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The Schwinger variational iterative method and the distorted-wave approximation are combined to study
elastic electron scattering by,@or incident energies ranging from 5 to 500 eV. Differential, integral, and
momentum transfer cross sections as well as polarization fractions are reported. A complex optical potential,
which accounts for the static, exchange, correlation-polarization, and absorption contributions is used to de-
scribe the electron-molecule interaction. Comparison of our calculated results with experimental and other
theoretical results is encouragif&1050-29479)08508-X]

PACS numbd(s): 34.80—i

[. INTRODUCTION is a lack of results for cross sections for energies above
15 eV.

Molecular oxygen plays a fundamental role in the physics Since Q is an open-shell system, depolarization can be
and chemistry of earth’s atmosphere. For example, electrorsbserved during the collision of low-energy polarized elec-
impact cross sections for some excitation processes ir® trons with this molecule, influenced by spin-exchange ef-
very important for studies of auror@s]. They are also use- fects. Recently, an increasing number of experiments with
ful in understanding other processes that take place in thpolarized electron beams have been done. Using spin-
ionosphere. This has motivated several experimental and thgolarized electrons, Ratlifét al. [14] have made measure-
oretical investigations or™-O, collisions in the past. ments of the polarization fractioR’/P (the ratio between

Some early measurements of elastic differential and intefinal and initial polarization of the electronic begfor both
gral cross sections for low-energy electron scattering by Oe -NO ande™ -0, collisions at thermal energies. Hegemann
molecules were performed by Trajmetral.[1] and by Shyn et al.[15] and Hegemanfl6] have measured the rati®/ /P
and Shargd2]. For incident energies above 100 eV, elasticfor the elastic scattering of polarized electrons by unpolar-
e -0, scattering was also studied by Igaal. [3], Brom- ized NO (X?II) and Q (X 329’) targets at energies up to
berg[4], and Daimoret al.[5]. A review of results prior to 15 eV. These authors noticed that spin-exchage effects in
1989 was reported by Itikawet al.[6]. Also, elastic integral molecular scattering are considerably smaller than the corre-
and grand total(elastic plus inelastjccross sections for sponding ones for atomic targets. da Paigaal. [10] have
e~ -0, scattering have been critically reviewed and “recom-calculatedP’/P for elastic electron scattering by,0nol-
mended” by Kaniket al. [7] in the (1-1000-eV energy ecules at energies of 10 and 15 eV. Their study has shown
range. Recently, differential and integral cross sections fothat the smallP’/P ratios observed for molecular systems
elastic scattering of low-energy electrons by @ere re- are due to the averaging over the molecular orientations. Ful-
ported by Weteet al.[8] and Sullivanet al.[9]. lerton et al. [12] also calculated?’/P for electrons elasti-

On the theoretical side, da Paxat al. [10] used the cally scattered by randomly oriented, @rgets for incident
Schwinger multichannel methoBMC) for the determina- energies ranging from 0.25 to 15 eV and confirmed the find-
tion of elastic differential cross sectiot®CS9 at incident ings of da Paixa et al. [10]. Finally, Nordbecket al. [13]
energies of 10 and 15 eV. In their calculations three low-and Wateet al.[17] reported some new results Bf /P for
lying electronic statesX 325, alAg, andb 125) were in-  this molecule. Their results show a correlation between the
cluded. Noble and BurkEl1] reported a nine-state&matrix =~ occurrence of structures iR’'/P and the minima of the
calculation of integral cross sectioiCS9 for elastic scat- DCSs at some scattering angles.
tering of electrons by molecular oxygen. The sdramatrix In this work, we combine the Schwinger variational itera-
method has been applied recently by Fullerinal. [12], tive method[18] (SVIM) and the distorted-wave approxima-
Nordbecket al.[13], and Weteet al.[8] to calculate elastic tion [19] (DWA) to study the electron scattering by an oxy-
DCSs and ICSs for some selected energies if4hkd5-eV ~ gen molecule in a wide energy range. In particular, we report
energy range. Those calculated DCSs are in general goaglastic DCSs in thé5—-500-eV energy range, as well as the
agreement with the available experimental data for incidenP’/P ratios in the (5—-50-eV range. To describe the
energies above 10 eV. Nevertheless, at 10 eV and below, thedectron-molecule interaction, we use a complex optical in-
calculated results were unable to reproduce the measurdédraction potential, which accounts for the static, exchange,
data, particularly at small scattering angles. Moreover, thereorrelation-polarization, and absorption contributions and is
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derived from a fully molecular near-Hartree-Fock self-and a,=4.93 a.u.[24] were assumed to calculate the
consistent-fieldSCH wave function. This theoretical model asymptotic form ofV¢p. The absorption potentidd,, in Eq.
has been applied recently by Lee and [8@] for the elastic  (4) is given by[25]

