.96 20.17 21.18 16.32 9.49 5.
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However, at 8 and 15.5 eV their results have been norm
ized to the theoretical calculations of McKoy@18# at 7.5 and
15 eV, respectively. In this work, the comparison shown
Figs. 1–6 is made by using directly the results published
Table III of Mapstone and Newell’s work. Although no fu
ther normalization has been introduced for this comparis
there is good agreement between our calculations and
experimental results, particularly for incident energies ab
5 eV. In the~3.3–6.1!-eV energy range, the measured DC
show a pronounced minimum at 90° and a much smaller
centered around 40° followed by a local maximum arou
65°. According to Mapstone and Newell, these structu
display characteristics associated with anf -wave resonance
Such structures are not seen in our calculated DCSs in
energy region, although some evidence of their occurre
can be seen in our data. Indeed, a partial-wave analysis
shown the existence of anf -wave resonance in theB1u scat-
tering channel centered at around 10 eV. This resonanc
responsible for the enhancement of the ICSs in this ene
region and is in accordance with the measured total c
sections of Floederet al. @1# and of Sueoka and Mori@2#, as
we will see in Fig. 7. The comparison with the SE calcula
cross sections of Winsteadet al. @6# shows that the polariza
tion potential has little effect on the qualitative behavior
the DCSs. Also, the influence of the correlation-polarizat
potential is small for backward scattering; it manifes
mainly in the forward direction especially for low inciden
energies.

In Fig. 7 the calculated ICSs in the~1–50!-eV energy
range are presented, as a function of the incident ene
along with the experimental results of Floederet al. @1# and
of Sueoka and Mori@2# and the theoretical SE results o
l-
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Winsteadet al. @6#. The inset of this figure shows a qualita
tive comparison of our partial ICSs for the2B2g symmetry in
the ~1.0–4.5!-eV range with the calculated data of Schneid
et al. @5#. Two structures characterize the ICS curve f
e2-ethylene collisions: a sharp peak at approximately 2.5
and, similarly to CH4, a broad peak centered around 10 e
in our calculations. As shown in the inset, the first structu
is a shape resonance in the2B2g symmetry, which corre-
sponds to a temporary capture of the incident electron into
antibonding valence orbital. In general, our static exchan
correlation polarization~SECP! ICSs are in good agreemen
with the measured data, particularly for incident energ
E0>15 eV, although at lower energies our calculations te
to overestimate the ICSs. The SE results show qualita
disagreement with our results and also deviate from exp
ment at higher energies.

It is interesting to note the behavior of the ICSs in t
low-energy region~below 1 eV!. The scattering in this re-
gion is dominated by the totally symmetric2Ag scattering
channel, which is largely affected by the dipolar distortion
the charge cloud of the target by the incident electron. O
SECP results of ICSs below 1.0 eV are shown in Fig. 8. T
results for 2Ag partial ICSs in the same energy range a
shown in the inset, where the theoretical results of Schne
et al. @5# are also included for qualitative comparison. O
calculated ICSs show a well-pronounced minimum arou
0.05 eV, which is associated with the Ramsauer-Towns
~RT! minimum. This finding supports the evidence for th
existence of such minimum at very low energies provided
two experimental works: The data from Swarm experime
carried out by Bonesset al. @19# show a maximum in the
transmission function for electrons through the ethylene
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3510 57L. M. BRESCANSIN, L. E. MACHADO, AND M.-T. LEE
at approximately 200 meV; Hayashi’s work@20# presents a
minimum in the momentum-transfer cross sections near
meV. Also, theoretically, a minimum in the partial2Ag ICSs
was recently predicted by the calculations of Schneideret al.
@5#, although slightly shifted from our results~see the inset!.
The RT minimum is also present in other molecules,
though calculations at the SE level of approximation are
able to reproduce it. For the sake of completeness, in T
IV we also present our calculated DCSs, ICSs, and MTC
for energies ranging from 1 to 50 eV.

IV. CONCLUSIONS

We have reported the results of DCSs, ICSs, and MTC
for e2-C2H 4 scattering. This calculation of DCSs for th
molecule includes polarization effects. We have observe
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shape resonance in the ICSs at around 2.5 eV in good ag
ment with available experimental data; our model was a
able to reproduce the RT minimum in the ICSs at very lo
energies, in qualitative agreement with previous experim
tal and theoretical predictions. With the recent extension
our SECP numerical codes in order to study electron sca
ing by nonplanar molecules possessing symmetries reduc
to C2v , calculations of cross sections for other systems~such
as SiH4 and GeH4) are under way.
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