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Calculation of Electron-Impact 2s22p* 3P — 2p33s2S° Transition in Atomic
Oxygen *
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The inelastic scattering of electron from oxygen for the 2s22p* 3P — 2p®3s 35° transition is studied using the
momentum-space coupled channel optical method at 15, 17.5, 20, 22.5, 25, 27.5, 30, 50, and 100eV. Direct
ionization cross sections, i.e. differential and integral cross sections, are reported. Important continuum states
are included in the coupled channel calculation via a complex equivalent-local optical potential. The present

results are compared with the available experimental data and other theoretical calculation results.

PACS: 34.80.Dp

Atomic oxygen is one of the most abundant ele-
ments in the universe. Its collisions with electron be-
come interesting in astrophysics and aeronomy. The
collisions may be the reasons for producing various
emission lines of atomic oxygen that are detected in
Earth’s airglow and aurora as well as the far ultravio-
let spectra of Venus and Mars. Therefore the accurate
data of cross sections are in great need to model and
to interpret these observations.

Because of the experimental difficulties of generat-
ing and handling atomic oxygen for laboratory mea-
surements, large discrepancies exist among the pub-
lished data of previous experimental work on atomic
oxygen. Differential cross section (DCS) and inte-
gral cross section (ICS) for excitation of various levels
in the 2s22p* 3P — 2p33s 35° transition, which is
arguably the most important resonant transition in
the O I system, have been studied using energy-loss
spectroscopy by Doering and co-workers, '3 Kanik
et al.l* and Johnson et al.l%!

There are only a few theoretical works on the
electron—oxygen system. In low energies (< 15eV),
Wu and Yuan[® have reported theoretical calcula-
tions by using the R-matrix theory. More works have
been reported in the intermediate energy region 15—
100eV. Kanik et al!¥l reported the theoretical calcu-
lations of DCSs, using the R-matrix approach with
multi-configuration interaction target wavefunctions,
including 22 LS target states in the close-coupling ex-
pansion. The standard R-matrix theory cannot in-
clude the continuum states. Tayall”l has calculated
the ICSs using the R-matrix with pseudostates ap-
proach (RMPS) theory, in which the pseudostates are
included to simulate the effect of continuum target
states, and the results show that the continuum states
for electron-impact excitation of atomic oxygen is very
important. Later, Johnson et all’l used the RMPS
theory to calculate the DCSs and ICSs in the en-

ergy range 15-27.5€V, including 18 bound states, 4
autoionizing states and 19 pseudostates in the close-
coupling expansion.

In this Letter, we report a detailed calculation
of DSCs and ICSs for electron scattering by atomic
oxygen in 15-100 eV with the coupled channel optical
(CCO) method. The momentum space CCO method
we used for electron—atom scattering was developed
in the 1980s using an extreme screening approxima-
tion to describe the three-body breakup process.!®*]
It has given excellent ionization cross sections for elec-
tron scattering by hydrogen.!8! The CCO method for
electron scattering solves coupled integral equations
for discrete channels (P space) to convergence using
a coupling potential that includes an ab initio polar-
ization part describing the real and virtual excitation
of the continuum of @ space. With different spe-
cific levels, the method has broad success for atoms
whose structure can be described by one or two ac-
tive electrons,['°~13] but applications of this method
to calculate electron scattering by a complex atom
have been limited. In the present work, we use a
quasi-one-dimensional electron model to treat the tar-
get of oxygen. This method significantly simplifies the
scattering problem, and allows us to apply the CCO
method to treat the scattering of electron from the
atom with an open-shell complex structure.
good test of how the description of target states af-
fects the scattering cross sections.

It is a

A detailed description of the coupled-channel op-
tical method to study electron—atom scattering pro-
cesses in momentum space can be found in Ref. [9].
Here we briefly review the essential features of the
CCO method.

The coupled-channel optical calculation involves
the solution of the coupled integral equations!®!

