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We report the results of variational calculations of elastic electron scattering by tetrafluorag@hienevith
incident electron energies ranging from 0.5 to 20 eV, using the complex Kohn method and effective core
potentials. These are the first fulb initio calculations to reproduce experimental angular differential cross
sections at energies below 10 eV. Low-energy electron scattering,By i€ sensitive to the inclusion of
electronic correlation and target-distortion effects. We therefore present results that describe the dynamic
polarization of the target by the incident electron. The calculated cross sections are compared with recent
experimental measurements.
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[. INTRODUCTION crossed-beam studies, presumably due to missing vibrational
intensity from the cross sections of Yoshidgaal. [5,7].

Information regarding collisions of electrons with tet-  The lack of information on low-energy electron scattering
rafluoroethendC,F,) is important in the plasma processing by this target and its growing importance in the low-
of semiconductors. 4, has attracted interest as a feed gastemperature plasma environment has therefore led us to in-
in plasma etching of the silicon oxide surfade?] and has vestigate elastic collisions of electrons withFz in energy
been proposed as a new plasma reactant due to its lomanges between 0.5 and 20 eV. Low-energy electron scatter-
carbon-carbon bond strength and low global warming potening by atoms and molecules is sensitive to electrostatic inter-
tial, with a consequent relatively benign impact on the atmo-action effects, electron exchange, and electron correlation.
sphere[3]. C,F, is also formed within plasmas by dissocia- The proper inclusion of these factors is crucial for an accu-
tion of another common feed gas used for oxide etchingrate description of resonance parameters and vibrational ex-
C,Fs. In order to understand the role of collision processes irtitation cross sections. We therefore present differential, in-
plasmas and their effects on plasma properties and dynamidggral, and momentum-transfer cross sections using the
it is essential to have an in-depth knowledge of the physiceomplex Kohn variational method, which will account for
of these processes and detailed information on their quantthese low-energy effects. Our results are compared to the
tative characteristicgransition rates, cross sections, reactionrecent experimental measurements of Panajoteal. [6].
rates coefficients, efc.Modeling of low-temperature plas- C,F, is a closed-shell molecule which possesses a perma-
mas requires the knowledge of a large number of cross secent quadrupole moment.,E, is isovalent with GH,. Like
tions involving electron-molecule interactiotedectronic ex- C,H,, which we have recently studig8], its electron colli-
citation, dissociation, and ionizatipn sion cross sections show a Ramsauer-Townsend minimum in

There have been only very limited studies of the interac-zAg symmetry and a narrow shape resonanc%B'@ symme-
tion of C,F, with low-energy(<20 eV) electrons, both theo- try caused by the temporary capture of the incident electron
retically [4] and experimentally5,6]. Winstead and McKoy into an empty, antibonding valence orbital. TheFg cross
[4] performed low-energy calculations using the Schwingeisections are also found to display resonance features in the
multichannel variational method. They reported low-energysymmetries?Ag, 2By, and ?B,,. The contribution of each
differential and integrated cross sections for both electroniindividual symmetry(where these features can be observed
cally elastic and inelastic collisions. They found the elasticmore clearly to the total elastic cross section is also reported
cross section to show a number of resonance features, whiéh the present work.
were classified according to symmetry and analyzed in rela-
tion to available experimental data. They did not, however,
present elastic differential cross sections at electron energies Il. THEORETICAL FORMULATION
below 10 eV.

Experimentally, Yoshidat al. [5] reported an analysis of
electron swarm data together with theoretical estimates for The complex Kohn method is a variational technique
elastic scattering and electronic excitation cross sectionsvhich uses a trial wave function that is expanded in terms of
Panajotovicet al. [6] performed experimental measurementssquare-integrabléCartesian Gaussigrand continuum basis
utilizing two crossed-beam electron spectometers, one dtinctions that incorporate the correct asymptotic boundary
Sophia University, Japan, and the other at the Australian Naconditions. Detailed descriptions of the method have been
tional University. They reported cross sections between 1.given in previous publication§d,10], so only a brief sum-
and 100 eV. Significant differences in both magnitude andnary of the aspects that concern this study will be given
shape of cross sections can be seen between the swarm asalow.

