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Low-energy elastic scattering of electrons by ethylene
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Elastic differential, integral, and momentum-transfer cross sections are reported for electron scattering by
C,H, at impact energies ranging from 1 to 50 eV. The Schwinger iterative variational method in the fixed-
nuclei, static-exchange plus correlation-polarization approximation is used to calculate the scattering ampli-
tudes. Integrated cross sections are also calculated below 1 eV, showing the existence of a Ramsauer-
Townsend minimum in this region. Our calculated cross sections are compared with recent experimental data
and other theoretical resulfsS1050-294{@8)00405-3

PACS numbd(s): 34.80.Bm

[. INTRODUCTION cident energies ranging from 1 to 50 eV. Our description of
the electron-molecule collision goes beyond the SE approxi-
Elastic scattering of low-energy electrons from smallmation through the inclusion of a scattering-electron correla-
polyatomic molecules has been a subject of increasing intetion as well as polarization of the target electron cloud. It is
est both theoretically and experimentally. The study of scatknown [5] that an adequate theoretical description of low-
tering properties is of great practical importance in a varietyenergy electron collisions with atoms or molecules requires a
of plasma phenomengtching, chemical vapor deposition, Proper balance of the direct electrostatic interaction, the elec-
etc) and in the understanding of the physics and chemistr§fon exchange, and the electron correlation. Yet the inclusion
of planetary atmospheres and interstellar media. of polarization effects and target distortion has been shown
A|though hydrocarbons constitute an important group OftO prOduce elastic cross sections qualitatiVE|y different from
such molecules, among them only methane has receivedte SE value at low energi¢g]. Our scattering amplitudes
considerable degree of attention in the past few years. FGe calculated using the Schwinger variational iterative
ethylene, although a few recent experimental data on elasti@ethod (SVIM) [8,9], a tool capable of providing highly
scattering are now available, much less attention has beeiPnverged estimates of the partial-waVematrix elements
devoted as yet. In 1985, Floedet al. [1] measured total and scattering wave functions. This method has been re-
cross sections for ethylene between 5 and 400 eV in a tran§ently applied to study photoionization cross sections and
mission experiment. In 1986, Sueoka and M@ reported elastic scattering of electrons by nonlinear moIe_CtﬁIrﬁ;—
total cross sections for 81, and C,Hg in the (1-400-eV 12]. Recently, the SVIM codes were extended in order to
range, measured using a retarding potential t|me_of_ﬂ|ghperm|t the inclusion of the Corre|ati0n-p0|al’i2a'[i0n contribu-
method. In 1992, Mapstone and Newfd] reported mea- tion to the electron-molecule interaction potential. Such a
surements for elastic differential cross sectighSg for ~ contribution was taken into account by following the pre-
e~-C,H, for electron energies of 3—15 eV and for scatteringScription given by Padial and Norcros3]. To our knowl- -
angles of 30°-140°. Finally, Luneét al. [4] studied low- edge, no theoretical DCSsllncIudmg correlation-polarization
energy elasti®™-C,H, scattering using two different syn- €ffects have yet been published for ethylene.
chrotron radiation photoionization spectrometers, focusing |he organization of this paper is the following. In Sec. Ii
attention in the energy range below 2 eV. From the theoretthe theory is briefly described and some details of the calcu-
ical point of view, the studies oe™-C,H, elastic scattering lations are given. Our calcu_lated results an_d discussions are
have been more sparse. To our knowledge, only two Ca|CLp_resented in Sec. lll. Section IV summarizes our conclu-
lations on this molecule have so far been reported in th&!ONS.
literature: Schneideet al.[5] used the complex Kohn varia-
tional method to calculate partial integrated cross sections Il. THEORY AND CALCULATION
(?Byg and ?Ay symmetries below 5.5 eV and Winstead . , _ ,
et al. [6] reported elastic DCSs, calculated within the static- 1he Schrdinger equation for the continuum scattering
exchange(SE) approximation, from 5 to 20 eV using the OrPitals can be writtertin atomic units as
Schwinger multichannel method. . .
In this work we report calculate(DCS9, integral cross [—V2+U(r)—k*]Wg(r)=0, 1)
sectiongICSs9, as well as momentum-transfer cross sections . R R
(MTCSs for elastic scattering of electrons by,8, for in-  where U(r)=2V(r) and V(r) is the interaction potential
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TABLE I. Cartesian Gaussian functions used in the SCF calculations. Cartesian Gaussian basis functions
are defined agp®” ™™A(r)=N(x—A,)" (y—A,)"(z—A,)"exp(~alr —A|?), with N a normalization con-

