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AB INITIO STUDY OF LOW-ENERGY ELECTRON COLLISIONS WITHETHYLENEC. S. Trevisan,1 A. E. Orel,1 and T. N. Res
igno21Department of Applied S
ien
e, University of California, Davis, CA 956162Lawren
e Berkeley National Laboratory, Computing S
ien
es, Berkeley, California 94720We present the results of an investigation of elasti
 ele
tron s
attering by ethylene, C2H4, within
ident ele
tron energies ranging from 0.5 to 20 eV, using the 
omplex Kohn variational method.These are the �rst fully ab initio 
al
ulations to a

urately reprodu
e experimental angular di�eren-tial 
ross se
tions at energies below 3 eV. Low-energy ele
tron s
attering by ethylene is sensitive tothe in
lusion of ele
troni
 
orrelation and target-distortion e�e
ts. We therefore report results thatdes
ribe the dynami
 polarization of the target by the in
ident ele
tron and involve 
al
ulationsover a range of di�erent geometries, in
luding the e�e
ts of nu
lear motion in the resonant 2B2gsymmetry with an adiabati
 nu
lei treatment of the C-C stret
h mode. The in
lusion of dynami
polarization and the e�e
t of nu
lear motion are equally 
riti
al in obtaining a

urate results. The
al
ulated 
ross se
tions are 
ompared with re
ent experimental measurements.PACS numbers: 34.80.GsI. INTRODUCTIONCollisions of ele
trons with small polyatomi
 mole
ulesare important in many areas of physi
s. They are ofinterest in determining the energy balan
e and trans-port properties of ele
trons in low-temperature gases andplasmas under a wide variety of 
onditions. Ele
tron-mole
ule 
ollision data is 
riti
ally important for nu-meri
al modeling studies [1℄ in wide-ranging areas su
has plasma deposition and et
hing of semi
ondu
tors,gaseous high voltage swit
hes and environmental reme-diation plasmas.Ele
tron s
attering by hydro
arbons is parti
ularly rel-evant to 
old plasma te
hnology. Although ethylene,C2H4, is one of the simpler hydro
arbon mole
ules, therehave been only very limited studies of its intera
tion withlow-energy ele
trons.Low-energy ele
tron s
attering by atoms and mole
ules
an be dominated by ele
trostati
 intera
tion e�e
ts,ele
tron ex
hange, and ele
tron 
orrelation. The properbalan
e of these e�e
ts is needed to theoreti
ally de-s
ribe e�e
ts su
h as the Ramsauer-Townsend (RT) ef-fe
t. Shape resonan
es are also sensitive to the e�e
tsof ele
tron 
orrelation and, in addition, are sensitive to
hanges in target nu
lear geometry. The proper in
lusionof all these fa
tors is 
ru
ial for an adequate des
riptionof resonan
e parameters and vibrational ex
itation 
rossse
tions.We present the results of an investigation of the 
olli-sion of low-energy ele
trons with ethylene using the 
om-plex Kohn variational method. Ethylene is a 
losed-shellmole
ule whi
h possesses a permanent quadrupole mo-ment. Early ab initio 
al
ulations by S
hneider et al. [2℄were the �rst to 
on�rm the existen
e of the Ramsauer-Townsend e�e
t in su
h a mole
ule. Ethylene also has alow-lying shape resonan
e whose position and width arestrongly in
uen
ed by target-distortion e�e
ts. The reso-nan
e is of 2B2g symmetry and 
orresponds to the tempo-

rary 
apture of the in
ident ele
tron into an empty, anti-bonding, valen
e orbital. The investigations of S
hneideret al. , whi
h were 
arried out only at the equilibriumgeometry and in
luded only two s
attering symmetries,produ
ed a resonan
e at 1.83 eV, in ex
ellent agreementwith experiment. Several other theoreti
al studies onlow-energy ele
tron s
attering from ethylene have beenperformed in the �xed-nu
lei approximation at equilib-rium geometry[3{5℄. None of the previous 
al
ulations,however, have been parti
ularly su