A. Complex Kohn variational method
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In the case of electronically elastic scattering, the trialan average field for the valence electrons that is largely in-

wave function takes the form dependent of the chemical environment in which the heavy
R R R R R atom is found.
W = A[Do(My, ... FF (e ]+ 2,0 ,(F, - ), In scattering studies, at energies low enough so that the
“

incident electron does not possess sufficient energy to excite
(1) the core electrons, one expects the collision dynamics to be

. largely determined by the electron-valence target interactions
vyhere(bo IS the(Hartree-.Fockground 'sta'te Of ¢k, 4 an- and, hence, insensitive to the detailed behavior of the core
tisymmetrizes the coordinates of the incident elecii@n;) electrons

with those of the target, and the sum contains square- pe nrocedures used to generate ECP's from all-electron
integrable,(N+1)-electron terms that describe polarization atomic wave functions can be found elsewhg,12. For

and/or correlation effects due to electronically closed chang,ig discussion, we begin with a solution of the atomic
nels. In the present study, these configuration-state functiong,ree-Fock equations, which produces a set of orbitals that
(CSF9 ©, were constructed by singly exciting the target e partition into coreg,, and valenceg,, groups. Accord-
Hartree-Fock wave function. Thus the configurations in Eq1-ng to the “shape-consistenf13] prescription, the valence
(1) have the form orbitals are replaced by pseudo-orbitals which are required to
- be identical to the true valence orbit beyond some
0u= A(®d do— duldy), @ matching radius e, The effective pot:ﬁiau,ywhich re-
where ¢y— ¢, denotes the replacement of occupied orbitalplaces the core-core and valence-core portions of the all-

¢o by orbital ¢, and ¢; is another virtual orbital. electron Fock Hamiltonian, is then defined by
The proper construction of the correlation component of
the trial wave function is critical in determining the low- o off
. . ) " 1d¢ I(I+1) Z
energy behavior of the elastic cross sections and the position y =|{¢, + S t— W, Xo-
and width of shape resonances. The nature of this correlation 2dr 2r r

and, consequently, the way it is modeled depend on the de- (5)

tails of the target molecule and the symmetry under consid-

?r:rac;ut?gnﬁ ouTtht(ra]Sees eiltfifc?r:(:,rlth a??ca:g\?vches willbe deScnbe%vherezeﬂ is the effective nuclear chargee., Z8%=Zz-z¢'¢
The scattering functiof (fy.,) is further expanded in the and W, is the interaction potentia(Coulomb plus ex-

. . ; change¢ between an electron in the valence pseudo-orbital,
l_(ohn mg.hOd.'%a corlr_nbme(; t|)_|a5|sk Olf 9‘?55@? and_ corT- X,,» and the electrons in other occupied pseudoorbiiglss
tinuum (Ricatti-Besselj;, and Hankelfy) basis functions: the true orbital energy of the atomic Hartree-Fock orbital. By

_ " ; construction, the pseudo-orbitgl must be nodeless, guar-
F(F) —Ei: Gii(F) +% [J'(kr)g”oam”b anteeing that it is the lowest-energy eigenfunction and that
R Eq. (5) can be carried out for any> 0.

+ Ty mmyhi (KDY im(P)I 3 The various-dependent core potentials can be combined
into a unified ECP for use in a molecular environment by

whereY,(r) are spherical harmonics. Applying the station- using angular momentum projection operators:

ary principle for theT matrix,

L-1 |
Tor= ot =2 f YH=BY, @ U= U0+ X 3 [U(n) = U] imy(m|
1=0 m=-1
results in a set of linear equations for the coefficiestsl,,, -1
andT”Omnb. TheT-matrix element§',,omrTb are the fundamen- = U () + D AU,()P, (6)
tal dynamical quantities from which all fixed-nuclei cross 1=0 ’

sections are derived.

wherelL is 1 greater than the maximum value lofound
among the core orbitals. This representation assumes that for
Electron scattering calculations on polyatomics rapidlyangular momentum values greater than or equal,tdhe
become computationally intensive as the number of targetore orbitals can be globally represented by a single,
electrons increases. We therefore employed effective coreindependent central potentidl (r), which provides the ef-
potentials(ECP’9 to aid with the computational efficiency. fect of Coulomb and exchange which are common to all
Effective core potentials were originally introduced to sim-valence electrons. The second term in Eg). provides the
plify electronic structure calculations by eliminating the needrepulsive parts of the core potential that are specific to éach
to rigorously describe the core electron states of heavy atvalue. Because of the projection operators introduced in Eq.
oms. This can be justified under the assumption that many d6), the ECP is a nonlocal operator.
the chemical and physical properties of molecules and mate- The complex Kohn method uses numerical continuum
rials are determined by the detailed correlation of outer-sheflunctions, all defined about a single center, in the trial wave
electrons, whereas the inner-shell electrons merely providinction and thus requires the numerical evaluation of

B. Effective potential formalisms
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TABLE I. Gaussian basis sets usedelC,F, scattering calcu-  radial functions multiplied by spherical harmonics, all cen-
lations. For symmetriedB,,, ?B,g, By, and?By, only those com-  tered on the atom in question:
ponents of the diffuse scattering functions that contribute by sym-

. ; . N o
metry were included in the calculation.

