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Low-energy electron scattering from CH3Cl
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The complex Kohn variational method is used to study low-energy electron collision processes involving
CH3Cl. The elastic differential and momentum transfer cross sections are studied from low electron energy
~0.5 eV! through the resonance region~3.5 eV! to 10 eV. The effects of target correlation and polarization are
studied. A comparison is made between the results of this study and experimental results available for this
system.@S1050-2947~97!01510-2#

PACS number~s!: 34.80.Gs
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I. INTRODUCTION

Electron collisions with molecular gases play a key role
a number of industrial plasma remediation processes
rently under study@1#. Modeling of these systems have be
hampered by the lack of comprehensive electron-imp
cross section sets for reactive gases. We have made co
erable progress over the past few years in developing a
rate theoretical methods for computing low-energy electr
molecule cross sections and are presently engaged
theoretical research effort to provide electron collision cr
sections for a variety of industrially important gases. W
have recently reported dissociation cross sections for C4

@2#, Cl2 @3#, NF3 @4#, and HBr@5#; here we report the result
of a theoretical study of low-energy electron-CH3Cl scatter-
ing.

CH3Cl is the simplest chlorohydrocarbon. The chl
romethanes exhibit a range of dissociative attachment c
sections, with the CH3Cl cross section believed to be almo
six orders of magnitude smaller than CCl4 @6–8#. Calcula-
tions of elastic electron scattering will help to quantify t
characteristics of the resonant negative ion states that d
nate the scattering in this class of molecules and provid
necessary first step towards a fullyab initio study of disso-
ciative attachment in these systems. Furthermore, Shiet al.
have reported differential and momentum transfer cross
tions for low-energy electron scattering from CH3Cl @9# that
allow a detailed comparison between theory and experim
Although model calculations have been performed on dis
ciative attachment in this system@10#, to our knowledge no
previousab initio studies of electron-CH3Cl scattering have
been reported.

In this paper we report the results ofab initio calculations
of e21CH3Cl collisions in the 0–10 eV energy range. W
have used the complex Kohn variational technique@12,13# to
calculate cross sections for elastic scattering and momen
transfer and have studied the effect of target correlation
polarization. Moreover, an integral technology that allows
to go beyond the primitive separable approximation for
cluding the effects of electron exchange at low energie
applied here to a molecular target. The theoretical metho
briefly outlined in the following section. The calculation
and results are described in Sec. III. In Sec. IV we disc
561050-2947/97/56~4!/2855~5!/$10.00
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our results in the light of previous experimental investig
tions.

II. THEORY

The complex Kohn method has been fully described
previous publications@11,12#, so a lengthy description will
not be repeated here. In this method, the fixed-nuclei sca
ing parameters are obtained from a stationary principle
the T matrix using a trial wave function constructed fro
both square-integrable~Cartesian Gaussian! and continuum
basis functions, the latter used to incorporate physically c
rect, outgoing-wave boundary conditions. We will highlig
those particular technical elements of the complex Ko
variational method that are relevant to the problem at ha

In all our calculations we used a single-configuratio
self-consistent-field~SCF! wave function for the ground stat
of the target. The scattering calculations were carried ou
two different levels of approximation. We carried out stat
exchange calculations; in this approximation, dynamic po
ization of the target is ignored by using a trial function f
the (N11)-electron system that is simply the antisymm
trized product of the ground-state wave function and an
ditional scattering orbital. We also carried out calculations
the polarized-SCF level. This type of trial function was orig
nally used in our study of low-energye21CH4 scattering
@13#, as well as in several later studies involving closed-sh
polar molecules~H2O @14#, NH3 @15#, NF3 @4#, and H2S
@11#!, where it was found to give a consistent treatment
correlation in theN- and (N11)-electron portions of the
problem. In this approximation, target distortion and pol
ization effects are introduced by including closed-chan
terms in the trial function. These terms are generated as
direct products of unoccupied orbitals and configurations
tained by singly exciting the SCF target into a compact se
virtual orbitals. Instead of using all the Hartree-Fock virtu
orbitals to define a space of singly excited configuratio
only a subset of these orbitals, the polarized virtual orbita
are used. This procedure, which is fully described in R
@13#, greatly reduces the number of terms in the Kohn tr
function by providing a small set of orbitals~generally, three
for each occupied orbital that is polarized! while giving a
value for the polarizability that is essentially the same as
2855 © 1997 The American Physical Society
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value that would be obtained by single excitations of
occupied orbitals into the entire virtual space.

Another feature of the present calculations on CH3Cl is
our use of an effective core potential~ECP! to replace the
inner-shell electrons of chlorine. Such potentials lead to s
nificant computational savings by reducing the number
electrons that must be treated explicitly, while the cross s
tions are completely insensitive to the inner-shell electron
the low collision energies of interest here. We have pre
ously outlined an efficient numerical procedure for incorp
rating ECP’s into the complex Kohn variational method@16#
and applied this technique to electron scattering from H
@5#. Further details on this procedure can be found in th
two references.