essful in des
ribingexperimental angular di�erential 
ross se
tions at ele
-tron impa
t energies below 3 eV, as eviden
ed by there
ent experimental measurements of Panajotovi
 et al.[6℄.The present 
al
ulations extend the work of S
hneideret al. [2℄ by in
luding all relevant symmetries and im-portant dynami
al 
orrelation e�e
ts. In addition, the
al
ulations in
lude the e�e
ts of nu
lear motion for the
riti
ally important resonant symmetry. It will be shownbelow that all these fa
tors are essential in obtaining a
-
urate total, momentum transfer, and elasti
 di�erential
ross se
tions.II. THEORETICAL FORMULATIONThe 
omplex Kohn method is a variational te
hniquewhi
h uses a trial wave fun
tion that is expanded in termsof square-integrable (Cartesian Gaussian) and 
ontin-uum basis fun
tions that in
orporate the 
orre
t asymp-toti
 boundary 
onditions. Detailed des
riptions of themethod have been given in previous publi
ations (see,for instan
e, refs. [7, 8℄), so only a brief summary of theaspe
ts that 
on
ern this study will be given below.In the 
ase of ele
troni
ally elasti
 s
attering, the trialwave fun
tion to be used is of the form:



2	 = A[�o(~r1::~rN )F (~rN+1)℄+X� d���(~r1::~rN+1) (1)where �o is the (Hartree-Fo
k) ground-state of C2H4, Aantisymmetrizes the 
oordinates of the in
ident ele
tron(~rN+1) with those of the target ele
trons (~r1::~rN ) andthe sum 
ontains square-integrable, (N + 1) - ele
tronterms that des
ribe polarization and/or 
orrelation ef-fe
ts due to ele
troni
ally 
losed 
hannels. In the presentstudy, these 
on�guration-state fun
tions (CSFs), ��,were 
onstru
ted as produ
ts of bound mole
ular orbitalsand terms obtained by singly ex
iting the target Hartree-Fo
k wave fun
tion. Thus the 
on�gurations in Eq. (1)have the form �� = A(�o[�o ! ��℄�i) (2)where �o ! �� denotes the repla
ement of o

upied or-bital �o by orbital ��, and �i is another virtual orbital.The proper 
onstru
tion of the 
orrelation 
omponentof the trial wave fun
tion is 
riti
al in determining thelow-energy behavior of the elasti
 
ross se
tions and theposition and width of shape resonan
es. Moreover, thereare di�erent ways in whi
h this 
orrelation portion ofthe trial wave fun
tion should be built, depending onthe symmetry under 
onsideration. These di�erent ap-proa
hes will be des
ribed throughout the se
tions thatfollow.The s
attering fun
tion, F (~rN+1), is further expandedin the Kohn method in a 
ombined basis of Gaussian (�i)and 
ontinuum (Ri
atti-Bessel, jl,and Hankel, h+l ) basisfun
tionsF (~r) =Xi 
i�i(~r) +Xlm [jl(kr)ÆlloÆmmo+Tllommoh+l (kr)℄Ylm(r̂)=r: (3)where Ylm(r̂) are spheri
al harmoni
s. Applying the sta-tionary prin
iple for the T -matrix,Tstat = Ttrial � 2 Z 	(H �E)	 (4)results in a set of linear equations for the 
oeÆ
ients 
i,d� and Tllommo . The T-matrix elements, Tllommo , are thefundamental dynami
al quantities from whi
h all �xed-nu
lei 
ross se
tions are derived.III. THEORETICAL MODELS FORELECTRON-MOLECULE COLLISIONS ANDCALCULATIONSIn an approa
h similar to that employed by Res
ignoet al. [9℄ in a study of CO2, we found that the best de-s
ription of the low-energy s
attering by C2H4 is attained

