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Data have been compiled on the cross sections for the collisions of electrons and pho-
tons with atomic oxygen (O). The processes considered are total scattering, elastic scat-
tering, momentum transfer, excitations of electronic states (including fine structure levels
of the ground state), ionization, and electron attachment. The cross-section data are
presented graphically. Energy levels, transition probabilities and some other properties of
atomic oxygen are summarized to aid understanding of the collision processes. The litera-
ture was surveyed through December 1988, but more recent data, if they are available to

the authors, are included also.

Key words: atomic oxygen; cross section; electron collision; energy levels; oscillator strength; pho-

toionization.
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1. Introduction

Recently the present authors published compilations of
cross-section data for the collision of electrons and photons
with nitrogen (N,)! and oxygen (O,)? molecules. These
molecules are the major constituents of the Earth’s atmo-
sphere. Atomic oxygen (O) is also important in the upper
atmosphere of the Earth, since it is the most abundant spe-
cies at heights between 200 and 600 km. Furthermore, atom-
ic oxygen plays a significant role in the atmospheres of other
planets (e.g., Venus and Mars) and in various astronomic
objects. As an extension of the previous work on N, and O,,
the present paper compiles the cross-section data for the col-
lision of electrons and photons with O.

The principle and detailed procedure of compilation
and the evaluation of the data are essentially the same as in
the previous papers.’> The compilation is based on experi-
mental data, as much as possible. In some cases, theoretic
results are shown with the experimental data so that the
reliability of the calculations can be seen. Where there are no
experimental data available, only theoretic data are given.
The collision processes considered here are only those with
the atomic oxygen, in its ground state. Collisions with oxy-
gen ions are excluded. (Cross sections for the electron im-
pact excitation of 0"+ were compiled by Itikawa ef al.® and
those for the ionization of 0"+ were collected by Bell et
al*) No data are presented on the differential cross sections
with respect to scattering angles. The energy of the incident
electron or photon is, in most cases, limited to < 1keV. The
literature has been surveyed through December 1988, but
some more recent data were considered when available to
the present authors.

In the next section, spectroscopic and other properties
of O are briefly summarized. Photoionization of O is dis-
cussed in Sec. 3. In Secs. 4-7, data on electron collisions are
presented. Finally a sammary and discussion of future prob-
lems are given in Secc. 8.

2. Properties of Atomic Oxygen
2.1. Energy Levels

The most reliable compilation of the energy levels of
atomic oxygen was made by Moore.® Table 2.1 shows a num-
ber of lower states and several autoionizing states which will
be referred to in the following sections. Figure 2.1. gives a
partial energy-level diagram of O. Both the table and the
figure include only the states with total orbital angular mo-
mentum < 3 (i.e., S, P, Dstates). In Fig. 2.1, intense dipole-
allowed transitions from the ground state are indicated by
vertical lines with oscillator strength. A complete Grotrian
diagram of O has been given by Bashkin and Stoner.® Except
for the ground state, only the lowest level of each multiplet is
shown in Table 2.1 and Fig. 2.1. Table 2.1 contains the ioni-
zation potentials for the production of ions in specific states.

Many autoionizing states are known to exist in atomic
oxygen. Some of them are included in Fable 2.1 and Fig. 2.1.
Dehmer et al.,” for instance, made a detailed study of the
autoionizing states by a photoionization experiment, which
covered the wave length range 92.0-65.0 nm.
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TABLE 2.1. Energy levels of lower states of atomic oxygen. Some autoioniz-
ing states and ionization potentials are also listed

State Configuration Energy (eV)"
0" (°P) 48.77
o+ (?P%) 18.64
o+ (D% 16.94
4d’ *p° 252p° (*D°%)4d 16.11
2p° 3p° 22p° 15.66
3d’ ip° 282p° (*D®)3d 15.29
35" SPY 25°2p° (*P°)3s 14.12
0+ (489 13.618
7d *D° 252p° (*S*)7d 13.34
6d °D° 2522p° (*S°)6d 13.24
5d *D° 25°2p* (*5%)3d 13.07
4d *D° 2522p° (*S%)4d 12.76
4d 5D° 252p° (*S°)4d 12.75
35 'D° 252p° (*D%)3s 12.73
35’ 2D° 22p° (*D%)3s 12.54
4p 3P 2572p° (“S%4p 12.36
4p °P 25%2p° (*S®)4p 12.29
3d *D° 252p° (45°)3d 12.09
3d 5D° 252p° (*S®)3d 12.08
4s °S° 25%2p° (*S)as 11.93
45 °8° 252p° (4S%)as 11.84
3p P 252p° (*S%)3p 10.99
3p P 25%2p° (*S°)3p 10.74
3s °8° 25%2p> (*S™)3s 9.521
35 38° 25%2p (*S°)3s 9.146
200 'S 25%2p* 4.190
20 'D 25%2p* 1.967
2p% 3P, 25°2p° 0.0281
3p, 25%2p* 0.0196
’p, 25%2p* 0