One recent development employed here is a differ
technology for computing bound-free integrals that allows
to go beyond the primitive separable approximation for
cluding the effects of electron exchange at low energies@17#.
Since this technology is being applied here to a molecu
target, we will give a brief description of the salient featur
Our previous calculations have employed a ‘‘primitive
separable approximation to represent the exchange por
of the electron-target interaction:

VPS
ex5 (

a,b51

N

ua&^auVexub&^bu, ~1!

and only short-ranged functions are employed in the su
As we have previously shown, this construction obviates
need for any free-free or bound-free exchange matrix
ments since the continuum functions can be orthogonal
to the bound functions used to represent the exchange op
tor.

As an alternative to the primitive separable approximat
for exchange, we consider a separable expansion of the

VSS
ex5 (

a,b51

N

Vexua&da,b^buVex, ~2!

where

@d21#a,b5^auVexub&. ~3!

This approximation, which forms the basis of the Schwing
variational method@18#, is known to converge more rapidl
than the primitive separable form given in Eq.~1! @19#. The
use of Eq.~2! does require bound-free exchange matrix e
ments for its implementation, which in turn leads us to co
sider integrals of the form

^h lbicd&5E E d3r d3r 8h l~r !wb
B~r !

3
1

ur 2r 8u
wc

C~r 8!wd
D~r 8!, ~4!

wherewa
A(r ) is an arbitrary Cartesian Gaussian function ce

tered atA,

wa
A~r !5~x2Ax!

l~y2Ay!m~z2Az!
ne2a~r2A!2

, ~5!
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andh l is a continuum basis function. Ifh l is defined as the
function obtained by operating with the outgoing-wave fre
particle Green’s function on a Gaussian,

h l5NlG0
1f l , ~6!

where

f l5r le2ar2
Yl ,m~ r̂ ![ (

i , j ,k50

l

ci jk
l xiy jzke2ar2

, i 1 j 1k5 l ,

~7!

andNl is a normalization constant, then we have shown t
these integrals can be expressed as the Fourier transfor
Gaussian two-electron integrals, where one of the Gauss
is a spreading wave packet

^nlbicd&5Nl

1

i E
0

`

eiEt1g tdt (
i , j ,k50

i 1 j 1k5 l

l

ci jk
l

3F E E d3r d3r 8xiyjzke2atr
2
wb

B~r !

3
1

ur2r 8u
wc

C~r 8!wd
D~r 8!G , ~8!

with

at5a/~112iat !, g t5F2
2l 13

2 G ln~112iat !. ~9!

These integrals can be evaluated by modifying the al
rithms in standard molecular integral codes to allow o
Gaussian orbital exponent to be complex and the en
evaluation of bound-free exchange integrals can be redu
to one-dimensional numerical quadrature. For further deta
we refer the interested reader to Ref.@17#.

III. COMPUTATIONS

Variational calculations of elastice21CH3Cl scattering
were carried out in the fixed-nuclei approximation. All ca
culations in this study were performed at the equilibriu
geometry of the target~RCCl51.781 Å, RCH51.113 Å, and
uHCCl5110.5° @20#! in the reduced symmetryCs . The basis
set used to construct the target states consisted of Dunn
@21# 4s2p contraction of a 9s5p basis set for carbon with
the addition of oned-type function (a50.75) and Dunning’s
2s contraction of a 4s basis set for hydrogen. The 1s, 2s,
and 2p core electrons on chlorine were replaced with theab
initio effective core potential of Wadt and Hay and the
5s,4p,1d set @22# was used uncontracted to describe the
maining electrons. To construct the complex Kohn trial fun
tion, the target set was augmented with one diffuses-type
(a50.04), one diffusep-type (a50.04), and oned-type
(a50.2) functions on carbon and one diffusep-type (a
50.06) and oned-type (a50.25) functions on chlorine. The
computed dipole moment was 0.87 a.u. compared to the
perimental value of 0.74 a.u.@23#.

The complex Kohn variational calculations were carri
out using trial functions built from the square-integrable b
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56 2857LOW-ENERGY ELECTRON SCATTERING FROM CH3Cl
sis functions specified above along with continuum functio
up to and includingl 55 andumu55. For electronically elas-
tic scattering by a molecule such as CH3Cl that has a perma
nent dipole moment, the fixed-nuclei treatment must inclu
the long-range electron-dipole interaction, which domina
the scattering at low energies and small scattering angles
address this problem, we employed the same procedure
used in previous work on polar molecules: We used a clos
formula based on the dipole-Born approximation to inclu
contributions from the higher partial waves not explicit
included in the trial function@15#.