when analyzing the prevailing physi
al pro
esses relatedto ea
h symmetry. The following subse
tions will brie
ydes
ribe the di�erent approximations that were 
onsid-ered and how they were introdu
ed into our 
al
ulations.Table I lists the Gaussian basis sets employed in all ours
attering 
al
ulations. In every 
ase, a self-
onsistent�eld (SCF), Hartree-Fo
k target wave fun
tion for theground state of C2H4 was used. The target basis was aug-mented with additional di�use Gaussian fun
tions, alsoin Table I, for the 
onstru
tion of the Kohn trial wavefun
tion. The expansion of the trial s
attering fun
tionwas 
ompleted by in
luding numeri
ally generated 
on-tinuum basis fun
tions, retaining terms with angular mo-mentum quantum numbers l and jmj less than or equalto 6. A. Stati
-ex
hangeThe simplest approximation to des
ribe an ele
tron-mole
ule 
ollision, 
onsistent with the Pauli prin
iple,would be to express the s
attering wave fun
tion as anantisymmetrized produ
t of the target wave fun
tion anda s
attered ele
tron fun
tion, i.e., as the �rst term ofEq. (1). This so-
alled stati
-ex
hange (SE) approxima-tion 
annot be expe
ted to yield a

urate results at 
ol-lision energies (generally less than 5 eV) where targetpolarization is important, at least for total symmetriesin whi
h the in
ident ele
tron signi�
antly penetratesthe target. The SE approximation makes no allowan
efor the target to relax to the presen
e of the s
atteringele
tron. This model 
an des
ribe shape resonan
es, al-though SE results generally pla
e their position too highand their width too broad in energy.All symmetries in our 
al
ulations were treated beyondthe SE approximation [10℄. Although this level of ap-proximation generally displays the basi
 features of thes
attering pro
ess at higher energies, it is known to bequantitatively, and often qualitatively, in
orre
t at s
at-tering energies below several eV.B. Polarized SCFAt low energies for the in
ident ele
tron, it be
omesne
essary to des
ribe its dynami
 polarization e�e
t onthe target. Previous work on this and other 
losed-shellmole
ules has shown that in
luding a set of spe
i�
 
on-�gurations in Eq. (1) to produ
e what is known as a\polarized SCF" (PSCF) trial wave fun
tion provides agood des
ription of target polarization, with a balan
eof 
orrelation e�e
ts in the N - and (N + 1) - ele
tronsystems [2, 9, 11{13℄. In the PSCF approa
h [11℄ theCSFs, ��, are 
onstru
ted from the produ
t of boundmole
ular orbitals and terms obtained by singly ex
it-ing the target SCF wave fun
tion, as mentioned before.Instead of using all the uno

upied orbitals to de�ne aspa
e of singly ex
ited CSFs, we 
hoose a 
ompa
t sub-



3set of these virtual orbitals, the polarized virtual orbitals(�� in Eq. (2)), for singly ex
iting the target. These po-larized orbitals are 
onstru
ted following the pres
riptionof ref. [11℄. We further restri
ted the CSFs in the PSCFwave fun
tion by in
luding only those single ex
itationsthat preserved the singlet spin symmetry of the groundstate.The �ve highest o

upied orbitals were used to gen-erate the set of polarized orbitals. The entire spa
e oftarget and supplemental di�use basis fun
tions listed inTable I was used in the 
onstru
tion of the polarized or-bitals. A stru
ture 
al
ulation on the neutral target usingan SCF 
on�guration for the ground state and single ex-
itations from these o

upied orbitals into the polarizedorbitals gave a polarizability (in atomi
 units) of 29.473 ,whi
h is 99.74% of the experimentally determined value[14℄. This suggests that using an SCF des
ription of thetarget is a good approximation. PSCF 
al
ulations wereperformed for all total symmetries with the ex
eption of2B2g . The following subse
tion will des
ribe the way thislatter symmetry was ta
kled.Ramsauer-Townsend minima are present in the elas-ti
 low-energy s
attering 
ross se
tions of many 
losed-shell, non-polar targets. Our PSCF approa
h su