electron scattering by Nin the (20-800-eV range. In their

study, the comparison between calculated and measured V,(r)=—p(r)(T /2)Y%87/5k*k3)H(a+ B—k2)

cross sections was very encouraging. Therefore, the same

model could be expected to be suitable to desceibeO, X(A+B+0), (6)
elastic collisions.

The organization of the paper is the following. In Sec. Il where
we will present a brief discussion of the theory used. The T, =k2—V/SEP )
details of the calculations will be discussed in Sec. Ill. The ’
comparison with previous theoretical and experimental re- A=5k§/( a—kﬁ), (8)
sults will be presented in Sec. IV, where we also summarize
our conclusions. B= —k§[5(k2—,8)+2k§]/(k2—,8)2, (9)

Il. THEORY and

Since the details of the SVIM and DWA have already , (at B—k?)52

been presented in previous workk8,21], only a brief out- C=2H(a+p—k )W- (10

line of the theory will be given here. In g-basis represen-
tation[22], the laboratory-framé_F) elastic DCSs, averaged |n Egs.(6)—(10), k? is the energy(in rydbergs of the inci-

over the molecular orientations, are given by dent electronke is the Fermi momentum, ang(r) is the
do 1 _ A local electronic density of the targdt(x) is a Heaviside
—=> ——|B" (k)% (1)  function defined byH(x)=1 for x=0 andH(x)=0 for x
dQ oy (20 1) mm <0. According to version 3 of the quasi-free-scattering

o model of Staszewsket al. [25],
wherej,=1"—1 is the angular momentum transferred during

> g _ 12 SEP
the collision,m; and m, are the projections of; along the a(r,B)=kp+2(2A-1)-V 11
laboratory and molecular axes, respectively, &ndis the and
scattering solid angle in the LF. In Eql), B'* | is the
mem, g 1,2 SEP
B(r,E)=kg+2(1—A)—V>=, (12

coefficient of thej,-basis expansion of the LF-scattering am-

plitude which is given by whereA is the average excitation energy anig the ioniza-

tion potential. In this study, the published valuds

Bir‘][mt,(k’)= > (—1)May (11" 0myjmy) =12.07 eV andA=21.20 eV[26] are used in the calcula-
I'm tions.
, ., ~, In the two-potential formalism the transitidhmatrix can
X mm|jmy) Yy (K, ) P

be written as

where the dynamical coefficients,,,,y can be written in Tr=(De|Uqlx; )+ (i [Uo T ) (13)
terms of partial-wave components of the electronic portion ' ' v

of the bOdy'frame fixed-nuclei transitiofrmatrix elements where the Superscrip(s{-) and (_) designate the Outgoing-
as wave and incoming-wave boundary conditions, respectively,

) w211 ) and¥, y, and® are solutions of the corresponding Schro

The elastic scattering transitidhmatrix is calculated using a (Ho+U—E)¥ =0, (14)
complex optical potential, given by