For elastice21CH3Cl scattering, we carried out comple
Kohn calculations at both the static-exchange and polariz
SCF levels. In the polarized-SCF calculations, the th
inner-shell orbitals, corresponding roughly to the carbons
and 2s and Cl 3s orbitals, were held doubly occupied and 1
polarized orbitals were generated from the outer five oc
pied orbitals. The value of the polarizability obtained from
single-excitation, configuration-interaction calculation usi
only the polarized orbitals was 4.38 Å3, which is roughly
90% of the experimental value@24#. The differential and
momentum transfer cross sections were obtained from
first-order Born-correctedT matrix, as outlined above.

Figure 1 shows the calculated momentum transfer cr
sections at the static-exchange and polarized-SCF levels.
calculated cross sections at the more extensive polari
SCF level show the presence of a broad2A1 shape resonanc
that appears near 3.5 eV. At the static-exchange level,
resonance behavior is much less pronounced, appearing
as a gradual rise in the cross section around 6.25 eV.
behavior is clearly seen from a comparison of the2A1 eigen-
phase sums in Fig. 2. The behavior of the resonance is
ther illustrated in Fig. 3, which shows the energy depende
of the elastic differential cross section at two fixed angl
For this figure, the polarized-SCF results are compared w
the experimental values of Shiet al. @9#. At 100° the reso-
nance peak is clearly evident, while at 30° the cross sec
is dominated by the contribution of the dipole scatterin
which masks the resonance peak.

Figure 4 shows a composite of the elastic differen
cross section from 5° to 180° for a series of energies.
comparison, we show both calculated polarized-SCF
simple dipole-Born results along with experimental valu
The cross section shows the characteristic forward pea
that is typical of a polar molecule. However, in the resona

FIG. 1. Momentum transfer cross sections fore21CH3Cl.
Solid line, static exchange; dashed line, polarized-SCF result.
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region, the polarized-SCF calculations as well as experim
show that the differential cross section develop a weak s
ondary shoulder at higher angles.

Although the agreement between theory and experim
is reasonable, there is a noticeable deviation in absolute m
nitude at the two lowest energies shown in Fig. 4, where
dipole-Born result actually agrees better with experim
than the variational results. This is a little disturbing sin
the scattering at these energies is insensitive to the inclu
of target polarization, being dominated by the long-ran
dipole. As a further test of the accuracy of our procedur
we therefore repeated the calculations at these two ene
using the more accurate treatment of exchange outline
Sec. II. ~Calculations at the higher energies using t
Schwinger form gave results virtually identical to the prim
tive separable exchange results.! The McMurchie-Davidson
algorithm@25# was modified to evaluate the complex boun
free integrals required in Eq.~8! and the Schwinger form o
the exchange operator@Eq. ~2!# was used in computing the
free-free exchange integrals. Figure 5 compares the resul
these calculations with the primitive separable results. E

FIG. 2. 2A1 eigenphase sums fore21CH3Cl computed at the
polarized-SCF and static-exchange levels.

FIG. 3. Energy dependence of polarized-SCF differential cr
sections for elastice21CH3Cl scattering at fixed angles. Uppe
panel, 30°; lower panel, 100°.
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2858 56T. N. RESCIGNO, A. E. OREL, AND C. W. McCURDY
dently, the results are quite close. We conclude that the g
agreement between the dipole-Born approximation and
periment at these energies is fortuitous and that we hav
improve our description of the target ground-state wa
function beyond the SCF level to achieve a more accu
result.

IV. CONCLUSION

In summary, we have carried outab initio calculations of
low-energy electron-CH3Cl scattering using the comple

FIG. 4. Differential cross sections for elastice21CH3Cl scat-
tering at several energies. Solid lines, polarized-SCF results; da
lines, dipole Born approximation; dots, experiment@9#.
-

od
x-
to
e
te

Kohn variational technique. Calculations were carried ou
the static-exchange and polarized-SCF levels using
Hartree-Fock description of the target wave function. Ele
tron exchange effects were described using both primi
separable and more elaborate Schwinger separable form
the exchange operator and, in this case, the two diffe
approximations gave very similar results. The momentu
transfer cross section we obtained shows a broad shape
nance near 3.5 eV, which is associated with dissocia
electron attachment. Future calculations will address the
ometry dependence of the resonance parameters as we
the determination of dissociative attachment cross sectio
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FIG. 5. Comparison of polarized-SCF differential cross sectio
for e21CH3Cl scattering calculated using the primitive separa
exchange approximation~dashed lines! and the Schwinger approxi
mation for exchange~solid lines!. Upper panel, 0.5 eV; lower pane
1.0 eV.
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