ess-fully des
ribes the Ramsauer-Townsend minimum in thee� - C2H4 elasti
 
ross se
tion that o

urs in 2Ag sym-metry [2℄. C. Relaxed-SCFAnother low-energy feature that 
hara
terizes e� -C2H4 s
attering is a shape resonan
e of 2B2g symme-try. In symmetries that in
lude shape resonan
es, thePSCF model may lead to an unbalan
ed des
ription of
orrelation in the temporary negative-ion state relativeto the SCF target state at short range, with the re-sult that the resonan
e will appear at too low an en-ergy relative to the target ground state. Previous expe-rien
e with a number of 
losed-shell target mole
ules hasshown that a \relaxed-SCF" (RSCF) model provides agood des
ription of symmetries that present shape reso-nan
es [2, 13, 15{17℄. The key is to in
lude in the trialfun
tion only those 
orrelation terms that produ
e an or-bital relaxation e�e
t, similar to the type of relaxationthat would be produ
ed in performing an SCF 
al
ulationon the negative ion. The relaxed-SCF trial fun
tion onlyin
ludes 
on�gurations �� built from single ex
itationsof the o

upied target orbitals into virtual orbitals of thesame symmetry; no �o ! �� ex
itation that breaks thespatial symmetry of the ground state is in
luded in the
al
ulation. This type of trial fun
tion des
ribes the es-sential short-range 
ore relaxation e�e
ts that are neededto des
ribe a shape resonan
e but does not in
lude thelong-range dipole-polarization e�e
ts of the PSCF model.We therefore 
onstru
ted a relaxed-SCF trial wave fun
-tion for the 2B2g symmetry, obtaining an a