stant.
d p d
Atom Exponent Coefficient Exponent Coefficient Exponent Coefficient
C 4232.61 0.006228 18.1557 0.039196
634.882 0.047676 3.98640 0.244144
146.097 0.231439 1.14290 0.816775
42.4974 0.789108
14.1892 0.791751
1.96660 0.321870
5.14770 1.000000 0.35940 1.000000 1.500 1.000000
0.49620 1.000000 0.11460 1.000000 0.750 1.000000
0.15330 1.000000 0.04584 1.000000 0.300 1.000000
0.06132 1.000000 0.02000 1.000000
CM 0.03000 1.000000 0.00500 1.000000 0.085 1.000000
0.01000 1.000000
0.00300 1.000000
H 33.6444 1.000000 1.00000 1.000000
5.05796 1.000000 0.50000 1.000000
1.14680 1.000000 0.10000 1.000000

0.321144 1.000000
0.101309 1.000000

between the target and the scattering electron. Equétipon
can be converted into an equivalent Lippmann-Schwinger
equation

o, = (@ UITE) +( T U0 )

—(T7|U-UGEU T, (5)
=0+ GEIUw, (2 with T¢) denoting trial scattering wave functions. Using
partial-wave expansions similar to E@) for both"ffff) and

with G{™) being the free-particle Green’s operator with

) +) . . (-) : TABLE Il. Basis set used for the initial scattering functions.
outgoing- Gy '’) or incoming-wave Gy ’) boundary condi-

tions. In order to take advantage of the symmetry of thescattering Gaussian
target, the scattering wave functions can be partial-wave exymmetry Center function Exponents
panded as
ka; C S 2.0,05, 0.1, 0.02
z 4.0, 1.0, 0.25, 0.05
v () = E 1/23 I ()P 0y Pk 3) x2,y?,2° 0.2,0.05
< (D=7 Kp i ki ()X (k). c.m. s 2.0, 0.5, 0.1, 0.02
z 2.0, 0.5, 0.1, 0.02
R x2,y?,7? 0.2, 0.05
whereX}i#(r) are generalized spherical harmonics, related to H S 1.0, 0.2, 0.05
the usual spherical harmonids,, by X,z 1.0, 0.2, 0.05
ka, C Xy 1.0, 0.2, 0.04
R c.m. Xy 0.1, 0.02
B(r) =2 bR Yim(T). (4) H y 1.0, 0.2, 0.04
" kb, C y 2.0, 0.5, 0.1, 0.02
c.m. y 2.0, 0.5, 0.1, 0.02
Herep is an irreducible representatigtiR) of the molecular yz 0.1, 0.02
point group,u is a component of this representation, and H y 1.0, 0.25, 0.05
distinguishes between different bases of the same IR corréb, C X 4.0, 1.0, 0.25, 0.05
sponding to the same value lofThe coefficientbf4, satisfy c.m. X 1.0, 0.2, 0.05
important orthogonality conditions and are tabulated for the c.m. Xz 0.5, 0.05
C,, and O, groups by Burkeet al. [14]. The Schwinger H s 2.0, 0.5, 0.1
variational expression for th€& matrix can be written in the X,z 1.0, 0.2, 0.05