(kii|T\jk;) = (kiilV + V@ [jk;)
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where
(ki T|jk;) = (kadl V]2 (ky), (2)
is the T-matrix element for the transition from the
(N + 1)-electron channel state |jk;) to |ik;). The ket

\&DJ(H} is the formally exact solution of the (N + 1)-
electron Schrodinger equation with total energy FE
for entrance channel j, while ¢; is the energy of the
N-electron target state |j). The first-order electron-
target potential V includes the appropriate exchange
operator. The complex polarization operator V(@) is
written in the Feshbach formalism as

1
(E) — QHQ)

where the operators P and @ project the explicitly
coupled channels and the remaining channels, respec-
tively.

The optical potential matrix elements for two-
electron target atoms can be written as (in the no-
tation of Ref. [14])

v = pvQ QVP, (3)
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Here Wl(f)(k) is the three-body wavefunction for a fi-
nal target state [ with the appropriate boundary con-
ditions, and P, is the space-exchange operator. The
spin coefficients a, and b, which depend on the total
spin S are explicitly detailed in Ref. [14]. For the con-
tinuum target states [ the summation is replaced by
momentum integration.

In the present work, the considered Q-space only
includes the continuum channels. Using the screening
approximation® we can write the continuum polar-
ization potential as

(ki |V @D jk;) = /d3k’/d3k > (as+bsPy)

leQ
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where &Dl(_)(k<) is the Coulomb wave (orthogonalized
to the bound state from which the electron was ex-
cited) which represents the slower electron. For com-
putational tractability, an angular momentum projec-
tion is used to approximate the non-local optical po-
tential and k; is taken to be on the energy shell.[®!

The angular momentum projection of the optical
potential matrix element is

‘/l”l’l(K) = Z Cg:/l/lél/m/dk<kll|v(Q)

m!'m/

17k YT Y (K, (6)

where K = k; — k;, the orbital angular momentum
quantum numbers I’, m’ and I, m belong to the tar-
get states ¢ and j respectively, and Cf,l:,l,'fn,m
the Clebsch—Gordan coefficients. For the optical po-
tential calculation the target states are represented by

the appropriate Hartree—Fock configuration. Here we

denotes

assume that the spin projection of electron in excited
states is —1/2. The set of coupled integral equations
(1) is solved by following the numerical techniques as
detailed by McCarthy and Stelbovics.*!

In the present calculation, seven discrete states of
oxygen are included in P space. They are 2p* 3P,
2p33s 35, 2p33p 3P, 2p34s 35°, 2p33d 3D°, 2p34p
3P, 2p35s 35°. The optical potentials in @Q space
that describe the target continuum are in the cou-
plings 2p — 2p, 2p — 3s, 2p — 4p, 2p — 5s, 2p — 4s,
3p—3p, 3p—4s, 3s—3s, 4p —4p, 4s —4s, 2p — 3p, and
5s5—>5s. In the present calculation the single configura-
tion Hartree—Fock approximation is used to describe
the target states. The orbitals of target are repre-
sented by the Slater-type orbital wavefunction.

The ionization cross section results of the present
CCO method and the binary-encounter Bethe (BEB)
modell’®! are displayed in Fig.1. It shows that the
present result is lower than the result of BEB at ener-
gies > 50eV. The results of BEB model are total ion-
ization cross sections containing the autoionized state,
which is an important state connecting the discrete
states with the continuum states, and the CCO re-
sults are direct ionization cross sections without the
auto-ionized state. That may be the main source of
the differences between both the methods.

Present result

Ionization cross section (a2)

Ol e BEB model
(Kimet al. 2002)
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Fig. 1. Ionization cross sections for electron scattering by
oxygen.