AU(NP =~ AUP= X 30 AU|jalm)d)) 4 BimAU;,

Center Type Exponent Coefficient @,f=1 me-
Target basis @)

Carbon s 4.36200 1.00000 where thedgﬁ are the radial elements of the matrix inverse

Carbon s 1.50000 1.00000 [d_l]a,ﬁ ={alU,-U_|B). (8)

Carbon S 0.43660 1.00000 ) . . . .

Carbon S 0.17230 1.00000 Wlth the expansion given by Eg7), matrlx eIem(.—:‘nts in-

volving free functions will have the following form:

Carbon S 0.08716 1.00000

Carbon p 6.78700 1.00000 w N N

Carbon p 3.00000 1.00000 (H,JAUFHt ) = 2—1 ZI (f,JAU [ alm)d;, (BIM[AU|f 5.

Carbon p 1.49700 1.00000 wpmLm

Carbon p 0.42970 1.00000 ©)

Carbon p 0.12860 1.00000 In contrast to the work that would be required if the repre-

Carbon d 0.75000 1.00000 sentation of Eq(6) were used, the evaluation of the matrix

Eluorine s 11.38000 1.00000 elements required in Eq9) is straightforward. Further de-

Fluorine s 1.13200 1.00000 tails aboqt the _thgoretical formulation of effective potentia_l

Fluorine s 0.56250 1.00000 methods in varlatlon.al treatments of electron-molecule colli-

_ : ' sions can be found in Refl4].

Fluorine 5 0.25660 1.00000

Fluorine p 17.16000 1.00000

Fluorine p 3.89300 1.00000 ll. THEORETICAL MODELS

Eluorine p 1.08800 1.00000 FOR ELECTRON-MOLECULE COLLISIONS:

Fluorine D 0.29800 1.00000 COMPUTATIONAL DETAILS AND RESULTS

Fluorine P 0.15000 1.00000 The fixed-nuclei results we are reporting were all carried

Fluorine d 0.90000 1.00000 out for GCF, at its equilibrium geometry (Rec

Diffuse scattering basi$A, symmetry =1.311 A,R=1.319 A, F-C-F=112.48° The target

Center of mass s 0.04000 1.00000 ground state was described by a self-consistent {igldH
Center of mass s 0.05000 1.00000 wave function. The carbon and fluorine &lectrons were

replaced by ECP’s using the core potential parameters pub-

Diff ttering basig d?B tri . - .
Iffuse scattering basisBs, and "By, symmetries lished by Pacios and Christiansglb]. To compute the target

Center of mass d 0.30000 1.00000 SCF wave function we used the Gaussian basis sets, in un-
Center of mass d 0.15000 1.00000 contracted form, given by these authors, augmented with
Center of mass d 0.08000 1.00000 several additional functions. The molecular quadrupole mo-
Center of mass d 0.04000 1.00000 ment obtained from the present calculation was
Diffuse scattering basi€Bz, symmetry -1.319454a3 To construct the trial wave function for the
Center of mass d 0.30000 1.00000 variational scattering calculations, the target basis was fur-

ther augmented with additional diffuse Gaussian functions,

Diffuse scattering basi€B,, and?B,, symmetries : . ! .
g w 20 3 depending on the symmetry in question. Table | lists the

Center of mass p 0.70000 1.00000 . . . .
basis sets employed in all our scattering calculations. The
Center of mass P 0.50000 1.00000 expansion of the trial scattering function was completed by
Center of mass P 0.20000 1.00000 including numerically generated continuum basis functions,
Diffuse scattering basigBs, symmetry retaining terms with angular momentum quantum numbers
Center of mass p 0.50000 1.00000 and|m| less than or equal to 6.
Center of mass p 0.20000 1.00000 In an approach similar to that employed in our study of