bilinear form as
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FIG. 1. DCS for elasti@™-C,H , scattering at an impact energy FIG. 2. Same as Fig. 1, but for 4.3 eV.
of 3.3 eV. Solid line, present SECP results; asterisks, experimental
results of Mapstone and New¢B]. ()P0 N o . )
* — (* )~ +=)Pu
Tk’lh;llhl_ijzl <q)k,|'h'|U|ai>[D( ) ]ij(aj|u|q)(k,lr)1 )
the free-particle wave vectdp ff) , & partial-wave on-shell ' (8)
matrix (diagonal in bothp and i) is obtained:
where
()P & (FIPEL T (2P | (F)PE +)Pr Bl - ,
Tk,|h;|'hf—<q’k,|'nf|U|‘I’|(<,|r)1 >+<\Pk,l’h’|u|q)f<,lf= Dij'=(ailU-UGy 'U|aj) ©)
= (7)PH + =~ (+)Pu : H . . .
—<‘1’f< |f)hf|U_UGEf)U|‘I’f<,Tr1 ), (6) and tr_le corresponding approximate scattering solution with
' outgoing-wave boundary condition becomes
N N M
wherek=|ko| = |Kk| for the elastic process. ()P oo > (+)
The initial scattering wave functions can be expanded in a Ficin (r)—(bk,|h(r)+i’j221 (rlGo™ Ul )
setR, of L? basis functionsy;(r)=(r|a;): -
X[D™) T ay | V| PRS- (10)
()P, - N ()P0 - Converged outgoing solutions of E@) can be obtained via
Wion (N=2, aijn (Kei(r). (7)  an iterative procedure. The method consists in augmenting
the basis seR, by the set
) o (+)Pr ) ()Pt - eSO - ()PS0 -
Using Egs.(6) and(7), variationalT, ., matrix elements So={Wkin, (¥in, (O, Pk (N}
can be derived as (11
TABLE lll. Eigenphase sum§for the C,, point group in the iterative procedure.
. Iteration
Energy Scattering
(eV) symmetry 0 1 2 3 4
0.1 ka; —0.0726 0.0561 0.0587 0.0582 0.0582
ka, 0.0003 0.00243 0.00244 0.00244
kb, —0.0027 —-0.0174 —-0.0171 —0.0171
kb, 0.0205 0.0832 0.0832 0.0832
1 ka, —-0.333 —0.0968 —0.0930 —0.0938 —0.0936
ka, 0.0501 0.115 0.115 0.115
kb, 0.0323 0.119 0.122 0.122
kb, 0.229 0.388 0.388 0.388
10 ka, 2.500 3.680 3.713 3.700 3.690
ka, 1.143 1.601 1.603 1.600
kb, —-1.337 —0.380 —0.383 —0.383

kb, 0.975 1.737 1.742 1.742
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FIG. 3. DCS for elasti@™-C,H , scattering at an impact energy FIG. 5. Same as Fig. 1, but for 8 eV.

of 5 eV. Solid line, present SECP results; dashed line, Schwinger

multichannel(SE) calculated results of Winsteaet al. [6]; aster-  valueD® in Eq. (8). Hence the corresponding partial-wave
isks, experimental results of Mapstone and Newe)! T-matrix elements can be calculated from

wherel ;. is the maximum value df for which the expansion MES)
of the scattering solutior{3) is truncated. A new set of kIh I"h' =
partial-wave scattering solutions can now be obtained from

(Sp)
} %// [1 S )]k Ih; |"h"KET" h":17h -
(13

S M (S) By usual transformations, these matrix elements can be ex-
Wi (N)=Dp Ih(r)+ 2 (r|G U] 7™ pressed in the laboratory franteF). The LF scattering am-
plitude f(R’,R(’)) is related to thel' matrix by
XD, i{n; U oph), (12 IR

f(k' kp)=—2mT, (14)

where», So)(r) is any function in the seR;=RyUS; andM

wherek’, andk’ are the directions of incident and scattered
is the number of functions ifR;. This iterative procedure 0