urate de-s
ription of the well known low-energy resonan
e that

TABLE I: Gaussian basis sets used in e� - C2H4 s
attering
al
ulations. Underlines separate 
ontra
ted basis fun
tions.Center Type Exponent CoeÆ
ientTarget basisCarbon s 4232.610000 0.006228Carbon s 634.882000 0.047676Carbon s 146.097000 0.231439Carbon s 42.497400 0.789108Carbon s 14.189200 0.791751Carbon s 1.966600 0.321870Carbon s 5.147700 1.000000Carbon s 0.496200 1.000000Carbon s 0.153300 1.000000Carbon s 0.050000 1.000000Carbon p 18.155700 0.039196Carbon p 3.986400 0.244144Carbon p 1.142900 0.816775Carbon p 0.359400 1.000000Carbon p 0.114600 1.000000Carbon p 0.050000 1.000000Carbon d 0.750000 1.000000Carbon d 0.300000 1.000000Hydrogen s 74.690000 0.025374Hydrogen s 11.230000 0.189684Hydrogen s 2.546000 0.852933Hydrogen s 0.713000 1.000000Hydrogen s 0.224900 1.000000Hydrogen p 0.750000 1.000000Di�use s
attering basis, Ag symmetryCenter of mass s 0.020000 1.000000Center of mass s 0.010000 1.000000Center of mass s 0.005000 1.000000Center of mass d 0.090000 1.000000Center of mass d 0.035000 1.000000Center of mass d 0.010000 1.000000Di�use s
attering basis, B1g , B2g and B3g symmetriesCenter of mass d 0.160000 1.000000Center of mass d 0.080000 1.000000Center of mass d 0.040000 1.000000Center of mass d 0.020000 1.000000Center of mass d 0.010000 1.000000Di�use s
attering basis, B1u, B2u and B3u symmetriesCenter of mass p 0.030000 1.000000Center of mass p 0.015000 1.000000Center of mass p 0.007500 1.000000Center of mass p 0.003750 1.000000Center of mass p 0.001000 1.000000
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urs in this symmetry.IV. APPROXIMATE TREATMENT OFNUCLEAR MOTIONTo date, theoreti
al treatments of e� - C2H4 s
atter-ing have been restri
ted to �xed-nu
lei 
al
ulations at theequilibrium geometry. Although this approa
h has pro-du
ed total 
ross se
tions that qualitatively agree withexperiment[2{5℄, signi�
ant disagreement remains for dif-ferential 
ross se
tions at energies below 3 eV.One obvious sour
e of error is the negle
t of nu
learmotion in the 
riti
ally important resonant symmetry.To address this problem, we fo
used on the C-C stret
hmode (labeled as �CC2 (ag) by Herzberg [18℄), whi
h ismost strongly 
oupled to the resonan
e. As in an ear-lier study of CO2 [9℄, we used an adiabati
 nu
lei treat-ment [19℄ to 
ompute a vibrationally averaged T -matrixin the resonant 2B2g symmetry. The other symmetriesare far less sensitive to 
hanges in nu
lear geometry.We veri�ed this by performing 
al
ulations in 2Ag atseveral di�erent geometries and found the �xed nu
lei
ross se
tion to vary by 5 per
ent over the energy range0.5< E <20 eV. There are proportionately larger 
hangesin the immediate vi
inity of the RT minumum (0.18 eV),but the 
al
ulations we are reporting here do not probethis low-energy region. Symmetri
-stret
h motion doesnot break the symmetry of the target, thus the samesymmetry designations 
an 
ontinue to be used.The vibrationally averaged T -matrix, in B2g symme-try, is 
omputed as:T avll0 (E) = h�ojTB2gll0 (E;R)j�oi; (5)where �o(R) is the symmetri
 stret
h vibrational wavefun
tion and the average is taken over the C-C normalmode. Harmoni
 os
illator fun
tions were used, with
onstants derived from Herzberg [18℄. E and R denotethe dependen
y on energy and on geometry, respe
tively.Without loss of 
larity, we will drop these dependen
iesin some of the equations that follow to simplify notation.In the eigenphase representation, TB2gll0 
an be writtenas T avll0 =X� 
�l 
�l0eiÆB2g� sin(ÆB2g� ) (6)The mixing 
oeÆ
ients 
�l are elements of the unitary ma-trix of eigen
hannel ve
tors that diagonalize the T-matrixand ÆB2g� are the eigenphases. We found that, over a num-ber of di�erent geometries, the resonan
e behavior was
learly 
on
entrated in one eigenphase, ÆB2g�res, while theother eigenphases were small and smoothly varying withenergy and geometry. Therefore, with only one eigen-phase varying signi�
antly, we were able to separate outthe resonant term from the sum in Eq. (6) and ignore the