C,H, [8], we found that an accurate description of the low-
energy scattering by £, requires a proper treatment of the
dominant physical processes in each symmetry. The follow-
bound-free and free-free matrix elements. Unfortunately, théng subsections will briefly describe the different approxima-
nonlocal portion ofU®' does not readily lend itself to nu- tions that were considered and how they were introduced
merical quadrature, since the angular projection operators aiato our calculations, and will show the individual symmetry
all defined about the various atomic centers. Rescigno ancomponents of the integral cross sections resulting from each
McCurdy [14] therefore reexpandedU,(r)P, as a sum of of these approaches. Total elastic cross sections, momentum
separable terms using a product baails), consisting ofN  transfer cross sections, and angular differential cross sec-

012704-3



TREVISAN, OREL, AND RESCIGNO PHYSICAL REVIEW A70, 012704(2004

18— tron polarization. Previous work on other closed-shell mol-
L6 ecules has shown that including a set of specific
- configurations in Eq(1) to produce what is known as a
o 1A “polarized SCF’(PSCRH trial wave function provides a good
@5 12k description of target polarization, with a balance of correla-
= tion effects in theN- and(N+1)-electron systemf3,16-2Q.
T Ir In the PSCF approachl8] the CSF's®,, have a “two-
% 08 particle, one-hole” structure since they are constructed as the
2 product of bound virtual molecular orbitals and terms ob-
goor tained by singly exciting the target SCF wave function into a
©o4al subspace of unoccupied orbitals. Instead of using all the un-
occupied orbitals to define the space of singly excited CSF’s,
0.21- | we choose a compact subset of these virtual orbitals, the
oSt i'; : 1'0 : 1'2 : 1'4 . 1'6 : 1'8 o polarized virtual orbital§ ¢, in Eq. (2)], for singly exciting

Energy (V) the target. There will, in general, be three polarized orbitals,
one for each Cartesian component of the dipole operator,
FIG. 1. 2B,; symmetry component of the integrated cross sec-generated by each occupied orbital that is polarized. These
tion. Solid curve: present calculations. Solid curve with circles: cal-polarized orbitals describe the linear response of the target to
culations by Winstead and McKai]. Cross sections were calcu- an externally applied electric field and are constructed fol-
lated using the SE approximation. lowing the prescription of Ref.18].
The entire space of target and supplemental diffuse basis

tions, compared with experimental results and available thetunctions listed in Table I was used in the construction of the

; . ) . polarized orbitals. The target polarizability we obtained from
oretical cal_culatlons by Wlns_tead and McKg4], will be a Cl calculation that included all single excitations from the
presented in the last subsection.

ground-state SCF wave function into the polarized orbitals
was 27.56a3; we are not aware of an experimentally deter-
mined value of polarizability for ¢F,.

The simplest approximation for describing an electron- In cases where the target molecule has a center of inver-
molecule collision, consistent with the Pauli principle, is thesion, as it does here, the dipole operator only connects orbit-
so-called static-exchangé&E) appromixation in which the als of opposite parity. Since there are occupied orbitals of
trial wave function is expressed as an antisymmetrized prod?0th gerade and ungerade symmetries, the set of polarized
uct of the target wave function and a scattered electron func@'Pitals in the present case spans all the irreducible represen-
tion, i.e., as the first term of Eql). This model cannot be fations of the point grouf,,. Therefore, the PSCF model,
expected to yield accurate results at collision energges-  Which includes terms generated by singly exciting an occu-
erally less than 5 eMwhere target polarization is important, pied orbital into the full set of polarized orbitals, will contain

at least for total symmetries in which the incident eIectronbOth dipole-allowed excitations, which describe long-range

S . : polarization, and excitations from an occupied orbital into
significantly penetrates the target, since it makes no a”OWorbitaIs of the same symmetry, which describe short-range

ance for the target to relax in the presence of the scatterm%laxation. The latter class of excitations is important for the

A. Static exchange

electron. This model can describe _shap_e_ resonances, foper description of shape resonances.
though SE results generally place their position too high and” \na found that the cross sections A, 2Bs,, and 2B,
(o] o[l u

their width too broad in energy. _ symmetries were dramatically lowered by including polar-
The static-exchange approximation is a well-defined com;zation terms in the trial wave function. Unfortunately, com-

putational model and is therefore useful for establishing nuy tational limitations prevented us from performing PSCF
merical convergence: indeed, different computational methg|cyjations using all 18 occupied orbitals and the full corre-
ods, if carried out to convergence, should all yield identicalg onding set of 54 polarized virtual orbitals. The maximum