. Ho+U;—E)x=0, 15
Vopt:VSEP+IVab1 (4) ( 0 1 )X ( )

whereVSEPis the real part of the interaction potential formed and
by the static, the exchange, and the correlation-polarization (Ho—E)®=0, (16)
contributions as
Ep whereH,=—3V? is the unperturbed Hamiltonian operator
V=Vt Veyt Vep, (5 for a free electron ant is the interaction potential that can

. : . _ be arbitrarily split as
andV,,is the absorption potential. In our calculatidh, and Y sp

V. are treated exactly, whil¥cp is obtained in the frame- U=U;+U,. (17)
work of the free-electron-gas model derived from a

parameter-free local density, as prescribed by Padial and In the present study); is taken as the real part of the
Norcross[23]. The dipole polarizabilitieseg=10.74 a.u. complex optical potential, whereas, is the imaginary ab-
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FIG. 1. DCSs for elastie™-O, scattering at an impact energy of

Shyn and Sharg2] (closed circleg Sullivan et al. [9] (closed
circles; Woste et al. [8] (full square$;, Trajmar et al. [1] (open

squares
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FIG. 3. Same as Fig. 1, but fda) 10 eV and(b) 15 eV. The
(@ 5 eV and(b) 7 eV. Solid line, present results; dashed line, symbols are the same as in Fig. 1, except: short-dashed line, theo-
theoretical results of Viaie et al. [8]; experimental results are of retical results of da Paixeet al. [10].

In SVIM calculations, it is convenient to transform the
Schralinger equatio(15) into an integral form

sorption potential. The corresponding distorted-wave scatter-

ing equation(15) is solved using the SVIMREef.[18]). Fur-
is used to

thermore, a distorted-wave approximation
calculate the absorption part of tiematrix:
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FIG. 2. Same as Fig. 1, but f¢a) 8 eV and(b) 9 eV.
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FIG. 4. Same as Fig. 1, but fda) 20 eV and(b) 50 eV. The
symbols are the same as in Fig. 3, exceptdn solid line, present
DCSs calculated with absorption effects; dashed line, present DCSs
without absorption effects.
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TABLE |. DCSs, ICSs, and MTCSgn 10 % cn¥) for elastic
2 104 e -0, scattering in th&€5—-15-eV range.
1 =
Ng Angle Eo (eV)
O 44 (deg 5 7 8 9 10 15
© 3
F"o 0 0.773 1.288 1.564 1.880 1.995 4.064
Z 10 4 10 0.743  1.096 1.294 1515 1.746 3.526
@ 20 0.811 1.103 1.235 1.368 1.507 2.738
A . 30 0.979 1.222 1.315 1.397 1461 2.143
10"0 " 30 G0 90 120 180 180 40 1.122 1.291 1.353 1.399 1.441 1.678
10 % 50 1.161 1.254 1.280 1.294 1.309 1.258
E 60 1.085 1.098 1.087 1.068 1.050 0.878
{\ ] 70 0.938 0.884 0.843 0.797 0.746 0.589
N‘v’;‘ 10 3 80 0.768 0.667 0.611 0.556 0.496 0.423
g 90 0.615 0.498 0.447 0.402 0.362 0.379
© 13 100 0.498 0.401 0.371 0.352 0.347 0.423
"'o ] 110 0.424 0.372 0.370 0.381 0.411 0.509
Z 0 n 120 0.391 0.393 0.416 0.450 0.501 0.599
4 130 0.390 0.441 0.479 0.524 0.579 0.679
A ] 140 0.411 0.496 0.541 0.585 0.631 0.756
10"0 a0 ' 60 " so 130’ 180 180 150 0.440 0.547 0.592 0.629 0.660 0.843
Scattering Angle (deg) 160 0.467 0.588 0.632 0.662 0.676 0.937
FIG. 5. Same as Fig. 1, but f¢a) 100 eV andb) 200 eV. The 170 0485 0.613 0654  0.680 0.684 1.014
symbols are the same as in Fighy§ except: experimental results 180 0.492 0.624 0.665 0.690 0.688 1.046
are of Shyn and Shai2] (closed circles Daimonet al.[5] (open  ICS 8.744 9.058 9.197 9.338 9513 11.18
triangles. MTCS 6.953 7.021  7.106  7.216 7.379 8.429

or into its partial-wave expanded form
XkPIm:(I)klm"—GgUleflm’ (20)

whereGy is the free-particle Green’s operator and the super-
script P stands for principal value.-