TABLE II: Parameters obtained by �tting the resonanteigenphase,ÆB2g�res , to the Breit-Wigner form of Eq. (8) at dif-ferent C-C internu
lear separations, R(ao).R(ao) �(eV ) Eres(eV ) d1((eV )�1) d2((eV )�2)2.27808 -1.0374 2.6555 -0.0945 0.00922.53120 -0.4963 1.8517 -0.0735 0.00482.78432 -0.1576 1.1073 -0.0890 0.0106geometry dependen
e of the non-resonant 
ontributionsso as to average the resonant 
omponent only. The �nalexpression for our T-matrix elements is given by:T avll0 = h�oj
�resl 
�resl0 eiÆB2g�res sin(ÆB2g�res j�oi+X�6=�res 
�l 
�l0eiÆB2g� sin(ÆB2g� ) (7)We performed �xed-nu
lei 
al
ulations at the equilib-rium geometry of C2H4, as well as at two other (stret
hedand 
ompressed) geometries. The �xed-nu
lei 2B2g 
rossse
tions are shown in Fig. 1. The resonan
e is 
learly verysensitive to 
hanges in C-C bond distan
e, be
oming nar-rower and lower in energy as the mole
ule is stret
hed.We �tted the resonant eigenphase to a Breit-Wigner format ea
h geometry,ÆB2g�res(R) = ar
tan� �(R)2(E �Eres(R))��ar
tan� �(R)�2Eres(R)�+ d1(R)E + d2(R)E2 (8)where �(R) represents the resonan
e width, Eres(R) isthe resonan
e energy and di(R) are �tting 
oeÆ
ients.Both �(R) and Eres(R) were found to vary smoothlywith R and were easily interpolated to give the resonantT-matrix elements at any value of R. This greatly fa
il-itates the average required in Eq. (5). The resonan
eparameters are listed in Table II.The resonan
e parameters extra
ted from these s
at-tering 
al
ulations give the resonan
e energy relative tothe C2H4 ground state. The total ele
troni
 energy forthe resonan
e is the resonan
e energy plus the C2H4ground state energy. In Fig. 2, the resonan
e and neu-tral ground state potential energy 
urves are plotted asa fun
tion of the C-C bond distan
e.V. RESULTSEx
ept for the 2B2g 
omponent, 
ross se
tions were
al
ulated for all symmetries by a PSCF approa
h atthe equilibrium geometry of the ground state (RCC =1.339 �A, RCH = 1.086 �A, H-C-H = 117.6Æ), namely, sym-metries Ag , B1g , B3g, B1u, B2u and B3u. Symmetry Au
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FIG. 1: Symmetri
-stret
h dependen
e of the �xed-nu
lei,2B2g 
omponent of the integrated 
ross se
tion. The 
hained
urve represents RSCF 
al
ulations at equilibrium geometry.The dotted 
urve represents a symmetri
 
ompression to a C-C bond distan
e of 2.27808. Dashed 
urve: symmetri
 stret
hto a C-C bond distan
e of 2.78432. Cross se
tions are givenin atomi
 units. (1a2o = 2.8 x 10�17 
m2)was found to be unimportant at low energy and was leftout of the 
al
ulations.The total elasti
 and momentum transfer 
ross se
tionsare plotted in Fig. 3 along with re
ent measurements andthe S
hwinger variational results of Bres
ansin et al. [5℄whi
h used a model polarization potential. The experi-mental values were obtained by Panajotovi
 et al. [6℄ ontwo di�erent 
rossed-beam ele
tron spe
trometers: open
ir
les refer to measurements at the Australian NationalUniversity (ANU), while diamonds represent measure-ments performed at Sophia University, Japan (Sophia).It is 
lear that the in
lusion of nu
lear motion is ne
essaryto properly des
ribe the 
ross se
tions in the resonan
eregion.At energies near and below the resonan
e peak, the
ross se
tions are sensitive to the e�e
ts of both geom-etry and dynami
 
orrelation. This is most 
learly seenin the angular di�erential 
ross se
tions. Fig. 4 illus-trates this sensitivity at 2 eV in
ident ele
tron energy,whi
h is near the 
enter of the resonan
e at equilibriumgeometry. The �gure in
ludes a solid 
urve whi
h repre-sents results that in
orporate an adiabati
-nu
lei treat-ment of symmetri
 stret
h motion and a dashed 
urvethat des
ribes the present results without the in
lusionof nu
lear motion, at equilibrium geometry. The 
hained
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FIG. 2: Potential energy 
urves for 2B2g negative ion reso-nan
e (dashed 
urve) and neutral ground state (solid 
urve)as a fun
tion of C-C bond distan
e.Bond distan
e is plottedin atomi
 units (1ao = 0.529 x 10�8 
m)
urve, whi
h 
orresponds to a preliminary SE treatmentof all symmetries (also at equilibrium geometry) ex
eptAg (treated by PSCF) and B2g (RSCF) [10℄ is in
ludedto illustrate the sensitivity of di�erential 
ross se
tions togeometry and 
orrelation e�e
ts. The fa
t that the Agand B2g symmetries are sensitive to 
orrelation e�e
ts isnot suprising, sin
e there is a Ramsauer-Townsend min-imum and a shape resonan
e in these symmetries, re-spe
tively. We also found that the non-resonant B1u,B2u and B3u symmetries, whi
h have leading p-wave be-havior, signi�
antly penetrate the target at low energiesand are sensitive to dynami
 