cross sections at the SE _I(_avel. Moreover, in the absence Qf,mber of occupied orbitals we could employ in a full PSCF
resonances or other specific low-energy features, the SE apg|cylation was 14, so further approximations were tested.
proximation will provide a useful description of the scatter- g, the?B,, and 2B, symmetry cases, preliminary calcula-
ing process. We have treated the symméBy, using the SE  tions carried out at the static-exchange level showed no evi-
approximation. The scattered electron wave functiof8,  gence of shape resonances below 15 eV. This led us to be-
symmetry has a leadind-wave component and evidently |ieye that for these symmetries the cross sections would be
does not penetrate the target significantly. The low-energy,ost sensitive to long-range dipole-allowed excitations in
cross sections in this symmetry are small and display n@ne trial wave function. We therefore carried out PSCF cal-
resonance enhancement. Our calculated cross sections {Qfiations, using all 18 occupied orbitals, but restricted the

this symmetry are shown in Fig. 1 along with the SE resulisspace of target excitations to include only those where an
of Winstead and McKoy4]; the agreement is quite good.  occypied orbital was singly excited to polarized orbitals of

opposite parity. These calculations were compared to full
PSCF calculations using the 14 highest occupied orbitals.

At low incident electron energies, the collision cross sec-These two sets of calculations produced only small differ-
tions can be sensitive to the effects of dynamic target elecences in théBy, and By, cross sections.

B. Polarized SCF
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FIG. 2. ?Bgq symmetry component of the integrated cross sec- FiG, 4. %A, symmetry component of the integrated cross sec-
tion. Cross sections were obtained by performing a PSCF calculajon. Solid curve: polarization of 14 occupied orbitals including
tion, having polarized the 14 highest occupied orbitatdid curve.  poth allowed and forbidden dipole transitions. Chain curve: polar-
Dotted curve: SE calculations. Solid curve with circles: SE calcu-jzation of 18 occupied orbitals including only allowed dipole tran-
lations by Winstead and McKoA]. sitions. Dashed curve: polarization of 18 occupied orbitals includ-

ing only allowed dipole transitions of the,E,~ negative ion.

The ZB3g cross sections are displayed in Fig. 2. At the Dotted curve: SE calculations. Solid curve with circles: SE calcu-
static-exchange level, our results agree reasonably well witkations by Winstead and McKojA]. Dashed curve with stars: ad-
those of Winstead and McKo4]. Both calculations show justed calculations by Winstead and McKp4).
ewden_ce (.)f a We"’?" resonance near 20 eV, accompanied by A At this point, it is worth noting that the weak structures
rapid rise in the eigenphase sumot show near the upper seen in the?Bg, cross section above 10 eV are associated
limit of the energy range studied. Inclusion of polarization_ : su
terms into the calculation is seen to lower the integratecr”th. narrow pseudoresonanceg caused by_the neglc_act of elec-
cross sections below 15 eV by almost a factor of 2 and toromcally open channels. The fl_rst electronically excited state

X X - of C,F, is the 3B,(T) state, which has a measured vertical
shift the resonance to lower energy. Figure 3 shows the inte-. 2 4 Lu L
grated cross sections i#B,, symmetry. In this case, our excitation energy of_4.68 e{(Zl]_. The corresponding singlet
static-exchange calculations produced cross sections som Y) state has a vertical excitation energy measured be_tween
what smaller than those of Winstead and McKdy. Once -8 e_\/[21] and 8.9 eV[22]. The partlcular fo_rm of the trial
again, the inclusion of polarization terms into the trial func-funCt'or.] we yseq’_Eq. ()] apprommates excited-state chan-
tion leads to a significant reduction in the magnitude of thenel.s W.'th d'50f9te square—mtegrable terrgsseudostatgs
integrated cross sections. which in turn gives rise to spurious structures near pseu-

dostate thresholds. These structures are typically narrow and

3.5 . . . . . . . . are easily identified, so we can easily avoid them by choos-
ing a grid of energies at which to plot the calculated cross
sections.