TABLE Il. DCSs, ICSs, and MTCSgn 1016
e -0, scattering in th€20-500-eV range.

cn?) for elastic

Angle Ey (eV)

(deg 20 50 100 200 300 500
0 4855 11.87 15.34 16.34 16.85 17.06
10 4.075 7.561 8.406 7.003 6.003 4.559
20 2978 3.747 3.014 1.634 1.107 0.760
30 2,196 1.827 0.991 0.495 0.427 0.361
40 1.619 0.892 0.386 0.264 0.238 0.143
50 1.127 0.464 0.233 0.165 0.122 0.074
60 0.717 0.210 0.170 0.113 0.076 0.054
70 0.440 0.186 0.129 0.078 0.061 0.035
80 0.305 0.126 0.106 0.065 0.053 0.024
90 0.275 0.082 0.098 0.064 0.043 0.020
100 0.301 0.082 0.103 0.065 0.036 0.016
110 0.360 0.157 0.122 0.065 0.032 0.013
120 0.449 0.305 0.157 0.065 0.032 0.011
130 0.574 0.494 0.208 0.067 0.032 0.010
140 0.726  0.694 0.272 0.071 0.031 0.010
150 0.886 0.885 0.343 0.075 0.030 0.009
10 160 1.027 1.046 0.417 0.082 0.028 0.008
Y SOSCat?.gringQ&Dglelz%degiso 180 170 1.124 1.169 0.479 0.091 0.028 0.008
180 1.158 1.204 0.507 0.093 0.030 0.009
FIG. 6. Same as Fig. 5, but fag) 300 eV and(b) 500 eV. ICS 10.26 8.193 5.737 3.583 2.824 2.078
Experimental results are of Daimat al. [5] (open trianglel Iga MTCS 7.390 5.290 2.673 1.043 0.604 0.293

et al. [3] (asterisky Bromberg[4] (half-filled circles.
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We first solve the Lippmann-Schwinger equatidty. (19)
or Eq.(20)], by assuming an appropriate separable form for
the scattering potentidl ;:

M
ul<F,F'>~Ui<F,F'>=iEj (r|Uafen)(Ug Dia|Uqr),
’ (21)

where U7 ! is the inverse of the matrix with elements

(Up)ij=(ailUs|a;) and{a;} is a set of square integrable
basis functions, adequately chosen to represent the separable
potential. With this approximation, the partial-wave
K-matrix elements can be obtained as

M
K||/m:i§;4 (PrmlUl @)D j( ;U Pyyrmy), (22)

and the corresponding approximate scattering solution with
outgoing-wave boundary condition as

M
(So), = - -
Xeim (0= Py 2 (11667 U4 e

X[D) ()| U] @y ) (23

ICS (107*® cm®)

MTCS (107*® cm®)

12

10

10 1Q0
Energy (eV(s

FIG. 7. (a) ICSs and(b) MTCSs for elastice™ -O, scattering.

In Egs.(22) and(23), Dj; is a matrix element defined as Solid line, present calculated results; dashed line, theoretical results

b of Wosteet al.[8]; experimental results are of Shyn and Shih
Dij :<ai|U1_U16 Ullaj>- (24) (closed circley Sullivan et al. [9] (open circley Wosteet al. [8]

) ) _ (closed squares Trajmar et al. [1] (open squares Iga et al. [3]
Converged scattering wave functions can be obtainegssterisky Kanik et al.[7] (full triangles.

through an iterative procedure. For this, a new basis set is
formed by augmenting«;} by a set of new functions

—i,S So So
SO_{Xkllm’Xklzm’ cee ’Xklpm}’ (25

which are the scattering solutions of E@.9). Using this
augmented set of functions, a second set of scattering solu-
tions

S S S
S1:{)(klllm’)(kllzm’ Tt ’Xkllpm} (26)

is obtained through Eq$19)—(23). This iterative procedure

is continued until the desired convergence is achieved. It can
be showr{27] that the converged wave functions correspond

to the exact solutions of the Lippmann-Schwinger equation
for the assumed potentiél;.

