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Ab initio study of low-energy electron collisions with ethylene
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We present the results of an investigation of elastic electron scattering by ethyjehew@h incident
electron energies ranging from 0.5 to 20 eV, using the complex Kohn variational method. Thesd fnlitjo
calculations accurately reproduce experimental angular differential cross sections at energies below 3 eV.
Low-energy electron scattering by ethylene is sensitive to the inclusion of electronic correlation and target-
distortion effects. We therefore report results that describe the dynamic polarization of the target by the incident
electron and involve calculations over a range of different geometries, including the effects of nuclear motion
in the resonantszg symmetry with an adiabatic nuclei treatment of the C-C stretch mode. The inclusion of
dynamic polarization and the effect of nuclear motion are equally critical in obtaining accurate results. The
calculated cross sections are compared with recent experimental measurements.
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[. INTRODUCTION ment with experiment. Several other theoretical studies on
low-energy electron scattering from ethylene have been per-
Collisions of electrons with small polyatomic molecules formed in the fixed-nuclei approximation at equilibrium ge-
are important in many areas of physics. They are of interestmetry [3—5]. None of the previous calculations, however,
in determining the energy balance and transport properties dfave been particularly successful in describing experimental
electrons in low-temperature gases and plasmas under a wi@@gular differential cross sections at electron-impact energies
variety of conditions. Electron-molecule collision data arebelow 3 eV, as evidenced by the recent experimental mea-
critically important for numerical modeling studig4] in ~ surements of Panajotovit al. [6].
wide-ranging areas such as plasma deposition and etching of The present calculations extend the work of Schneider
semiconductors, gaseous high-voltage switches, and envirot al.[2] by including all relevant symmetries and important
mental remediation plasmas. dynamical correlation effects. In addition, the calculations
Electron scattering by hydrocarbons is particularly re|_inC|Ude the effects of nuclear motion for the critically impor-
evant to cold plasma technology. Although ethylenéiCis ~ tant resonant symmetry. It will be shown below that all these
one of the simpler hydrocarbon molecules, there have begl@ctors are essential in obtaining accurate total, momentum
only very limited studies of its interaction with low-energy transfer, and elastic differential cross sections.
electrons.
Low-energy electron scattering by atoms and molecules [l. THEORETICAL FORMULATION
can be dominated by electrostatic interaction effects, electron . o .
exchange, and electron correlation. The proper balance of 1h€ complex Kohn method is a variational technique
these effects is needed to theoretically describe effects sucinich uses a trial wave function that is expanded in terms of
as the Ramsauer-TownseKiRT) effect. Shape resonances squa_re—mtegraplécarte&an Gaussiarand contmugm basis
are also sensitive to the effects of electron correlation and, ifNctions that incorporate the correct asymptotic boundary
addition, are sensitive to changes in target nuclear geometr§onditions. Detailed descriptions of the method have been
The proper inclusion of all these factors is crucial for and/ven in previous publicationsee, for instance, Ref§Z,8)),
adequate description of resonance parameters and vibratiorsl ONly @ brief summary of the aspects that concern this
excitation cross sections. study will be given below. , _ _
We present the results of an investigation of the collision " the case of electronically elastic scattering, the trial
of low-energy electrons with ethylene using the complex?V@ve function to be used is of the following form
Kohn variational method. Ethylene is a closed-shell mol-

ecule which possesses a permanent quadrupole moment. W=A[®o(ry, ... Fn)F(rne)]

Early ab initio calculations by Schneidest al. [2] were the

first to confirm the existence of the RT effect in such a mol- +2 d,L@M(Fl, L ’FN+1)’ (1)
ecule. Ethylene also has a low-lying shape resonance whose Z

position and width are strongly influenced by target- )

distortion effects. The resonance is #8,, symmetry and Where @, is the (Hartree-Fock ground state of ¢H,, A
corresponds to the temporary capture of the incident electropntisymmetrizes the coordinates of the incident electron
into an empty, antibonding, valence orbital. The investiga{ry. 1) with those of the target electrons,( ... ry), and
tions of Schneideet al, which were carried out only at the the sum contains square-integrabl&+1)-electron terms
equilibrium geometry and included only two scattering sym-that describe polarization and/or correlation effects due to
metries, produced a resonance at 1.83 eV, in excellent agreelectronically closed channels. In the present study, these
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configuration-state function€SFs © , were constructed as TABLE |. Gaussian basis sets usedén-C,H, scattering cal-
products of bound molecular orbitals and terms obtained byulatlons. Underlines separate contracted basis functions.
singly exciting the target Hartree-Fock wave function. Thus