In 2Ag symmetry, the scattered electron can significantly
penetrate the target and the cross sections in this symmetry
are particularly sensitive to changes in the trial wave func-
tion. The static-exchange cross sections shown in Fig. 4,
which agree very well with those of Winstead and McKoy
[4], show a spuriouss-wave enhancement below 4 eV,
which is typical of calculations performed at this level. There
is also the hint of a weak resonance near 12 eV. Including
polarization terms in the trial wave function produces a pro-

B nounced resonance feature in the cross section near 9 eV,
ol | Lo 1 I R B B which was evidently obscured at the static-exchange level by
2 468 10 (e\})z 1416 18 20 the rapid rise in the low-energy cross section, as well as a

& Ramsauer-Townsend minimum. A series of PSCF calcula-

FIG. 3. 2B, symmetry component of the integrated cross sec-ions, including progressively more occupied orbitals in the
tion. Cross sections were obtained from a PSCF calculation wittgeneration of the polarized virtual orbitals, showed that the
polarized orbitals generated by allowed dipole transitions from allfesonance feature and the magnitude of the cross sections
18 occupied orbitalgsolid curve. Dotted curve: SE calculations. above 8 eV were quick to converge. On the low-energy side
Solid curve with circles: SE calculations by Winstead and McKoy of resonance, however, particularly near the local maximum
[4]. near 2 eV, the cross sections were found to be more sensitive

3

—_ (S
—_ [ [\ U

. 16 2
Cross section (10 ¢cm”)

14
i
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to the number of occupied orbitals that were polarized. Cal- 4~

culations at energies below 0.5 eV confirmed the presence o

a Ramsauer-Townsend minumum and are included in Fig. 4. ]
Because théAg cross sections display a shape resonance~; .| |

as well as a Ramsauer-Townsend minumum, scattering ire® |

this symmetry is expected to be sensitive to short-range dis-

tortion as well as long-range polarization. Indeed, a restricted

2 s -
% L i
PSCF calculation that employed all 18 occupied orbitals, but § 6 -
that only included dipole-allowed target excitations, pro- 1
duced cross sections, shown in Fig. 4, that we@25% per- =
cent higher than an unrestricted PSCF using 14 occupiec
orbitals and that moved the resonance to higher energy. Tc |
verify the importance of short-range distortion effects in this 0 el
symmetry, we performed a third set of calculations. We car- 2
ried out an SCF calculation on thek;,™ anion in the target Energy (eV)
basis, using the neutral orbitals as a starting guess. The SCF )
iterations were found to stabilize after three iterations and the F!G- 5- By symmetry component of the integrated cross sec-
calculation was stopped. We then repeated the restricteifn- _Solld curve: RSCEF calculations. Solid curve with circles: cal-
(dipole-allowed PSCF calculation with the 18 occupied culations by Winstead and McKd].
“negative-ion” orbitals. As Fig. 4 shows, these results are
reasonably close to the unrestricted PSCF calculations th

uS?’%:irggcsug;igo%r:?ﬁzlast.were finallv included in our diﬁer-the scattering. The key is to include in the trial function only
y those correlation terms that produce an orbital relaxation ef-

ant'al' total, and momentu_m—transfer cross sections Calcu'ﬁ‘éct, similar to the type of relaxation that would be produced
tions were the ones obtained from the variational calculas

: . o . : .~ by performing an SCF calculation on the negative ion. The
tions that included excitations into polarized orbitals - - o\ o~ trial function only includes configuratioflg

generated using the 14 highest occupied orbitals with both ' . : - ; .
dipole-allowed and -forbidden transitions. The poIarizabiItyI.BUIIt from single excitations of the occupied target orbitals

. . . . . into virtual orbitals of the same symmetry; g — ¢, exci-
obtained with this set of occupied orbitals was 26e§7 ; ; - ;
which is 97.8% of the value obtained when all 18 occupieq[auon that breaks the spatial symmetry of the ground state is

orbitals are included in the evaluation of the polarizabilit ncluded in the calculation. This type of trial function de-
Bv comparing the results of PSCE calculationspthat used ci’i'f_scribes the essential short-range core relaxation effects that
y paring are needed to describe a shape resonance but does not in-

fer_ent numbers of occupied orbitals .in generating_the COITe:| e the long-range dipole-polarization effects of the PSCF
!atlon terms, we were able to detern_nne an approximate scag odel. We therefore constructed a relaxed-SCF trial wave
ing of the low-energy cross sections with polarlzab|I|ty.f nction for symmetries?Bzg, 2B,,, and2B,,. Winstead and

Based on this approximate scaling, we estimate that a PS cKoy [4] employed a similar model for these symmetries

calqulatlon that included eXC|tat!ons from all 18 occupledin their Schwinger variational calculations. The integral cross
orbitals would produce results in the 0—8 eV energy ap-

) . sections for these symmetries are shown in Figs. 5-7, along
0, - . . . .
E(r)?]xmately 12% smaller than our 14 orbital PSCF calculaWlth the results of Winstead and McKdy]. There is evi-