* Except for the ground state, the energy of the lowest level of each multiplet
is given. All values are taken from the NBS Table (Ref. 5).

eV
17 o
4d—
15
14 ssn 3P 3Dr)3 S”,—- 580 SP 5Du
2 e 5d Toniz,
12 4s— ¢ 84 4o tPT3d—
F = ——
10 N < |5
3 St < | |e
9 < 35—
-l ©
o o &
T 2p'S 32
! =1
3 S 2
2 pt D <
2 —
1
o 2pt 3P

FIG. 2.1. Partial energy level diagram of atomic oxygen. Vertical lines indi-
cate those optically allowed transitions from the ground state,
which have relatively large transition probabilities. The oscillator
strength measured by Doering et al.’ is shown along the respective
vertical line.
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Atomic oxygen can capture an electron to form a nega-
tive ion (O™ ). The electron affinity (EA) of atomic oxygen
has been determined very precisely by the method of laser
photodetachment (Neumark ef al.®):

EA(O) = 1.461122 4 0.000003 eV. 2.1

2.2. Oscillator Strength and Lifetime

Doering et al® determined the absorption oscillator
strength for the seven most intense dipole-allowed transi-
tions of O. They used the electron-impact method. Table 2.2
shows the oscillator strengths they obtained. These values
arc also shown in Fig. 2.1, On the consideration of their
accuracy, these data supercede the old NBS (now, NIST)
table. '

In their experiment, Doering ef al. normalized each os-
cillator strength to the value for the 130.4-nm transition.
They had surveyed previous data on the transition and con-
firmed that the experimental values of the oscillator strength
for the 130.4-nm transition were ~0.048 with -+ 5% error.
Independently of this work, Jenkins'' measured the oscilla-
tor strength to be 0.053 4 0.006. This is a little larger than
the value adopted by Doering e al., but the two values are
consistent within the errors claimed.

There have been a large number of calculations of the
oscillator strength of atomic oxygen. Among others, the cal-
culation by Pradhan and Saraph'? is the most comprehen-
sive. Their calculation is based on the close-coupling method
with the frozen core approximation. Their values are com-
pared in Table 2.2 with the measurement of Duering ef al.
The agreement with the experimental data is quite good
(within 20%). Pradhan and Saraph reported oscillator
strengths for many allowed transitions other than those
shown in Table 2.2.

The decay rates of the two autoionizing states, 3s” 3P°
and 2s2p° 3P, were studied in detail by Dehmer et al.'?
They observed both the gjected electron and the fluorescence
and therefrom determined the autoionization/emission

TABLE 2.2, Oscillator strengths for the dipole allowed transitions from the
ground state of O

Experiment Theory
Doering et al.>® Jenkins® Pradhan & Saraph®
State (1985) (1985) (1977)

2p° 3P° 0.070 4- 0.004° 0.0695
3s” 3p° 0.086 -+ 0.006 0.0791
4d 3D° 0.016 4 0.006 0.0148
35 3D° 0.061 + 0.006 0.056
3d D° 0.019 + 0.001 0.0203
4s 38° 0.010 + 0.002 0.00924
35 38° 0.048° 0.053 + 0.006 0.0537
= Reference 9.

* All the measurements of Doering et al.® have been normalized to the value
for 3s S, which is an average value of previous experimental data with
= 3% scattering.
¢Refereoncs 11,
9Reference 12.
© Accuracy is estimated to be within 4 5% plus the experimental deviation
shown for each data.

branching ratio. With the use of theoretical emission rates,'*
they finally obtained the decay rate of those states. For
2s52p° *P°, the emission rate used by Dehmer ef al. is some-
what larger than the value deduced from the oscillator
strength in Table 2.2. Combining the oscillator strength in
Table 2.2, with the branching ratio of Dehmer et al., we get
the following lifetimes:

0.79x10™%s for 35" 3p° J=0
044%x10™°%s for J=1
0.87X10~%s for J=2
0.54%x107°s for 252p° 3P° J=0
0.60X10~%s for J=1
0.72%x10™%s for J=2.

The present result for 252p° 3P is, however, inconsis-
tent with a beam-foil measurement [ (0.33 4+ 0.03) X 10™°s
by Knystautas et al.'>]. A further study is needed to solve
this discrepancy. The lifetime for 35 *P? is consistent with
the beam-foil data [(0.92 + 0.09) X10~° s by Smith et
al. 18],

Forbidden transitions among the states of the 2p* con-
figuration are important in various astronomical objects.
Very recently Baluja and Zeippen'’ made a comprehensive
calculation of the excitation energies and the probabilities
for those transitions. They used a configuration interaction
wavefunction and took into account a relativistic correction.
Their line strengths are in agreement with the result of an-
other detailed calculation conducted by Froese Fischer and
Saha.'® Baluja and Zeippen presented the most reliable val-
ues of the transition probabilities by combining their theore-
tic line strengths with the experimental excitation energies.’
Those transition probabilities are given in Table 2.3.