(50 electron linear momenta, respectively. The differential cross
continues until a convergedf‘kjﬁpﬂ is achieved. These section for elastic electron-molecule scattering is given by
converged scattering wave functions correspond, in fact, to
exact solutions of the truncated Lippmann-Schwinger equa- do
tion with the potentialJ. ETOR f da (sin B)dg dylf(k’kp)[%. (15

In an actual calculation we compute the converged

s) .
partial-waveK-matrix elementskp’] Ih i'h - TheseK-matrix  Here (a,8,y) are the Euler angles that define the orientation
elements can be obtained by replaclh@” by its principal  of the principal axes of the molecule. Finally, after some
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FIG. 4. Same as Fig. 1, but for 6.1 eV. FIG. 6. Same as Fig. 3, but for 15.5 eV.
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FIG. 7. ICS fore -C,H, scattering. Solid line, present SVIM FIG. 8. Present SECP ICS fer -C,H, scattering below 1 eV.
results; dashed line, Schwinger multichant®E) results of Win- Inset: partial ICS "t’Ag symmetry. Solid line, present SVIM results;
steadet al. [6]; circles, experimental results of Sueoka and Mori d@shed line, Kohn variational results of Schneieeal. [5].

[2]; triangles, experimental data of Floedstral. [1]. Inset: partial

ICS (*B,q symmetry in the (1.0—4.5-eV range. Dashed line, Kohn well with the near-Hartree-Fock limit of 78.0616 a.u[16].

variational results of Schneidet al. [5]. The resulting orbital energies are11.230 09,—11.228 35,
—1.036 66,—0.796 66,—0.646 01,—0.591 76,—0.509 54,

angular-momentum algebra, the LF DCSs averaged over thend —0.377 02 a.u. for the dy, 1by,, 2ay, 2by,, 1byy,

molecular orientations can be written as 3ay, 1bsy, and 1bs, orbitals, respectively. The correlation-
polarization effects are introduced in the potential through a
d_(’:z A, (K)P_(cos 0) (16) parameter-free model that combines the target correlation
dQ L - ’ calculated from the local electron-gas theory for short dis-

_ _ o . tances with the asymptotic form of the polarization potential
whered is the scattering angle. The coefficieAts(k) in Eq.  [13]. The dipole polarizabilities used in the calculation of the

(16) are given by the formula correction to the SE potential are derived from the experi-
mental values published in Ref[17]: «@yy,=28.4667,
AL(k)=£ > asg=7.923, anda,,=0.2625. All partial-wave expansions
22L+1 o ihiTh mm were truncated at,=12 andl.=16 for incident energies
p1.pg.ly.hy,ly by my,m) below and above 20 eV, respectively, and all possible values
) of h=<I| were retained. The resulting orbital normalizations
X(=1)™ "MyJ2l+1)(21,+1) were better than 0.999 for all bound orbitals.

. N The discussion of the convergence in the iterative proce-
X DPHL pPIe” pPu’  ppu oPL (kapt, (k) dure is interesting in itself. As discussed above, this proce-

'n’m!~l:hym, = 17hm’ ~lhm "h! . i . .
MMy 1R 1ahyday dure starts with trial scattering functions represented by a