@)

et molecule$8,16,20,23—-2phas shown that in such cases a
elaxed-SCF(RSCH model provides a good description of

Also shown in Fig. 4 are the modified results of Winstead 9
and McKoy [4], in which they included arad hoc low-

energy cutoff to eliminate the spuriogsvave enhancement 8

found in the static-exchange cross sections. This adjustmen{ ~ 7

however, gives éAg cross section that differs markedly from wg ol

our calculated results. “-9 L

E; 5

C. Relaxed SCF g4

The ?By,g, “By, and 2By, cross sections all display low- é 3

energy shape resonances. In such cases, short-range orbi© 2

relaxation effects dominate and it is important to strike a
proper balance between correlation in thd- and 1
(N+1)-electron systems. We have found that the PSCF 0= ———F % 70 12 14 16 18 20
model may lead to an unbalanced description of correlation
in the temporary negative-ion state relative to the SCF target
state at short range, with the result that the resonance will FIG. 6. 2B,, symmetry component of the integrated cross sec-
appear at too low an energy relative to the target groundon. Solid curve: RSCF calculations. Solid curve with circles: cal-
state. Previous experience with a number of closed-shell tatulations by Winstead and McKa].

—
T

Energy (eV)
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FIG. 7. ?B,, symmetry component of the integrated cross sec- o
tion. Solid curve: RSCF calculations. Solid curve with circles: cal- &
culations by Winstead and McKaw].
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dently good agreement between the two sets of calculatec
cross sections.

The ZBzg cross section plotted in Fig. 5 shows a sharp
resonance near 3.1 eV superimposed on a small nonresona
background. This is ther* shape resonance, observed in
electron transmission by Chiet al. [26] at 3.0 eV. They
measured the derivative of the transmitted electron current
but did not report cross sections, so a direct comparison with
our calculated results is not possible. A similar feature was T L L
found in the case of §H, [8], although the resonance width 2 4 6 8 10 12 14 16 18 20
at equilibrium geometry is an order of magnitude smaller in (b) Energy (eV)
the present case. TH’Bzg resonance position is expected to i i
depend strongly on geometry. Such a narrow resonance, FIG. 8. Tot_al elastl_c and momentum-transfer cross sections _for
when averaged over vibrational motion, is Considerablye_'CZF“ scatterlng. Solid curves: present results. Solid curves with
broadened and may not give rise to a sharp feature in th@'¢/es: calculations by Winstead and McKgg]. Dashed curves
elastic cross section. The* resonance does play an impor- W'th Stérs' adjusted calculations by Wln_steac_:l and Mc[(zt}yOpen.
tant role in dissociative electron attachm¢p?] and would grde.s' ANU measurements by Panajom\ﬂt al. [6]. Squares:

. . I ophia measurements by Panajotosicl. [6].
be expected to lead to strong vibrational excitation.

Other resonance features, present in symmetBgsand _ ) _
zBlu, can be seen in Figs. 6 and 7, respectively. ?ng D. Total and differential cross sections
cross section, plotted in Fig. 6, shows a pronounced reso- The results of fixed-nuclei calculations in different total
nance feature near 5.5 eV. Unlike tﬁBzg 7* resonance, symmetries, all carried out at the target equilibrium geom-
which displays a pure Breit-Wigner form, thB,, resonance etry, were combined to produce totalbrationally summey
is accompanied by a strong energy-dependent backgrouralastic cross sections, momentum-transfer cross sections, and
which gives the cross section a highly asymmetric profileangular differential cross sections for incident electron ener-
Winstead and McKoy’s calculations produced a similar re-gies between 0.5 and 20 eV. As explained above, the PSCF
sult, with a resonance position roughly 1 eV lower than themodel was used for symmetriég, ?Bsg, and?Bs,, while
present result. In contrast to the narrew resonance, the symmetries’B,,, 2By, and?B,, were treated with an RSCF
broader?B,, resonance would be expected to be readily ob-approach. Symmetr§B,4, which makes a very small contri-
servable in the total cross section, even after vibrational mobution to the cross sections at low energies, was treated at the
tion were taken into account. static-exchange level. Symmet#, is unimportant over the

