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The complex Kohn variational method is used to study low-energy electron collision processes involving
CH3CI. The elastic differential and momentum transfer cross sections are studied from low electron energy
(0.5 eV) through the resonance regié®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[S1050-294®@7)01510-3

PACS numbe(s): 34.80.Gs

I. INTRODUCTION our results in the light of previous experimental investiga-

. . ._tions.
Electron collisions with molecular gases play a key role in

a number of industrial plasma remediation processes cur-
rently under study1]. Modeling of these systems have been Il. THEORY
hampered_ by the lack of_comprehensive electron—impac_t The complex Kohn method has been fully described in
cross section sets for reactive gases. We_ have made ConSH'evious publication§11,19, so a lengthy description will
erable progress over the past few years in developing accyst he repeated here. In this method, the fixed-nuclei scatter-
rate theoretical methods for computing low-energy electroning parameters are obtained from a stationary principle for
molecule cross sections and are presently engaged in tBe T matrix using a trial wave function constructed from
theoretical research effort to provide electron collision crosgoth square-integrabléCartesian Gaussiarand continuum
sections for a variety of industrially important gases. Webasis functions, the latter used to incorporate physically cor-
have recently reported dissociation cross sections fog CHrect, outgoing-wave boundary conditions. We will highlight
[2], Cl, [3], NF; [4], and HBr[5]; here we report the results those particular technical elements of the complex Kohn
of a theoretical study of low-energy electron-{CH scatter-  variational method that are relevant to the problem at hand.
ing. In all our calculations we used a single-configuration,
CH4CI is the simplest chlorohydrocarbon. The chlo- self-consistent-fieldSCPH wave function for the ground state
romethanes exhibit a range of dissociative attachment cross the target. The scattering calculations were carried out at
sections, with the CECI cross section believed to be almost two different levels of approximation. We carried out static-
six orders of magnitude smaller than GC6-8]. Calcula- exchange calculations; in this approximation, dynamic polar-
tions of elastic electron scattering will help to quantify theization of the target is ignored by using a trial function for
characteristics of the resonant negative ion states that domine (N+1)-electron system that is simply the antisymme-
nate the scattering in this class of molecules and provide #&ized product of the ground-state wave function and an ad-
necessary first step towards a fully initio study of disso- ditional scattering orbital. We also carried out calculations at
ciative attachment in these systems. Furthermore,eShl.  the polarized-SCF level. This type of trial function was origi-
have reported differential and momentum transfer cross seaally used in our study of low-energy™ + CH, scattering
tions for low-energy electron scattering from @ [9] that  [13], as well as in several later studies involving closed-shell
allow a detailed comparison between theory and experimenpolar molecules(H,O [14], NH; [15], NF; [4], and HS
Although model calculations have been performed on dissod-11]), where it was found to give a consistent treatment of
ciative attachment in this systefh0], to our knowledge no correlation in theN- and (N+1)-electron portions of the
previousab initio studies of electron-C4Cl scattering have problem. In this approximation, target distortion and polar-
been reported. ization effects are introduced by including closed-channel
In this paper we report the resultsal initio calculations terms in the trial function. These terms are generated as the
of e™ +CHsCI collisions in the 0—10 eV energy range. We direct products of unoccupied orbitals and configurations ob-
have used the complex Kohn variational technifl®&13 to  tained by singly exciting the SCF target into a compact set of
calculate cross sections for elastic scattering and momenturirtual orbitals. Instead of using all the Hartree-Fock virtual
transfer and have studied the effect of target correlation andrbitals to define a space of singly excited configurations,
polarization. Moreover, an integral technology that allows usonly a subset of these orbitals, the polarized virtual orbitals,
to go beyond the primitive separable approximation for in-are used. This procedure, which is fully described in Ref.
cluding the effects of electron exchange at low energies i§13], greatly reduces the number of terms in the Kohn trial
applied here to a molecular target. The theoretical method ifunction by providing a small set of orbitalgenerally, three
briefly outlined in the following section. The calculations for each occupied orbital that is polarizedhile giving a
and results are described in Sec. lll. In Sec. IV we discuswalue for the polarizability that is essentially the same as the

1050-2947/97/5@4)/28555)/$10.00 56 2855 © 1997 The American Physical Society



2856 T. N. RESCIGNO, A. E. OREL, AND C. W. McCURDY 56

value that would be obtained by single excitations of theand 7, is a continuum basis function. lf; is defined as the
occupied orbitals into the entire virtual space. function obtained by operating with the outgoing-wave free-

