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Cross sections of e -O scattering at intermediate and high energies (E; =8.7—1000 eV)
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Various total cross sections and elastic differential as well as momentum-transfer cross sections for
electron scattering by oxygen atoms are calculated for incident energies E; =8.7—1000 eV. A partial-
wave analysis of the local, complex, energy-dependent optical potential yields reliable total cross sec-
tions. Discrepancies between theories and experiment exist at low energies, but a reasonable energy-
variation picture of various e -0 cross sections emerges. The present total inelastic cross sections are
similar to but higher than the recommended total ionization cross sections.

PACS number(s): 34.80.—i

I. INTRODUCTION

There have been several earlier [1—5] as well as recent
[6—9] investigations on the scattering of electrons by
atomic oxygen in its ground ( P) state. Elastic-scattering
measurements on the e -0 system, done by Williams and
Allen [6] are available at low energies, up to 8.7 eV only.
There are hardly any experiments on this system at inter-
mediate and high energies, and the theoretical investiga-
tions [3,5,8] are also scarce and inadequate. At such en-
ergies the e -0 system may be represented reasonably
well by a local, complex, and energy-dependent optical
potential to treat elastic scattering. However, the main
physical effects must be included adequately in the opti-
cal potential. Recent compilations of Itikawa and
Ichimura [7] on this system are based on, among other
things, the calculations of Blaha and Davis [3], in which
the polarization effect was not treated adequately. It be-
comes necessary here to employ different model poten-
tials to account for this effect in the different regions of
incident energy. In the present paper, we report, over a
wide energy range (E; =8.7—1000 eV) our theoretical in-
vestigations on total elastic cross sections Q,&, total in-
elastic cross sections Q;„„, total (elastic plus inelastic)
cross sections Qz, elastic diff'erential cross sections
(DCS), and the momentum-transfer cross sections QM for
the e -0 scattering. We have tested our results against
the background of experimental and other available data.
Notably, plenty of reliable data are available on e -Oz
scattering. We have used the data here to draw con-
clusions regarding the e -0 system, within the frame-
work of the independent-atom model, at high energies
roughly above 100 eV.

II. THEORETICAL MODELS AND CALCULATIONS

We represented all the major interactions of the e -0
scattering through a complex, energy-dependent, optical
potential V, ,(r,E, ). The real co.mponent of the V,p,
consisted of the static, exchange [10], and polarization
potentials, while the imaginary component was in the

Vcp(r)=
V„,[p(r)], r ~ro

r &ro,
2T

where the correlation potential V„, is determined as a
density functional (Ref. [13]) and where ad is the dipole
polarizability. This form of the CP potential does not de-
scribe the observed features [6] at low energies, as the
short-range part V„, turns out to be rather strong [9].
Hence, at 8.7 eV, the lowest energy of our present in-
terest, we adopted the well-known sharp cutoff version

V,~
( r; ro ) = —

I 1 —exp [ (r lro ) ]], —

TABLE I. Properties of atomic oxygen adopted [5,7] in the
present work.

2.

3.

Dipole (quadrupole}
polarizability
ad (aq)
Mean excitation
energy
First excitation
threshold
Ionization
potential
energy

5.2 (16.3) a.u.

1.005 hartree

9.146 eV

13.618 eV

form of an absorption potential [11]. The target charge
density p(r ) required to express these potentials was cal-
culated through Hartree-Fock (HF) wave functions [12].
Various properties of the oxygen atom which are re-
quired in the present calculations are given in Table I.

Detailed expressions of the static, exchange [10], and
the absorption [11] potential are omitted here. To ac-
count for the polarization effect at intermediate energies
(E, =10—50 eV), we follow the correlation polarization
[9,13], or the CP model. In this model the short-range
and the long-range terms of the polarization potential are
joined at their erst crossing point r = ro, such that
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where the cutoff parameter was chosen to be ro =2.97ao,
as determined from Eq. (1) for atomic oxygen. Now, to-
wards high energies the CP model fails to describe the
dynamic response of the target to the impinging electron.
Hence, we employed the following dynamic polarization
potential [5,9] for E; ) 50 eV:

2
Ex' r 4

VDp(r;k)= —— +(„2+„2)3 („2+„Z)5

/S-
~N

EV 0
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0
Ul
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Q
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with r, =0.375k lb, . (3) I i I I I I I I I
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Here, k is the incident momentum, and other parameters
of Eq. (3) are given in Table I. Thus, in order to
represent polarization effects, we have chosen Eq. (1) at
E; =10—50 eV, Eq. (2) at E, =8.7 eV, and Eq. (3) for
E; )50eV.

In a partial-wave decomposition scheme, the radial
Schrodinger equation incorporating V, , was solved by
the variable step-size Numerov method, and the complex
phase shifts 5,(k ) were obtained. The step size for radial
integrations was varied typically from 0.001ao to 0.05ao.
The step size and the (large) "matching" distance were so
chosen as to achieve the convergence of the phase shifts
within 10 rad. The maximum number of partial wavesl,„required to compute the present cross sections varied
from 20 to 200, depending on E, . The total elastic cross
section Q, i and the total inelastic cross section Q;„,i, cal-
culated from 5,(k) using the standard expressions [14],
yield

8 (deg]
FIG. 1. DCS of e -0 scattering at 8.7 eV: ~, measurements

of Williams and Allen [6];,from statistical phase shifts of
these measurements; ————,present results with V~,&(r;r0);
and ——-, present results with Vcp.