X (1,010|LO)(1501"0[LO) (I, — myIm|L— M) basis seR,. TheR, used in the present calculation is shown
in Table Il. The convergence rate of the iterative procedure
X(11mil'm’|LM), (17  can be demonstrated, for example, by the evolution of the

eigenphase sums. This evolution is shown in Table Il for
where §1m;j,m,|jsms) are the usual Clebsch-Gordan coef- each IR of theC,, point group and for three selected ener-
ficients and the auxiliary amplitud@ﬁ"h’fl,h,(k) are defined gies(0.1, 1.0, and 10 e)/ Similar convergence rates are also

as seen for the other incident energies studied herein. As it can
be seen from that table, our SVIM calculations were all con-
3 o : .
Nl - (s, verged within four iterations.
A (k) == ——i" N2+ 1T (18)

k
The self-consistent-fieldSCH wave function for the Il RESULTS AND DISCUSSION

ground state used in the static-exchange calculation was ob- We have selected representative results on DCSs, mostly
tained using the contracted Gaussian basis set shown imhere experimental data and/or other calculations are avail-
Table I. It consists of the contracted set of Dunniidgp| able for comparison. The calculated DCSs #®r-C,H,
augmented with some uncontracted functions on the nucleicattering at incident energids,=3.3, 4.3, 5, 6.1, 8, and
and on the center of mass of the molecule. At the experimerit5.5 eV are shown in Figs. 1-6, along with the experimental
tal equilibrium geometry of Rc ¢=2.5133 a.u. results of Mapstone and Newg]. Theoretical cross sec-
Rc_m=2.0333 a.u., and)y_c_)=116.6°,this basis set tions of Winsteacet al.[6] are also included at 5 and 15 eV.
gives a SCF energy of 78.06060 a.u. This value compares The measured data of Mapstone and Newell are relative.
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TABLE IV. DCSs, ICSs, and MTCSé&n 10 %6 cm?) for elastice™-C,H, scattering.

Angle

(deg Eo (eV)

1 3.3 43 5 6.1 8 155 30 50

0 1.69 5.38 6.92 8.36 12.31 18.68 29.13 33.55 38.82
10 1.24 4.60 5.65 6.78 9.79 14.85 22.41 23.04 21.11
20 0.70 3.92 4.31 4.98 6.51 9.34 12.59 9.97 6.67
30 0.55 3.63 3.76 4.14 4.76 5.94 6.51 4.04 2.28
40 0.58 3.30 3.35 3.55 3.71 3.90 3.12 1.64 1.12
50 0.85 3.03 3.05 3.10 3.07 2.85 1.67 0.94 0.62
60 1.14 2.60 2.54 2.48 2.34 2.02 1.05 0.65 0.42
70 1.35 2.12 1.94 1.80 1.59 1.28 0.76 0.54 0.36
80 1.52 1.74 1.46 1.28 1.05 0.83 0.63 0.49 0.33
90 1.57 1.43 1.14 1.00 0.83 0.76 0.64 0.50 0.32
100 151 1.23 1.01 0.97 0.97 1.09 0.76 0.51 0.30
110 1.40 1.16 1.05 111 1.27 1.54 0.88 0.55 0.31
120 1.24 1.18 1.18 1.30 1.58 1.88 0.99 0.61 0.35
130 1.06 1.33 1.35 1.46 1.77 1.95 111 0.72 0.41
140 0.92 1.58 1.53 1.56 1.82 1.88 1.40 0.85 0.48
150 0.91 1.90 1.74 1.67 1.86 1.89 2.00 0.98 0.54
160 0.73 2.24 1.94 1.79 1.93 2.06 2.69 1.13 0.60
170 0.69 2.49 2.09 1.90 2.00 2.30 3.36 1.26 0.67
180 0.68 2.59 2.14 1.95 2.04 2.42 3.63 1.33 0.70
ICS 14.52 25.67 24.65 25.10 27.01 29.80 27.17 19.24 13.56