the configurations in Eq1) have the form Center Angular Momentum  Exponent  Coefficient
. _ Target basis
0= APl $o— baldi), @ Carbon 4232.610000 0.006228
Carbon 634.882000 0.047676
where ¢,— ¢, denotes the replacement of occupied orbitalcarpon 146.097000 0.231439
¢, by orbital ¢, and ¢; is another virtual orbital. Carbon 42.497400  0.789108

The proper construction of the correlation component ofcgpon
the trial wave function is critical in determining the low- ~g.hqn
energy behavior of the elastic cross sections and the positiod, o
and width of shape resonances. Moreover, there are dif“fere@arbon
ways in which this correlation portion of the trial wave func- Carbon
tion should be built, depending on the symmetry under con- arbon
sideration. These different approaches will be describeti
throughout the sections that follow. arbon

14.189200 ~0.791751
1.966600  0.321870
5.147700 1.000000
0.496200  1.000000
0.153300  1.000000
0.050000  1.000000
18.155700  0.039196

T 0O v v n nvw Q9T T T T T T OO OONOOOBOO®

. . - . . Carbon 3.986400 0.244144

The scattering _functlorF(rNH) is _further expgnded N carbon 1.142900 0.816775
the I_(ohn me_thoq ina combmed basis of (Eauss@r) @nd Carbon 0359400 1000000
qontlnuum(Rlcattl—BesseIJ,, and Hankelh,") basis func- Carbon 0.114600 1.000000
tions Carbon 0.050000  1.000000
Carbon 0.750000  1.000000

F(N=2 cii(N+2 [1(KN) &y dmm, Carbon 0.300000  1.000000

‘ Im ° Hydrogen 74.690000  0.025374

+ - Hydrogen 11.230000 0.189684

T gmm M (KO TYim(1)/, ©® szrogen 2546000  0.852933

Hydrogen 0.713000 1.000000

whereY(r) are spherical harmonics. Applying the station- Hydrogen 0.224900  1.000000
ary principle for theT matrix, Hydrogen 0.750000  1.000000

Diffuse scatt

D

ring basig)y symmetry

Center of mass S 0.020000 1.000000
Tstar™ Trrial =2 f Y(H-B)¥ (4) Center of mass s 0.010000  1.000000
Center of mass S 0.005000 1.000000
. . . - Center of mass d 0.090000 1.000000
results in a set of linear _equatlons for the coefficientsd , , Center of mass q 0.035000 1.000000
and T”ommo' Th.e T—matrlx.(?lementsT”ornrrb are th.e funda- Center of mass g 0.010000 1.000000
mental dy'namlcal qur_;mtltles from which all fixed-nuclei Diffuse scattering basi, ;. By, andB,, symmetries
cross sections are derived. Center of mass d 0.160000  1.000000
Center of mass d 0.080000 1.000000
Ill. THEORETICAL MODELS FOR Center of mass d 0.040000  1.000000
ELECTRON-MOLECULE COLLISIONS Center of mass d 0.020000  1.000000
AND CALCULATIONS Center of mass d 0.010000  1.000000
In an approach similar to that employed by Rescigno  Diffuse scattering basif,,, By, andBs, symmetries
etal.[9] in a study of CQ, we found that the best descrip- Center of mass p 0.030000  1.000000
tion of the low-energy scattering by,B, is attained when Center of mass P 0.015000  1.000000
analyzing the prevailing physical processes related to eachenter of mass p 0.007500  1.000000
symmetry. The following sections will briefly describe the Center of mass p 0.003750  1.000000
different approximations that were considered and how thegenter of mass p 0.001000 1.000000

were introduced into our calculations.
Table | lists the Gaussian basis sets employed in all our

scattering calculations. In every case, a self-consistent fielterms with angular momentum quantum numblesasd |m|
(SCBH, Hartree-Fock target wave function for the groundless than or equal to 6.

state of GH, was used. The target basis was augmented with
additional diffuse Gaussian functions, also in Table I, for the
construction of the Kohn trial wave function. The expansion
of the trial scattering function was completed by including The simplest approximation to describe an electron-
numerically generated continuum basis functions, retainingnolecule collision, consistent with the Pauli principle, would