No. 1 WANG Yang et al. 89
T T T T T T T T T T T T T T T T
E=15¢eV . R4 E=17.5eV ' ' " TE=20ev | ' '
— 4 — Present results (CC o) —_ Present results (CCO) 5 O
7 10 _\fez =+~ Present resulis without continuum 10 ¥ - Present rosults without continuum o fesenpmean e &E;Szt continuum
states > states (CC g . s (CCY
= « Johnson et al. (2003) {0+ Johmson ct & (2003) 1072 - o goiates (O (2003)
o~ -- RMPS theory (Johnson et al.(2003) -~ RMPS theory (Johnson et al.(2003) N - >g ’ 200
VA e S 3 & A\ RMPS theory (Johnson et al.(2003)
g ' Gulcicek and doering(1988); E=13.87eV ¢ © Gulcicek and doering(1988); E—16.5 0V QY v Gulcicek and doering (1988); E—20 eV
3} v Doering and Yang (2001); E =13.4 eV . * Docringand Yang (2001); £ = 18.6 oV 2 i E=20¢
0
® 14 14
|
o
i
o
0
O -~ -
A 0.1 (a) 0.17
T T T T T T T T . . . . . r
40 80 120 160 0 0 40 80 120 160
T T T T T T T T
3 B =22.5eV 100 ' ' " E=25ev ' ' ' 100 . ' ' = 2756V ' '
o i — Present results (CCO) iGQ TooEresent re§ulf§ (GC0) onti | A —  Present results (CCO)
| i —..- Present results without continuum Present results without continuum L % == Present results without continuum
i 104+ states (CC) 103 ™ . jstates (CC) i L states (CC)
& B + Johnson et al. (2003) 5 Johnson et al. (2003) . . * Johnson et al. (2003)
™ X -~ RMPS theory (Johnson et al.(2003) " A BMPS thedry (Johnson et 0l.(2003) 10 4 \..-- RMPS theory (Johnson et al.(2003)
g v Doering and Yang (2001); E=23.6 eV 1 S Vaughan and Doering (1987); £'=25eV
S 3 . -
] AAAA ==
T 14 ‘:\ A e a7
= 0.14 -
i %
~— \.. .
n v s, - g s
&) S 0.015 . P
R 013 (@) (©
T T T T T T 0.001 T T T T T T T T T T T T T
0 40 80 120 160 0 40 80 120 160 0 40 80 120 160
100 —— LN L B 1000 T T T
— ® E=30eV . E =50eV E =100eV
4 — Present results (CCO) 100 3. . . X — Present results (CCO)
[ \ -~ Present results without continuum states (CC) — Dt reulEn), 1004 -~ Present results without continuum
(% 10 ] « Kanik et al. (2001) ) S, :te;?g: ?"e_sq ts without continuum states (CC)
i \ . i 2
Bl ' o Vaughan and Doering (1987); E = 30 eV 104 & « Kanik et al. (2001) Kantk e.al. (2001)
g \ ’ : ‘ d > / < 10+ Vaughan and Docring (1987); E=100 eV
S - - R-matrix theory (Kanik et al. 2001) \ © Vaughan and Docring (1987); E=50¢V ho R . 3 "
\ : ! g \OQ - - R-matrix theory (Kanik ct al. 2001)
@ - - R-matrix theory (Kanik ¢t al. 2001)
— 1 | 1‘,
|
=
N 0.13
8 0.14
A 0.01 3
0.01 T T T T T T T T T T T T T T 0.001 T T T T T T T T
40 80 120 160 0 40 80 120 160 0 40 80 120 160

Scattering angle (deg)

Scattering angle (deg)

Scattering angle (deg)

Fig. 2. DCS for electron scattering by oxygen at different energies.

The DCS calculations of 2522p* 3P — 2p33s 35°
transition are depicted in Figs.2(a)-2(i) that corre-
spond to impact energies in 15-100eV, respectively.
There are the present CCO and CC (without con-
tinuum states) results, along with the R-matrix and
RMPS calculation results of Refs. [4,5], and the ex-
perimental data from Kanik and co-workers,/*% Do-
ering and co-workers!!=3! in these figures. The ICS
results are shown in Fig. 3, compared with the exper-
imental data of Refs. [1-5] and the RMPS calculation
results.[*:9]

It is clear from Fig.2(a) that there is good agree-
ment in shape between the present results and the
experimental data at 15eV impact energies. The
present results agree better than the RMPS theory
at scattering angles > 15°, though at small angles the
present results are slightly lower than the RMPS the-
ory. Moreover, the same trend to the experimental
data is observed at middle angles (60°~120°). At this
energy the CCO curve coincides with the CC curve.
This indicates that the continuum states may not play
a great role in the low—intermediate energy region.