Another feature of the present calculations onsCHis  particle Green’s function on a Gaussian,
our use of an effective core potenti@CP to replace the
inner-shell electrons of chlorine. Such potentials lead to sig- m=NiGg &, (6)
nificant computational savings by reducing the number of
electrons that must be treated explicitly, while the cross sec¥here
tions are completely insensitive to the inner-shell electrons at |
the low collision energies of interest here. We have previ- , | _42 A | givigka—ar? i —
ously outlined an efficient numerical procedure for incorpo- hi=re Y|,m(r)=i’j’;:0 Cipx'y'zie i+ jtk=l,
rating ECP’s into the complex Kohn variational metHdé] (7)
and applied this technique to electron scattering from HBr
[5]. Further details on this procedure can be found in thes@ndN; is a normalization constant, then we have shown that
two references. these integrals can be expressed as the Fourier transform of

One recent development employed here is a differenGaussian two-electron integrals, where one of the Gaussians
technology for computing bound-free integrals that allows ugs a spreading wave packet
to go beyond the primitive separable approximation for in-
cluding the effects of electron exchange at low enerfids *
Since this technology is being applied here to a molecular (mblled)=N, + fo e’ rdt i j%o Cij
target, we will give a brief description of the salient features. i+ k=1
Our previous calculations have employed a “primitive”

f f d3r d3r’x‘yjzke*atr2<p,?(r)

separable approximation to represent the exchange portions X
of the electron-target interaction:

N X ﬁ(r')ﬁ(r')} ®
Vs 3 laxalVeIB)l, M Ir=r]
with
and only short-ranged functions are employed in the sums.
As we have previously shown, this construction obviates the
need for any free-free or bound-free exchange matrix ele-
ments since the continuum functions can be orthogonalized
to the bound functions used to represent the exchange operéhese integrals can be evaluated by modifying the algo-
tor. rithms in standard molecular integral codes to allow one
As an alternative to the primitive separable approximationGaussian orbital exponent to be complex and the entire
for exchange, we consider a separable expansion of the forgvaluation of bound-free exchange integrals can be reduced
to one-dimensional numerical quadrature. For further details,

3
In(1+2iat). (9

a;=al(l+2iat), y=|— 5

N we refer the interested reader to Reff7].
S 2 Vola)d, g(BIV, )
“P . COMPUTATIONS
where Variational calculations of elastie” + CH;Cl scattering
I ox were carried out in the fixed-nuclei approximation. All cal-
[d ]ayﬂ_<“|v |B). 3 culations in this study were performed at the equilibrium

. o . _ __geometry of the targefRcc=1.781 A, Rcy=1.113 A, and
This approximation, which forms the basis of the SChWInger@Hch 110.5°[20]) in the reduced symmeti§, . The basis

variational method18], is known to converge more rapidly get'ised to construct the target states consisted of Dunning’s
than the primitive separgble form given in E@) [19]. The 21] 4s2p contraction of a 85p basis set for carbon with
use of Eq.(2) does require bound-free exchange matrix ele-the addition of onl-type function @ =0.75) and Dunning’s
ments for its implementation, which in turn leads us to CON-5¢ contraction of a 4 basis set for hydrogen. Thes12s

sider integrals of the form and 2 core electrons on chlorine were replaced with dle
initio effective core potential of Wadt and Hay and their
<77|b||0d>=f f d® 3" (1) ep(r) 5s,4p,1d set[22] was used uncontracted to describe the re-
maining electrons. To construct the complex Kohn trial func-
1 tion, the target set was augmented with one diffaggpe
X ——7 <p§(r’)<p5(r’), (4) («=0.04), one diffusep-type («¢=0.04), and onel-type
r=r'] (a=0.2) functions on carbon and one diffupetype («
=0.06) and onel-type («=0.25) functions on chlorine. The
‘computed dipole moment was 0.87 a.u. compared to the ex-
perimental value of 0.74 a.(i23].
A | . nea(r— A2 The complex Kohn variational calculations were carried
Pa(N=(X=A)(Y=A)M(z=A)"e (B out using trial functions built from the square-integrable ba-

wheregA(r) is an arbitrary Cartesian Gaussian function cen
tered atA,
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FIG. 1. Momentum transfer cross sections fer+ CH;CI. FIG. 2. ?A; eigenphase sums fa + CH;Cl computed at the

Solid line, static exchange; dashed line, polarized-SCF result.  polarized-SCF and static-exchange levels.