A. Static-exchange
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be to express the scattering wave function as an antisymme . ' '

trized product of the target wave function and a scattered
electron function, i.e., as the first term of Ed). This so-

(@ 120 =
called static-exchangéSE) approximation cannot be ex- = | ]
pected to yield accurate results at collision enerdigner- g 1o B
ally less than 5 eYwhere target polarization is important, at g 80'_ ]
least for total symmetries in which the incident electron sig- & | |

nificantly penetrates the target. The SE approximation makes
no allowance for the target to relax in the presence of the
scattering electron. This model can describe shape reso y *I
nances, although SE results generally place their position tocb? I
high and their width too broad in energy. |
All symmetries in our calculations were treated beyond o5 Lt 1 T
the SE approximatiof10]. Although this level of approxi- " Energy (eV)
mation generally displays the basic features of the scattering
process at higher energies, it is known to be quantitativelyz FIG. 1. Symmetric-stretch dependence of the fixed-nuclei,

and often qualitatively, incorrect at scattering energies belowBzg» component of the integrated cross section. The chained curve
several electron Vott represents RSCF calculations at equilibrium geometry. The dotted

curve represents a symmetric compression to a C-C bond distance
of 2.27808. Dashed curve: symmetric stretch to a C-C bond dis-
tance of 2.78432. Cross sections are given in atomic u¢fitsn

At low energies for the incident electron, it becomes nec-units ofa;=2.8x10"" cn?.)
essary to describe its dynamic polarization effect on the tar-
get. Previous work on this and other closed-shell molecules C. Relaxed-SCF
has shown that including a set of specific configurations in  Another low-energy feature that characteriz=sC,H,
Eqg. (1) to produce what is known as a “polarized SCF” scattering is a shape resonanceZszgJ symmetry. In sym-
(PSCH trial wave function provides a good description of metries that include shape resonances, the PSCF model may
target polarization, with a balance of correlation effects inlead to an unbalanced description of correlation in the tem-
the N- and (N+1)-electron system$2,9,11-13. In the porary negative-ion state relative to the SCF target state at
PSCF approaclill] CSFs,®, are constructed from the short range, with the result that the resonance will appear at
product of bound molecular orbitals and terms obtained byoC low an energy relative to the target ground state. Previous
singly exciting the target SCF wave function, as mentionedXPerience with a number of closed-shell target molecules
before. Instead of using all the unoccupied orbitals to defin&@S Shown that a “relaxed-SCKRRSCH model provides a
a space of singly excited CSFs, we choose a compact subs%(?Od description of symmetries _that present s_hape reso-
of these virtual orbitals, the polarized virtual orbitals, in nanceg2,13,15-1T. The key is to include in the trial func-

: g . .. tion only those correlation terms that produce an orbital re-
Eq. (2)], for singly exciting the target. These polarized orbit- : S .
. o laxation effect, similar to the type of relaxation that would be
als are constructed following the prescription of Refl].

) . ! produced in performing a SCF calculation on the negative
We further resiricted ihe CSFs in the PSCF wave function p¥on. The RSCEF trial function only includes configurations

including only those single excitations that preserved the SiNg  built from single excitations of the occupied target orbit-
glet spin symmetry of the ground state. als into virtual orbitals of the same symmetry; gg— ¢,

The five highest occupied orbitals were used to generatgy itation that breaks the spatial symmetry of the ground
the set of polarized orbitals. The entire space of target andiate s included in the calculation. This type of trial function
supplemental diffuse basis functions listed in Table | werejescribes the essential short-range core relaxation effects that
used in the construction of the polarized orbitals. A structurgyre needed to describe a shape resonance but does not in-
calculation on the neutral target using a SCF configuration de the long-range dipole-polarization effects of the PSCF
for the ground state and single excitations from these ocCuygel. We therefore constructed a RSCF trial wave function
pied orbitals into the polarized orbitals gave a polarizabilityfq, the szg symmetry, obtaining an accurate description of

(in atomic unitg of 29.473, which is 99.74% of the experi- the well-known low-energy resonance that occurs in this
mentally determined valugl4]. This suggests that using a symmetry.