In Table 2.3, some experimental results are also shown.
They are all in accord with the theoretic ones, except for the
1S¢—>P, (297.2 nm) transition. The experimental value for
the transition was deduced from both the measured intensity
ratio of the 297.2-nm line to the 557.7-nm one and the abso-
lute value of the transition probability for the latter line.
Unfortunately, the wave lengths of the two lines are widely
apart so that an accurate determination of the intensity ratio
is difficult.

The lifetime of the state 3s 3§° (for which a transition
from the ground state is forbidden) was investigated by sev-
eral authors. After a survey of the work, Zeippen et al.'®
determined the best value of the lifetime to be
(170 + 25) X 10~ s.

2.3. Polarizability

Teachout and Pack®® compiled data on the static dipole
polarizability of all atoms. They determined the best value
for the atomic oxygen to be

a(experiment) = (0.77 -+ 0.06) X 10™%* cm?® (2.2)
This is based on the measurement by Alpher and White,!
To the knowledge of the present authors, no experimental
data have been reported since 1971.

On the other hand, there are many theoretic or empiri-
cal determinations of a for O. The best calculation has been
done by Werner and Meyer.?* They used highly correlated

J. Phys. Chem. Ref. Data, Vol. 19, No. 3, 1980
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TABLE 2.3. Probabilities (in s~') for the transitions among the fine structure levels of 2p* P, 'D, 'Sof O

Wave length
State (nm) Recommended?® Experiment
3p,—3p, 6.31910* 8.957% 103
3p, 8.957x 10~
(life 1.11610*s)
3p,—-3p, 4.406x 10* 1.203x 107 1°
3p,—*p, 1.455%10° 1.735% 10%
3 —5b
P, 1.735X 10
(ltfe 5.764X 10*s)
D, ~ 3P, 630.0 5.627% 103 (5.15 + 1.25) x 10~%*
'D, —3P, 636.4 1.818%x 1073 (1.66 + 0.42) X 103
'D, 3P, 639.2 8.922x 1077
'D, 7.446 < 1030
(life 134.3s)
1Sp — P, 295.8 2.732%10~*
1Se — 3P, 297.2 7.601x 1072 4.5+ 1.4)X10%*
1So — 'D, 557.7 1.215 1.06 4+ 0.32°
'So 1.291° 1.31 4 0.05¢

(life 0.7744 s)

*Reference 17.

*Decay constant in s~ . The corresponding lifetime is shown in the parentheses below.

°Reference 81.
9 Reference 80.

wavefunctions and produced good results for many atoms
and molecules. Their value for oxygen is

a(theory) = 0.8020% 10~2* cm?. 2.3)

This is consistent with the experimental value presented
above.

There are two reports on the moments of the dipole
oscillator strength distribution for O. Dehmer ef al.?* (part-
ly revised by Inokuti ef al.2*) based their calculation on a
simple wavefunction of Hartree-Slater type. Zeiss er al.*’
derived their moments empirically from photoabsorption
data. The latter data are rather old and somewhat different
from the more recent ones (sce Sce. 3). Both scts of values
for the moments of the dipole oscillator strengths, therefore,
are not reliably accurate to be shown here.

3. Photoionization

Photoionization of atomic oxygen was thoroughly re-
viewed by Seaton.”® A very detailed measurement of the
photoionization cross section of O was made by Samson and
Pareek® for the wavelengths 12.0-91.0 nm. They used a
spark discharge lamp as the light source and detected O*
with the use of a mass analyzer. They produced oxygen
atoms with a microwave discharge of O,. From the mesure-
ment of the ions with the microwave discharge switched on
and off, they eliminated the contribution of the dissociative
ionization of O,. Very recently Angel and Samson®® remea-
sured the cross section in more detail using synchrotron ra-
diation as the light source. They extended the wavelength
region covered down to 4.43 nm. They measured cross sec-
tions also for the production of O%>* and O3*. The result of
the measurement by Angel and Samson was smoothed and
plotted in Fig. 3.1.