sis functions specified above along with continuum functions ) ) )
up to and includind =5 and|m|=5. For electronically elas- €gion, the polarlzed—SpF caIcuIanons as well as experiment
tic scattering by a molecule such as gHithat has a perma- show that the dlfferentlal cross section develop a weak sec-
nent dipole moment, the fixed-nuclei treatment must includéndary shoulder at higher angles. _
the long-range electron-dipole interaction, which dominates Although the agreement between theory and experiment
the scattering at low energies and small scattering angles. Ti§ réasonable, there is a noticeable deviation in absolute mag-
address this problem, we employed the same procedure V\yétude at the two lowest energies shown in F|_g. 4, whe.re the
used in previous work on polar molecules: We used a closurélipole-Born result actually agrees better with experiment
formula based on the dipole-Born approximation to includethan the variational results. This is a little disturbing since
contributions from the higher partial waves not explicitly the scattering at these energies is insensitive to the inclusion
included in the trial functio15]. of target polarization, being dominated by the long-range
For elastice™ + CH,Cl scattering, we carried out complex dipole. As a further test of the accuracy of our procedure;,
Kohn calculations at both the static-exchange and polarizedVe therefore repeated the calculations at these two energies
SCF levels. In the polarized-SCF calculations, the thred!Sing the more accurate treatment of exchange outlined in
inner-shell orbitals, corresponding roughly to the carbsn 1 Sec. Il. (Calculations at the higher energies using the
and 2 and Cl 3 orbitals, were held doubly occupied and 13 Sphwmger form gave results virtually |dent|cgl to thg primi-
polarized orbitals were generated from the outer five occulivé Separable exchange resyitshe McMurchie-Davidson
pied orbitals. The value of the polarizability obtained from a@lgorithm[25] was modified to evaluate the complex bound-
single-excitation, configuration-interaction calculation usingffe€ integrals required in E8) and the Schwinger form of
only the polarized orbitals was 4.38Awhich is roughly ~the exchange operatfEq. (2)] was used in computing the
90% of the experimental valug24]. The differential and free-free exchgnge m_tegrals. l:_lgg_re 5 compares the results_of
momentum transfer cross sections were obtained from thi€se calculations with the primitive separable results. Evi-

first-order Born-corrected matrix, as outlined above.

Figure 1 shows the calculated momentum transfer cross 30 ¢
sections at the static-exchange and polarized-SCF levels. The 25 B 3
calculated cross sections at the more extensive polarized- E ey

)
<

SCF level show the presence of a brda#j shape resonance
that appears near 3.5 eV. At the static-exchange level, the

—
W

— Do benabenrs bians b

resonance behavior is much less pronounced, appearing only g 10F
as a gradual rise in the cross section around 6.25 eV. This 2 sE
behavior is clearly seen from a comparison of ti#g eigen- e’ 0 T T
phase sums in Fig. 2. The behavior of the resonance is fur- = 0 2 4 6 8 10 12
ther illustrated in Fig. 3, which shows the energy dependence § 24 € ]
of the elastic differential cross section at two fixed angles. g 22 E
For this figure, the polarized-SCF results are compared with 20 E
the experimental values of Skt al. [9]. At 100° the reso- g 18 L E
nance peak is clearly evident, while at 30° the cross section “ ek E
is dominated by the contribution of the dipole scattering, 1.4 £ 3
which masks the resonance peak. 12 & 3
Figure 4 shows a composite of the elastic differential T P P T S SN
0 2 4 6 8 10 12

cross section from 5° to 180° for a series of energies. For
comparison, we show both calculated polarized-SCF and
simple dipole-Born results along with experimental values. FIG. 3. Energy dependence of polarized-SCF differential cross
The cross section shows the characteristic forward peakinggctions for elasti®@™ + CH;Cl scattering at fixed angles. Upper
that is typical of a polar molecule. However, in the resonanceanel, 30°; lower panel, 100°.

Energy (eV)
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. T . . .
F 8eV ] the static-exchange and polarized-SCF levels using a
150 ] Hartree-Fock description of the target wave function. Elec-
:lI . tron exchange effects were described using both primitive
10.0 = . separable and more elaborate Schwinger separable forms of
sof \ ] the exchange operator and, in this case, the two different
N ] approximations gave very similar results. The momentum-
] TS e e e o o oS I transfer cross section we obtained shows a broad shape reso-
0 O pngte )y PO nance near 3.5 eV, which is associated with dissociative

electron attachment. Future calculations will address the ge-
FIG. 4. Differential cross sections for elasic + CH;Cl scat- Ometry dependence of the resonance parameters as well as
tering at several energies. Solid lines, polarized-SCF results; dashdfe determination of dissociative attachment cross sections.
lines, dipole Born approximation; dots, experiméai.
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