Since the ground state of,0s X32§ , two spin-specific
scattering channels, the doublet and the quartet, have to be
considered in the present study. Therefore the statistical av-
erage of the elastic scattering DCSs is written as

do
dQ

wheref(® andf(® are the scattering amplitudes for the dou-
blet and quartet channels, respectively. The spin-flip DCS,

1
— AP 2], (27

Partial ICS (a.u.)

Partial ICS (a.u.)

30

T T T T T
SF ; . 5 15 25 35 45
(do/dQ)>" can also be expressed in a similar manner as Energy (eV)
SF
d_" :i|f(4)_f(2)|2 (28) FIG. 8. Present partial-channel ICSs f@ doublet and(b)
dQ) 27 ' quartet couplings. Solid lin&,; channel; dashed Iiné,g‘ channel;

short-dashed lindl4 channel; long-dashed lingl,, channel.
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FIG. 9. Polarization fractions for randomly oriented target at an Scattering angle (deg.)

impact energy ofa) 5 eV and(b) 8 eV. Solid line, present results; FIG. 10. Same as Fig9], but for () 10 eV and(b) 15 eV

c_iashed Ilne,_ theoretical re§ults of Fullertenal. [12];_Iong-dashec_j except: short-dashed line, theoretical results of da ®aikal.[10].
line, theoretical results of Wate et al. [17]; closed circles, experi-

mental results of Hegemaret al. [15] and Hegemanhl6)]. V. RESULTS AND DISCUSSION

By applying the density-matrix formalism of Bluf28] it is In Figs. 1-6 and in Tables | and Il we show our calcu-
possible to relate the polarization fracti®/P to the spin- lated DCSs for elastie™-O, scattering at incident energies
specific amplitude$® andf*) as (Ep) ranging from 5 to 500 eV, along with some available

experimental and theoretical results. For energies below 50
) eV, the absorption effects are small and thus can be ne-
P’ 2 1 4 do\ ™ glected. In general, a very good agreement between our re-
FZ[ <§|f(4)|2+ §|f(2)|2) _2(2—7|f(4)_f(2)|2) (d_Q) : sults and the experimental data is observed. Below 10 eV,
(29)  our calculations were able to predict the structures in the
DCS at small scattering angles shown in the experimental
data of Sullivaret al.[9]. At 10 and 15 eV, our results are in

IIl. NUMERICAL PROCEDURE good agreement with the SMC results of da Paiggal.[10]

and the nine-stat®&-matrix DCSs of Nordbeclet al. [13]