the theoretical resu, ', or f'c.. [3] ~re qualitatively similar
to ours, but they are . wer than ours at small angles, be-
cause of their [3] neglect of polarization beyond the par-
tial wave l =3. At high energies, e.g. , 500 eV, the polar-
ization effects are significant only at small angles below
20' or so. Beyond this, the present and the previous [3]
theories are quite similar. He. ~ce, in Fig. 3, the two 500-
eV DCS's are virtually identical, except for 0 —20. The
dynamic polarization potential is reasonably well suited
at high energies. Now, in Fig. 3, the present DCS's at

QT =
Qei + Qinei (4)

Thus, Q;„,i describes the collective eff'ect of all nonelastic
scattering, including ionization processes. The total
(elastic plus inelastic) cross section QT calculated directly
through the optical theorem numerically agrees with that
obtained from Eq. (4).

10

III. RESULTS AND DISCUSSION

Oxygen is an important light open-shell atom with
moderate polarizabilities. The present theoretical work
gives a reliable picture of its electron-scattering proper-
ties in terms of magnitudes and energy dependence. The
elastic differential cross section (DCS) of e -0 scattering
is shown in Figs. 1, 2, and 3 at representative energies. A
comparison with the measured angular distribution of
Williams and Allen [6] at 8.7 eV (Fig. 1) shows a good
general agreement at intermediate and large angles. Our
theoretical values (and also earlier theoretical data) are
lower than the measured DCS at small angles (8 (30') in
the low-energy region. Our calculated phase shifts con-
verge slowly in comparison with those obtained from the
measured DCS (Ref. [6]), and hence the small-angle
discrepancy. The approximate exchange and the CP po-
tentials also contribute to the same. At a typical inter-
mediate energy of 50 eV (Fig. 2), the theoretical DCS
show a deep minimum around 90 . In Fig. 2 our
complex-optical-potential (COP) results differ somewhat
from our real-potential (RP) results, which ignore the ab-
sorption eff'ects. At 50, 100, and 500 eV (Figs. 2 and 3),
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FIG. 2. 50 eV: Curve (1), present COP results; Curve (2),
present RP results; and ————,Blaha and Davis, Ref. [3].
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FIG. 3. Upper curves, 100 eV; Lower curve, 500 eV. Curve
(1), present results with the dynamic polarization potential;
curve (2), present results with Vcp,' ————,Ref. [3].

100 and 500 eV are exhibited in the real potential ( VRp )

only. Towards high energies, the absorption potential of
Ref. [11],adapted for e -0 scattering, shows a rather ex-
cessive loss of Aux in the inelastic channels, at small r.
The resulting large-angle DCS's in V,„, are much lower.
This was also observed by Jain [15] for CH4. Now the
momentum-transfer cross section (MTCS) Q~, being
more sensitive to the large-angle DCS, also get reduced
correspondingly. In Fig. 4 the exhibited Q~ values at
E, & 100 eV are those obtained in VRp only. Notably, the
e -02 cross sections based on the RP-DCS of e -0
scattering show a good accord with experiments (Ref. [8]
and references therein).

Our Fig. 4 depicts various total cross sections of e -0
scattering as functions of energy. Also included are the
previous theoretical [7] and the experimental [6] results
at low energies, in order to afford a complete energy-
variation picture. We have QT=Q, ~

for E, &9.146 eV
(see Table I) in the present case. Our calculated value of
QT (or Q„) at 8.7 eV agrees very well with the experi-
ment [6]. Beyond this energy, our values of Q, &

are
slightly lower than the published data [7], since our cal-
culations also include the effect of inelastic scattering
[Eq. (4)]. The cross sections QT and Q, &

exhibit a broad
maximum centered around 10 eV or so. The total inelas-
tic cross section Q;„,& (not shown) has a peak between 50
and 100 eV. It is qualitatively similar to but higher than
the recommended total e -0 ionization cross sections
given in Ref. [7].

10 10
Electron energy (eV)

FIG. 4. Various cross sections of e -0 scattering as func-
tions of energy: , present; ————,Itikawa and Ichimura
[7];~ and A, measurements of Williams and Allen [6].

The momentum-transfer cross section QM (Fig. 4)
peaks around 10 eV and decreases rapidly, since the
backscattering is subdued at high energies. The
difference between experiment and theory is larger for
QM than for Q,&, below about 10 eV. The present local
potentials are inadequate at these energies.

At high energies, on the other hand, an indirect sup-
port of our calculations is offered by an independent-
atom model [16] connecting e -Oz and e -0 cross sec-
tions. In this model we can formulate [9] an additivity
rule [17] expressing the molecular cross section QT as an
incoherent sum of the QTs of the constituent atoms.
Thus at 300 eV the present QT=2. 57X 10 ' cm for
atomic oxygen, when multiplied by 2, is consistent with
the experimental result [18] for 02 molecules, viz. ,
4.9 X 10 ' cm . The measured data [18]on O2 indirectly
confirm our results on the oxygen atom, above 100 eV or
so. The present values of Q, ~

for e -O scattering differ
from those of Ref. [8] in which exchange and absorption
effects are not considered. At intermediate energies all
our total cross sections are expected to be better than the
previous results. Towards low energies, a discrepancy ex-
ists between theory and experiment, especially in the
small-angles DCS's, but the work presented here still
offers a reasonable energy-variation picture of various
e -0 cross sections.
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