MTCS 14.86 20.87 19.17 18.96 20.17 21.18 16.32 9.49 5.52

However, at 8 and 15.5 eV their results have been normaMWinsteadet al. [6]. The inset of this figure shows a qualita-
ized to the theoretical calculations of McK§¥8] at 7.5 and  tive comparison of our partial ICSs for tﬁBzg symmetry in
15 eV, respectively. In this work, the comparison shown inthe (1.0—4.5-eV range with the calculated data of Schneider
Figs. 1-6 is made by using directly the results published iret al. [5]. Two structures characterize the ICS curve for
Table IIl of Mapstone and Newell's work. Although no fur- e™-ethylene collisions: a sharp peak at approximately 2.5 eV
ther normalization has been introduced for this comparisonand, similarly to CH,, a broad peak centered around 10 eV
there is good agreement between our calculations and thia our calculations. As shown in the inset, the first structure
experimental results, particularly for incident energies abovés a shape resonance in tﬁBzg symmetry, which corre-
5 eV. In the(3.3-6.2-eV energy range, the measured DCSssponds to a temporary capture of the incident electron into an
show a pronounced minimum at 90° and a much smaller difntibonding valence orbital. In general, our static exchange-
centered around 40° followed by a local maximum aroundcorrelation polarizatiofSECP ICSs are in good agreement
65°. According to Mapstone and Newell, these structuresvith the measured data, particularly for incident energies
display characteristics associated withfawave resonance. Ey=15 eV, although at lower energies our calculations tend
Such structures are not seen in our calculated DCSs in thi® overestimate the ICSs. The SE results show qualitative
energy region, although some evidence of their occurrencdisagreement with our results and also deviate from experi-
can be seen in our data. Indeed, a partial-wave analysis hasent at higher energies.
shown the existence of @awave resonance in thg;, scat- It is interesting to note the behavior of the ICSs in the
tering channel centered at around 10 eV. This resonance Iew-energy regionlbelow 1 e\j. The scattering in this re-
responsible for the enhancement of the ICSs in this energgion is dominated by the totally symmetr?(Ag scattering
region and is in accordance with the measured total crosshannel, which is largely affected by the dipolar distortion of
sections of Floedeet al.[1] and of Sueoka and MofR], as  the charge cloud of the target by the incident electron. Our
we will see in Fig. 7. The comparison with the SE calculatedSECP results of ICSs below 1.0 eV are shown in Fig. 8. The
cross sections of Winstea al. [6] shows that the polariza- results f0r2Ag partial ICSs in the same energy range are
tion potential has little effect on the qualitative behavior of shown in the inset, where the theoretical results of Schneider
the DCSs. Also, the influence of the correlation-polarizationet al. [5] are also included for qualitative comparison. Our
potential is small for backward scattering; it manifestscalculated ICSs show a well-pronounced minimum around
mainly in the forward direction especially for low incident 0.05 eV, which is associated with the Ramsauer-Townsend
energies. (RT) minimum. This finding supports the evidence for the
In Fig. 7 the calculated ICSs in the—50-eV energy existence of such minimum at very low energies provided by
range are presented, as a function of the incident energywo experimental works: The data from Swarm experiments
along with the experimental results of Floedgral. [1] and  carried out by Bonesst al. [19] show a maximum in the
of Sueoka and Mor{2] and the theoretical SE results of transmission function for electrons through the ethylene gas
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at approximately 200 meV; Hayashi's wofR0] presents a shape resonance in the ICSs at around 2.5 eV in good agree-
minimum in the momentum-transfer cross sections near 10fhent with available experimental data; our model was also
meV. Also, theoretically, a minimum in the parti%Ag ICSs able to reproduce the RT minimum in the ICSs at very low
was recently predicted by the calculations of Schnegdexl.  energies, in qualitative agreement with previous experimen-
[5], although slightly shifted from our resulfsee the ins¢t  tal and theoretical predictions. With the recent extension of
The RT minimum is also present in other molecules, al-our SECP numerical codes in order to study electron scatter-
though calculations at the SE level of approximation are noing by nonplanar molecules possessing symmetries reducible
able to reproduce it. For the sake of completeness, in Tabl® C,, , calculations of cross sections for other systésush

IV we also present our calculated DCSs, ICSs, and MTCSsas SiH, and GeH,) are under way.

for energies ranging from 1 to 50 eV.
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