SCF description of the target is a good approximation. PSCF
calcula_tmns \évere performed f_or all totgl symmetnes with theIV_ APPROXIMATE TREATMENT OF NUCLEAR MOTION
exception of“B,4. The following section will describe the
way this latter symmetry was tackled. To date, theoretical treatmentsef-C,H, scattering have

RT minima are present in the elastic low-energy scatteringpeen restricted to fixed-nuclei calculations at the equilibrium
cross sections of many closed-shell, nonpolar targets. Oweometry. Although this approach has produced total cross
PSCF approach successfully describes the RT minimum igections that qualitatively agree with experimght5|, sig-
thee™-C,H, elastic cross section that occurs%g symme- nificant disagreement remains for differential cross sections
try [2]. at energies below 3 eV.

section
g
T

B. Polarized SCF
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TABLE Il. Parameters obtained by fitting the resonant eigen- 20
phase&f29 to the Breit-Wigner form of Eq(8) at different C-C 18
internuclear separatiori®(a,).

R(ao) L(eV)  EedeV) dif(eV) ] dyf(eV) %] 1
2.27808 —1.0374  2.6555  —0.0945 0.0092 2
253120 —0.4963  1.8517  —0.0735 0.0048
2.78432 -0.1576  1.1073  —0.0890 0.0106 8

One obvious source of error is the neglect of nuclear mo-
tion in the critically important resonant symmetry. To address 2
this problem, we focused on the C-C stretch mdidéeled
as v5%(ay) by Herzberg[18]), which is most strongly
coupled to the resonance. As in an earlier study of, C&,
we used an adiabatic nuclei treatmg&h®] to compute a vi- FIG. 2. Potential energy curves féB,, negative ion resonance
brationally averaged matrix in the resonanfBZg symme-  (dashed curvyeand neutral ground statgolid curve as a function
try. The other symmetries are far less sensitive to changes @f C-C bond distance. Bond distance is plotted in atomic ufiit&
nuclear geometry. We verified this by performing calcula-units of a,=0.529<10"® cm.)
tions in ZAQJ at several different geometries and found the
fixed-nuclei cross section to vary by 5% over the energy
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FIG. 3. Total elastic and momentum transfer cross sectiong-f05H, scattering. Solid curve: present results which incorporate an
adiabatic-nuclei treatment of symmetric stretch motion. Dashed curve: present results without the inclusion of nuclear motion, at equilibrium
geometry. Open circles: ANU measurements of Panajotevial. [6]. Diamonds: Sophia measurements of Panajotevial. [6]. Stars:

theoretical results of Brescansim al. [5].
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2ev nificantly, we were able to separate out the resonant term

' ' ' ' ' from the sum in Eq(6) and ignore the geometry dependence
of the nonresonant contributions so as to average the reso-
nant component only. The final expression for Gumatrix
elements is given by

o ~ o
L DL L |
| I | 1

v
I

av N A '5829 . B
T||li_<X0|C| I'eSCI/TESel )‘resSIn( 5)\r2egs)|X0>

B
AN id 2900 oB
+ > Cyc €% sin(d,
AF Nres

[
T T

%9). )

. 16 2
Cross sections ( 10~ cm”)
o ~

We performed fixed-nuclei calculations at the equilibrium
geometry of GH,, as well as at two othefstretched and
0 80 100 120 140 160 180 compressedgeometries. The fixed—nucle%Bzg Cross sec-
Angles (degrees) tions are shown in Fig. 1. The resonance is clearly very sen-
L _ _ _ sitive to changes in C-C bond distance, becoming narrower
FIG. 4. Elastic differential cross sections fetC,H, scattering and lower in energy as the molecule is stretched. We fitted

at incident energy of 2 eV. Solid curve: present results which incors

) . . ; "~ the resonant eigenphase to a Breit-Wigner form at each ge-
porate an adiabatic-nuclei treatment of symmetric stretch motion genp 9 9