orrelation. In the reso-nan
e region, the 
ross se
tions are parti
ularly sensitiveto e�e
ts whi
h 
an 
hange the resonan
e position. Toillustrate this, we performed RSCF 
al
ulations in B2gsymmetry in whi
h half the 
orrelating 
on�gurations(spe
i�
ally, the singlet-triplet target ex
itations) weredropped, whi
h shifts the resonan
e position upward by0.5 eV. Those results are shown as the dashed 
urve inFig. 4. Clearly, getting a

urate di�erential 
ross se
tionsin the resonan
e region requires 
al
ulations that put theresonan
e at the right energy.Figures 5 and 6 show elasti
 angular di�erential 
rossse
tions at di�erent in
ident energies. We plot 
urvesthat represent 
al
ulations both with and without thein
lusion of nu
lear motion, represented by the solid anddashed 
urves, respe
tively. We also show theoreti
al re-
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FIG. 3: Total elasti
 and momentum transfer 
ross se
tions for e - C2H4 s
attering. Solid 
urve: present results whi
hin
orporate an adiabati
-nu
lei treatment of symmetri
 stret
h motion. Dashed 
urve: present results without the in
lusion ofnu
lear motion, at equilibrium geometry. Open 
ir
les: Panajotovi
 et al. 's ANU measurements [6℄. Diamonds: Panajotovi
et al. 's Sophia measurements [6℄. Stars: theoreti
al results of Bres
ansin et al. [5℄.sults of Bres
ansin et al. [5℄ at available energies for
omparison. Note that the 
al
ulations of Bres
ansin etal. plotted at 3.0, 4.5, 6.0 and 15.0 eV were a
tually per-formed at energies of 3.3, 4.3, 6.1 and 15.5 eV. Again,the experimental measurements are those of Panajotovi
et al. . It is worth noting that there are di�eren
es ofapproximately 20 to 30% between the data obtained bythese two di�erent experimental apparatii. These di�er-en
es are parti
ularly noti
eable at small s
attering an-gles, where the 
ross se
tions appear to follow di�erenttrends. At energies below 3 eV, our 
al
ulations appearto agree better with the ANU data than with the Sophiameasurements. Vibrational averaging is 
learly impor-tant at 1.8 and 2.0 eV, whi
h are 
lose to the resonan
epeak, and signi�
antly improve the 
omparison with ex-periment. The e�e
ts of nu
lear motion be
ome less im-

portant at energies outside the resonan
e region. Theprin
ipal e�e
t of nu
lear averaging is, not surprisingly,to redu
e the magnitude of the 
ross se
tions withoutsigni�
antly a�e
ting their shape. At energies of 3 eVand above, our 
ross se
tions are in very good agreementwith experiment. For energies below 5.0 eV, the resultsof Bres
ansin et al. are systemati
ally too high at smalls
attering angles, while at 5.0 eV and above there is goodmutual agreement. At these higher energies, the resultsalso agree with the stati
-ex
hange results of Winsteadet al. [4, 6℄ (not shown).
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FIG. 4: Elasti
 di�erential 
ross se
tions for e - C2H4 s
at-tering at in
ident energy of 2 eV. Solid 
urve: present resultswhi
h in
orporate an adiabati
-nu
lei treatment of symmet-ri
 stret
h motion. Dotted 
urve: present results without thein
lusion of nu
lear motion, at equilibrium geometry. Dashed
urve: present results without the in
lusion of nu
lear motion,at equilibrium geometry, and a partial treatment of relaxationin B2g symmetry. The 
hain 
urve represents SE 
al
ulationsat equilibrium geometry for symmetries other than Ag andB2g . Open 
ir
les: Panajotovi
 et al. 's ANU measurements[6℄. Diamonds: Panajotovi
 et al. 's Sophia measurements [6℄.VI. CONCLUSIONSWe have 
arried out a variational treatment of ele
-troni
ally elasti
 e� �C2H4 s
attering. At low energies,we found a strong sensitivity of the 
ross se
tions to thee�e
ts of both geometry and dynami
 