The 2By, cross sections are plotted in Fig. 7. There areenergy range considered here and was left out of the calcu-
evidently two shape resonances in this symmetry. Thesktions.
were confirmed by rapid rises in the eigenphase sum near The total elastic and momentum-transfer cross sections
8 eV and near 17 eV. These resonances again occur in tlae plotted in Fig. 8 The experimental values were obtained
presence of a strong, energy-dependent background, which iy Panajotoviet al. [6] on two different crossed-beam elec-
responsible for the broad peak near 4 eV. Our calculations itron spectrometers: open circles refer to measurements at the
this symmetry are in good agreement with the results of WinAustralian National UniversityANU), while squares repre-
stead and McKoy. sent measurements performed at Sophia University, Japan

Momentum transfer cross section (10
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FIG. 9. Elatic differential cross sections ferC,F, scattering at incident energidseV and below. Solid curves: present results. Solid
curves with circles: calculations by Winstead and McKdy. Open circles: ANU measurements by Panajot@tial. [6]. Squares: Sophia
measurements by Panajotowtal. [6].

(Sophig. The calculated total and momentum transfer crossulated values and experiment. Winstead and Mckjyre-
sections are in relatively good agreement with experiment gborted differential cross sections at 10 and 15 eV, computed
energies above 4 eV. The rapid rise in the calculated crosst the static-exchange level, and these are also plotted in Fig.
sections near 5 eV, which is associated with #Bg, reso-  10. Their cross sections are substantially larger than our re-
nance, is also evident in the measured cross sections, whigliits at small scattering anglgsote the log scale in Fig. 10
show a peak between 5 and 7 eV, although more data poinfsyt are in better aggrement at large scattering angles.
would be needed to resolve this structure. Below 4 eV, our Below 4 eV, our calculated cross sections agree less well

calculated cross sections are somewhat larger than the megiih experiment, particularly at scattering angles less than
sured values. A more exhaustive inclusion of polarizationyge \vhere they are uniformly too large. It is worth noting

: : >
effects, particularly in théA; and By, symmetry compo- o uever. that there appear to be systematic differences be-

nents,. is'evidently needeq at these' lower energigs to Obt"’.‘m/een the ANU and Sophia measurements at small scattering
quantitative agreement with experiment. There is no evi-

. . angles. These differences are particularly large at 1.5 and

dence of the sharp* resonance, which appears prominantly 3.0 eV. We observed a similar trend in the case gAg[28]
in the fixed-nuclei calculations, for reasons discussed above. s : :
The results of Winstead and McKdy] are also plotted in and, as in the case of ethylene, the present calculations are in
Fig. 8. Their total integrated cross sections are uniformlyP€ter agreement with the ANU measurements. Unfortu-
larger than our calculated values. Their momentum transfef@tely, at 2.0 and 4.0 eV, we only have the Sophia measure-
cross sections were only calculated at the static-exchand8€Nts for comparison and our cross sections appear to sig-
level and therefore display qualitatively incorrect |0W_energymf|cantly overestimate experiment at small angles. We have
behavior. previously mentioned that calculations in this energy range

Figures 9 and 10 show elastic angular differential cros@re very sensitive to polarization effects, particularly in the
sections at different incident electron energies. Again, thé@enetrating?A, 2By, and?B,, symmetries, and a more ex-
experimental measurements are those of Panajottvil.  haustive treatment is evidently required at these low ener-
Above 4 eV, there is very good agreement between our calgies.
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FIG. 10. Elastic differential cross sections f@®iC,F, scattering at incident energies above 4 eV. Solid curves: present results. Solid
curves with circles: calculations by Winstead and McKdy. Open circles: ANU measurements by Panajot@tial. [6]. Squares: Sophia
measurements by Panajotowétal. [6].

IV. CONCLUSIONS calculations of Winstead and McKa¥], indicates that there
are no significant errors introduced by using ECP’s. Dynamic
We have carried out a variational treatment of electronicorrelation and polarization effects were introduced into the
cally elastic e -C,F, scattering. Effective core potentials calculations at different levels of approximation. A polarized-
were introduced into the calculations to eliminate the need t&CF approach was used for symmetﬁég, Zng, and?Bg,,
treat the carbon and fluorines Electrons explicitly and to  while in 2By, 2By, and ?B,, symmetries, where there are
make the computations more tractable The agreement wew-energy shape resonances, we employed a relaxed-SCF
find, at the static-exchange level, with previous all-electrormodel.
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We find good agreement with recent experiment, inquantitatively accurate cross sections at collision energies of
both integrated and differential electronically elastic crossa few electron volts.
sections, at energies above 4 eV. Below 4 eV, where
the calculated results are extremely sensitive to polarization ACKNOWLEDGMENTS
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