Dotted curve: present results without the inclusion of nuclear mo_Ometry,
tion, at equilibrium geometry. Dashed curve: present results without
the inclusion of nuclear motion, at equilibrium geometry, and a
partial treatment of relaxation iB,; symmetry. The chain curve

represents SE calculations at equilibrium geometry for symmetries

5?;98( R)= arcta+ 'R LR }

2[E—Eres<R>]} _amta%—zaes(m

2
other thanA, andB,y. Open circles: ANU measurements of Pana- +di(R)E+da(R)E?, ()
jotovic et al. [6]. Diamonds: Sophia measurements of Panajotovic
et al. [6]. whereI'(R) represents the resonance widHj¢((R) is the

resonance energy, ardj(R) are fitting coefficients. Both
range 0.5XE<20eV. There are proportionately larger I'(R) andE,.(R) were found to vary smoothly witR and
changes in the immediate vicinity of the RT minimym18  were easily interpolated to give the resondnmatrix ele-
eV), but the calculations we are reporting here do not probeanents at any value dR. This greatly facilitates the average
this low-energy region. Symmetric-stretch motion does notequired in Eq.(5). The resonance parameters are listed in
break the symmetry of the target, thus the same symmetryable II.

designations can continue to be used. The resonance parameters extracted from these scattering
The vibrationally averaged matrix, in B,y symmetry, is  calculations give the resonance energy relative to thte,C

computed as ground state. The total electronic energy for the resonance is
5 the resonance energy plus theHz ground-state energy. In

Tﬁ”,(E)=(X0|T”39(E,R)|Xo>, (5  Fig. 2, the resonance and neutral ground-state potential en-

ergy curves are plotted as a function of the C-C bond dis-
wherey,(R) is the symmetric stretch vibrational wave func- tance.
tion and the average is taken over the C-C normal mode.
Harmonic oscillator functions were used, with constants de-
rived from Herzberd18]. E andR denote the dependency on
energy and on geometry, respectively. Without loss of clarity, Except for the282g component, cross sections were cal-
we will drop these dependencies in some of the equationsulated for all symmetries by a PSCF approach at the equi-

V. RESULTS

that follow to simplify notation. librium geometry of the ground statdR¢c=1.339 A, Ry
In the eigenphase representa’u‘l')::ffg can be written as ~ =1.086 A, ZH-C—H=117.6°), namely, symmetries;,
Bi1g, Bag, Biys Bay, andBg,. SymmetryA, was found to
B be unimportant at low energy and was left out of the calcu-

N o2 .
T = 2 crep ey sin(8,%9). (6) lations.
The total elastic and momentum transfer cross sections
The mixing coefficientg]" are elements of the unitary matrix are plotted in Fig. 3 along with recent measurements and the

of eigenchannel vectors that diagonalize thenatrix and Schwinger varlatloqal r_esults of Brescanemal._[S] which
sed a model polarization potential. The experimental values

Bz .
6, are the eigenphases. We found that, over a number Q%ere obtained by Panajotoviet al. [6] on two different
different geometries, the resonance behavior was clearly coRrossed-beam electron spectrometers: open circles refer to

centrated in one eigenphagt? , while the other eigen- measurements at the Australian National UniversijU),
phases were small and smoothly varying with energy andvhile diamonds represent measurements performed at
geometry. Therefore, with only one eigenphase varying sigSophia University, JapaBophig. It is clear that the inclu-
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FIG. 5. Elastic differential cross sections ®C,H, scattering at incident energies 3 eV and below. Solid curves: present results which
incorporate an adiabatic-nuclei treatment of symmetric stretch motion. Dashed curves: present results without the inclusion of nuclear

motion, at equilibrium geometry. Chained curves: theoretical results of Brescetnain 5]. Open circles: ANU measurements of Panajo-
tovic et al. [6]. Diamonds: Sophia measurements of Panajotevial. [6].

sion of nuclear motion is necessary to properly describe theynamic correlation. This is most clearly seen in the angular
cross sections in the resonance region. differential cross sections. Figure 4 illustrates this sensitivity

At energies near and below the resonance peak, the croas 2 eV incident electron energy, which is near the center of
sections are sensitive to the effects of both geometry anthe resonance at equilibrium geometry. The figure includes a
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FIG. 6. Elastic differential cross sections ferC,H, scattering at incident energies above 3 eV. Solid curves: present results which
incorporate an adiabatic-nuclei treatment of symmetric stretch motion. Dashed curves: present results without the inclusion of nuclear
motion, at equilibrium geometry. Chained curves: theoretical results of Brescanain[5]. Open circles: Panajotoviet al.'s ANU
measurement6]. Diamonds: Panajotoviet al’'s Sophia measuremen(§].