The complex optical potential is derived from a fully mo- mainly for scattering angle@< 120 °. For energies above 15
lecular near-Hartree-Fock SCF wave function of the oxygereV, there are no other theoretical DCSs reported in the lit-
ground state. This wave function is calculated using the starerature; therefore, comparisons were made only with the ex-
dard[5s,4p] contracted basis of Dunnin@9] augmented perimental data. At 20 eV, our calculations were able to pro-
with one d function with exponentx=0.9 centered on the vide DCSs in good agreement with the experimental data. At
nuclei. At the experimental internuclear distance of 2.2874 50 and 100 eV, the calculated results are in very good quali-
the calculated total SCF energy 15149.6401 a.u., which tative agreement with the measured data of Shyn and Sharp
compares well with the result of da Paixaetal. [10]  [2]. Quantitatively, our results lie above the measured DCSs
(—149.6394 a.u.) and with the Hartree-Fock liniB0]  at intermediate and large scattering angles. For these ener-
(—149.6659 a.u.). The partial-wave expansion of all boundyies, the inclusion of the absorption effects introduced only
orbitals and of the static potential was truncated,at=40.  small improvement in the calculated DCSs, as can be seen in
With this truncation parameter, the normalizations obtainedrigs. 4b) and 5a). On the other hand, &,=200 eV the
for the bound orbitals were better than 0.999. In order toabsorption effects are shown to be significant; their inclusion
ensure convergence of the scattering solutions, terms up o our calculations led to an excellent agreement with the
| ,=20 andm,=17 were included for all angular-momentum measured data of Daimoet al. [5], as can be seen in Fig.
expansions. The radial integrations were performed over &(b). For E,>200 eV our DCSs, calculated both with and
grid containing 650 points, extending from the origin to without the inclusion of absorption effects, are in very good
119.6 a.u. Three iterations of the SVIM provided convergecagreement with the measured data of Daimetml. [5], Iga
solutions for all channels. et al. [3], and Bromberd4]. Nevertheless, the DCSs calcu-
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lated with absorption effects are in better agreement with thand the theoretical results of da Paixet al.[10], Fullerton
measured data, except at large scattering angles. It is inteet al. [12], and Wate et al. [17]. At 5 eV, the calculated
esting to note that at 200 eV the experimental results of Shy®'/P of Wosteet al.[17] are essentially identical to those of
and Sharp lie systematically below those of Daineiral.  Fullertonet al. [12] and therefore are not shown. The com-
[5]. This discrepancy may suggest that the measured data parison with the experimental data of Hegematral. [15]
Shyn and Sharp could also be too low at 50 and 100 eV. and of Hegemanin16] is only reasonable. Our calculated

In Figs. 1@ and 1b) we compare our calculated ICSs P’/P for randomly oriented targets in ti{20—50-eV range
and momentum transfer cross sectioddTCSs, respec- (not shown are essentially close to unity for all scattering
tively, with the available experimental and theoretical dataangles. Unfortunately, neither experimental nor other theo-
In general, our calculated results are in very good qualitativeetical results are available for these energies.
agreement with the measured data. Quantitatively, our cross In summary, we have reported elastic DCSs, ICSs, and
sections lie within the experimental uncertainties, quoted aMTCSs for electron-@ collisions in the(5—500-eV energy
about 20%. Particularly, at higher incident energies, our rerange, as well as the’/P ratios in the(5—-50-eV range. A
sults agree very well with those of Igat al. [3] and Kanik  complex optical potential, derived from a fully molecular
et al. [7]. In addition, both our calculated ICSs and MTCSsnear-Hartree-Fock self-consistent-field wave function, was
exhibit a resonant structure at around 15 eV. In order taised to describe the electron-molecule interaction. Our cal-
understand the physical origin of these resonances, calculaulations have shown that the correlation-polarization poten-
tions of partial-channel ICSs were carried out in t8%e-  tial is very important at low incident energies whereas the
50)-eV energy range, whose results are shown in Fig®. 8 influence of absorption effects is significant for intermediate
and 8b) for the doublet and the quartet couplings, respecenergieg100-300 eV. In general, our calculated cross sec-
tively. As can be seen, the enhancement of the cross sectiotisns are in good agreement with the available experimental
at around 15 eV can be associated with both3kg and the  data and with other theoretical results. In addition, the ob-
43, resonances. In contrast to the prediction of Fullertonserved enhancement in the ICSs and MTCSs at around 15 eV
et al. [12], no resonance in theIl, scattering channel was identified as a resonance in the, and the*Y scat-
around 8 eV was found. tering channels.

Figures 9 and 10 show our results of the polarization frac-
tion P'/P for randomly oriented tar_gets at energigs=>5, 8, . ACKNOWLEDGMENTS
10, and 15 eV. Again, both experimental and other theoreti-
cal results available in the literature are shown for compari- The present work was partially supported by the Brazilian
son. A good agreement can be observed between our resuligencies CNPq, FAPESP, and FINEP-PADCT.
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