orrelation. Apolarized-SCF approa
h was used for all symmetries ex-
ept for the resonant 
omponent 2B2g, for whi
h we founda relaxed-SCF method more appropriate. For the reso-nant symmetry, we also in
luded an approximate treat-

ment of nu
lear motion by using a simple adiabati
 treat-ment of the symmetri
 stret
h (C-C) vibrational mode.It is interesting to note that there are no os
illatorystru
tures observed in the elasti
 
ross se
tions in thevi
inity of the 2B2g resonan
e, either in the Panajotovi
et al. measurements [6℄ or in the high resolution exper-iments of Allan [20℄. This might seem surprising, sin
esu
h stru
tures are well known in the 
ase of N2, whi
hhas a similar redu
ed mass and very similar resonan
eproperties (near equilibrium geometry) [16℄. The dif-feren
e here is that, as seen from Fig. 2, a wavepa
ketoriginally 
entered on the resonan
e 
urve near the equi-librium geometry of the neutral (
orresponding to a C-Cdistan
e of 2.53 ao), would be largely 
on�ned by energy
onservation to C-C distan
es less than 3.0 ao. Over thisrange of geometries, the resonan
e width is substantialand the wavepa
ket de
ays too rapidly to produ
e thekind of \boomerang" stru
ture observed in the 
ase ofmole
ular nitrogen.Both of the main low-energy features of this ele
tron-mole
ule system were su

essfully des
ribed by these 
al-
ulations, namely, the Ramsauer-Townsend minimum in2Ag symmetry and the 2B2g shape resonan
e. The inte-grated elasti
 and momentum transfer 
ross se
tions weobtained are in ex
ellent agreement with re
ent experi-ments. We have also found that the e�e
ts in
luded inthis treatment signi�
antly improve the agreement withmeasured di�erential 
ross se
tions. Some small dis
rep-an
ies remain at energies between 2 and 3 eV and smalls
attering angles, where the experimental measurementsreveal stru
ture that is not reprodu
ed by the 
al
ula-tions. A more elaborate treatment of the dynami
s isevidently needed to des
ribe these features of the di�er-ential 
ross se
tions in the resonan
e region.A
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FIG. 5: Elasti
 di�erential 
ross se
tions for e - C2H4 s
attering at in
ident energies 3 eV and below. Solid 
urves: presentresults whi
h in
orporate an adiabati
-nu
lei treatment of symmetri
 stret
h motion. Dashed 
urves: present results withoutthe in
lusion of nu
lear motion, at equilibrium geometry. Chained 
urves: theoreti
al results of Bres
ansin et al. [5℄. Open
ir
les: Panajotovi
 et al. 's ANU measurements [6℄. Diamonds: Panajotovi
 et al. 's Sophia measurements [6℄.
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FIG. 6: Elasti
 di�erential 
ross se
tions for e - C2H4 s
attering at in
ident energies above 3 eV. Solid 
urves: present resultswhi
h in
orporate an adiabati
-nu
lei treatment of symmetri
 stret
h motion. Dashed 
urves: present results without thein
lusion of nu
lear motion, at equilibrium geometry. Chained 
urves: theoreti
al results of Bres
ansin et al. [5℄.Open 
ir
les:Panajotovi
 et al. 's ANU measurements [6℄. Diamonds: Panajotovi
 et al. 's Sophia measurements [6℄.
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