In Fig. 2(b), different theoretical calculations have
different results, and so do the different experimental

data. The CCO results agree with the experimental
data of Gulcicek and Doering!? well at angles 40°-
80°, while there is good agreement in shape between
the CC results and experimental data of Doering and
Yang®! at angles 40°~100°. The RMPS curve shows
similar trend with the experimental data of Doering
and Yangl®! at larger angles (> 100°). However, it
seems that more experimental data are needed at this
energy because the data of Doering and coworkers!?]
were not exactly at 17.5eV.

Figure 2(c) shows that the CCO and RMPS curves
are similar at 20 eV. Furthermore, at scattering angles
larger than 5°, the RMPS results are slightly higher
than the present CCO results and the experimental
data. Compared to the CC curve, the CCO curve im-
proves significantly at angles smaller than 110°.

The CCO results differ in shape from the ex-
perimental data at 22.5eV in Fig.2(d), while the
RMPS results agree with the experimental data bet-
ter. Nonetheless, they present a similar trend. The
CCO results improve greatly, compared with the CC
results. Then the similar situations appear at 25, 27.5,
and 30eV in Figs. 2(e), 2(f), and 2(g). In this energy
region, the present CCO results are higher than both
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the experimental data and the RMPS results at scat-
tering angles larger than 20° (at angles larger than
30° in Fig.2(g)). This may be due to the fact that the
effect of discrete states is large in this energy region
and only seven discrete channels in P space are not
enough for describing the electron—oxygen interaction
system, and the influence of autoionized states seems
to be important in this energy region.

At 50 and 100 €V in Figs. 2(h) and 2(i), the present
CCO results are lower than the experimental data at
angles larger than 40°. However, compared with CC,
the CCO results improve significantly. Furthermore,
the CCO curves show a similar trend with the experi-
mental data. They are better than the RMPS curves.
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Fig. 3. ICS for electron scattering by oxygen.

As is expected, the present results with optical po-
tentials are obviously in better agreement than the re-
sults without continuum states, which can be observed
in Figs.2(c)—-2(i). This implies that the continuum
states play a significant role in intermediate energies.
At large scattering angles, the experimental data are
scarce and we can only compare our results with the
theoretical calculations.

Figure 3 shows that the present ICS results are
similar to the model of Johnson et all¥ at ener-
gies > 30eV. While in the low—intermediate energies,
they present opposite outlines, and the CCO results
are closer to the experimental data. Tayal’s RMPS
results”l show the same trend with the present re-
sults at energies smaller than 25eV. It seems that the

present ICS results show excellent agreement.

The calculation results show that the CCO method
can reproduce data that agree well with the experi-
mental data. It is evident that the CCO method has
the ability to treat electron—atom system which has
an open-shell complicated structure.

The present results prove that the single configura-
tion Hartree-Fock approximation represents the tar-
get wave state properly, which means that the con-
figuration interact (CI) wavefunction could not play a
large part in describing the electron—oxygen interac-
tion system.

In the present calculation, the optical potential
plays a significant role in intermediate energies. It is
indicated that the continuum states give a great effect
on the electron scattering by atomic oxygen. In low-
intermediate energies the discrete channels may have
a great effect. In the present calculation, autoionized
states, which are proven to have an important effect in
energies 22.5 to 30eV, have been omitted. This may
be the main source of differences with RMPS results.

In future work, we plan to develop a complete
method that can take all channels, including autoion-
ized states, into account.
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