solid curve which represents results that incorporate awhained curve, which corresponds to a preliminary SE treat-
adiabatic-nuclei treatment of symmetric stretch motion and anent of all symmetriegalso at equilibrium geometnexcept
dashed curve that describes the present results without th, (treated by PSCFand B,y (RSCH [10] is included to
inclusion of nuclear motion, at equilibrium geometry. The illustrate the sensitivity of differential cross sections to ge-
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ometry and correlation effects. The fact that thgandB,,  a strong sensitivity of the cross sections to the effects of both
symmetries are sensitive to correlation effects is not surprisgeometry and dynamic correlation. A PSCF approach was
ing, since there is a RT minimum and a shape resonance imsed for all symmetries except for the resonant component
these symmetries, respectively. We also found that the nonZB29 for which we found a RSCF method more appropriate.
resonanBy,, By,, andBs, symmetries, which have leading For the resonant symmetry, we also included an approximate
p-wave behavior, significantly penetrate the target at low entreatment of nuclear motion by using a simple adiabatic
ergies and are sensitive to dynamic correlation. In the resqreatment of the symmetric stret¢8-C) vibrational mode.
nance region, the cross sections are particularly sensitive to | ig interesting to note that there are no oscillatory struc-

effects which can change the resonance position. To illustratg,res ghserved in the elastic cross sections in the vicinity of
this, we performed RSCF calculations By, symmetry in 4,0 ?B,, resonance, either in the Panajotoeical. measure-

which half the correlating configurationspecifically, the ments|6] or in the high-resolution experiments of All&20]
singlet-triplet target excitatiojsvere dropped, which shifts This might seem sSrprising, since F;uch structures aré well

the resonance position upward by 0.5 eV. Those results are. wn in the case of M which has a similar reduced mass
shown as the dashed curve in Fig. 4. Clearly, getting accuratlé S ; I
nd very similar resonance properti@gear equilibrium ge-

differential cross sections in the resonance region require@ . : )
calculations that put the resonance at the right energy. ometry [16]. The difference here is that, as seen from Fig. 2,

Figures 5 and 6 show elastic angular differential cros® Wave packet originally centered on the resonance curve
sections at different incident energies. We plot curves thaf€ar the equilibrium geometry of the neuttebrresponding
represent calculations both with and without the inclusion off@ @ C-C distance of 2.53p would be largely confined by
nuclear motion, represented by the solid and dashed curveghergy conservation to C-C distances less than,3.Qwer
respectively. We also show theoretical results of Brescansithis range of geometries, the resonance width is substantial
et al.[5] at available energies for comparison. Note that theand the wave packet decays too rapidly to produce the kind
calculations of Brescansiet al. plotted at 3.0, 4.5, 6.0, and of “boomerang” structure observed in the case of molecular
15.0 eV were actually performed at energies of 3.3, 4.3, 6.1nitrogen.
and 15.5 eV. Again, the experimental measurements are Both of the main low-energy features of this electron-
those of Panajotoviet al. It is worth noting that there are molecule system were successfully described by these calcu-
differences of approximately 20 to 30% between the dataations, namely, the RT minimum iﬁAg symmetry and the
obtained by these two different experimental apparatus?g, shape resonance. The integrated elastic and momentum
These diﬂ:erences are particularl){ noticeable at Sma" Scattefransfer Cross Sections we Obtained are in exce"ent agree_
ing angles, where the cross sections appear to follow differment with recent experiments. We have also found that the

ent trends. At energies below 3 eV, our calculations appear tfacts included in this treatment significantly improve the

agree better with the ANU data than with the Sophia meag g eement with measured differential cross sections. Some
surements. Vibrational averaging is clearly important at 1.

gsmall discrepancies remain at energies between 2 and 3 eV

a.n.d 2.0 e.V’ which are close to the resonance peak, and S1%nhd small scattering angles, where the experimental measure-
nificantly improve the comparison with experiment. The ef- .
ments reveal structure that is not reproduced by the calcula-

fects of nuclear motion become less important at energie ons. A more elaborate treatment of the dvnamics is evi-
outside the resonance region. The principal effect of nuclea ' y

averaging is, not surprisingly, to reduce the magnitude of théIently nee_ded _to describe these fe_atures of the differential
cross sections without significantly affecting their shape. A{CrOSS Sections in the resonance region.

energies of 3 eV and above, our cross sections are in very

good agreement with experiment. For energies below 5.0 eV,
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