Angel and Samson obtained the absolute value of the

J. Phys. Chem. Ref. Data, Vol. 19, No. 3, 1990

cross section by normalizing their relative data to the abso-
lute measurement by Samson and Pareek. The latter authors
estimated an uncertainty of their measurement to be within
9%. By using the sum rule of the oscillator strength as a

10-\5— r v T T T T T . L
F hv+ 0O 1
:5* 107 = 3
= o PRl (4so)+0+(2D0) 3
& ]
$ I =77 0s) ]
oo |
=]
5 10 1
= 1 N
s ot ]
" r ]
5 [
50 ]
kS
3 e | 020 -
2
A y10-1Y 4
~20) 1 I Il 1
107015 30 40 50 60 70 80 9

Wave length (nm)

FIG. 3.1. Photoionization cross sections of O. The ions produced are indi-
cated. The fine structure due to antoionization is smoothed out.
The line below 5 nm actually shows the photoabsorption cross
section, which includes multiple ionization.
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constraint, Angel and Samson found that the continuum os-
cillator strength derived from their cross section, should be
accurate to within 4.4%.

In 1979, Kirby et al.?® determined the best value of the
photoionization cross section on the basis of the data then
available. For wavelengths > 30.0 nm, there is an overall
agreement between their data and the present ones. The for-
mer values are somewhat larger than the latter in the shorter
wavelength region.

The dashed lines in Fig. 3.1 show the partial cross
sections for the production of O% (*S) and
O* (%S) + Ot (2D). These lines are drawn in the same way
as Angel and Samson, i.e., by an extrapolation of the cross
section, measured near threshold, through the partial cross
sections, determined by the branching ratios measured at
58.4 (by Samson and Petrosky>®) and 30.4 nm (by Dehmer
and Dehmer®'). Hussein et a/.>* measured the branching
ratio over the wavelengths 58.0-72.5 nm. They also used
synchrotron radiation. The present partial cross sections are
generally consistent with those deduced from the branching
ratio obtained by Hussein et al.

There are a large number of calculations of photoioni-
zation cross section of O (see, for instance, the review by
Seaton?®). Angel and Samson®® made a detailed comparison
of their measurement to more than ten sets of calculations.
They found that most of the theoretic data lie within 40% of
the experimental ones. The details of the agreement, how-
ever, are very different depending on the method of calcula-
tion and the wavelength range considered.

At wavelengths > 40.0 nm, autoionization has a large
effect. Because of the comiplicated structure, any contribu-
tion of autoionization is not shown in Fig. 3.1. Below the *P
threshold (66.5 nm), Dehmer ef al.” measured a very de-
tailed autoionization spectrum. Angel and Samson?® report-
ed autoionizing resonance leading to the *P threshold (43.5
nm). A theoretical study of autoionization was carried out
by several authors (e.g., Pradhan®®). Seaton®® made a de-
tailed discussion of the work in his review.

For wavelengths <5 nm, we plot in Fig. 3.1 the pho-
toabsorption cross section recommended by Henke ef al.>*
This cross section includes the contribution of multiple ioni-
zation. The K edge (i.e., the threshold of the ejection of the 1s
electron) of oxygen is located at 2.332 nm.

Angel and Samson®® measured also, the cross sections
for the production of O?* and O** in the region 4.4-25.4
nm. The cross section for the double ionization is plotted in
Fig. 3.1. The triple ionization is very rare in the region con-
sidered (the maximum cross section being 2.20X 10~2! cm?
at 8.27 nm). Multiple ionization probably plays a significant
role in the higher encrgy region above the K edge.

4. Electron Collisions: Total-Scattering,
Elastic and Momentum-Transfer Cross
Sections
4.1. Elastic and Momentum-Transfer Cross Sections

There is only one measurement of the elastic cross sec-

tion, Q1. , reported so far for atomic oxygen. Dehmel ez al.>*
measured differential cross sections (DCS) for the elastic

scattering at 5 and 15 eV of electron energy. (Actually their
DCS includes the contribution of inelastic scattering, but
they estimated the latter contribution to be <25%.) They
normalized their data in relative magnitude to the total scat-
tering cross section (Q;) of Sunshine e al.3 The absolute
magnitude of the data reported by Dehmel et al., therefore,
provides no new information, but the angular distribution of
the cross section can be used to test any theoretic result.

On the other hand there are a large number of theoretic
calculations of Q,,,,, for atomic oxygen. In the lower energy
region ( <10 e¢V), induced polarizatioi: plays an essential
role in the scattering of electrons on atoms. Calculations
with the polarization effect included, were made by Vo Ky
Lan et al.,>” Rountree et al.,>® Thomas and Nesbet,*>* and
Tambe and Henry.*"*> The DCS calculated by Tambe and
Henry*? shows good agreement with those measured by
Dehmel et al. Their calculation includes an adequate short-
range correlation between the incident and the target elec-
trons. The Q... obtained by Tambe and Henrv*! is shown in
Fig. 4.1.

In the higher energy region ( > 10 €V), most of the cal-
culations rely on simple models. The most elaborate one is
the calculation by Blaha and Davis.”® They used a distorted
wave method, thus taking into account the distortion of the
scattered electrons, by the target. They approximately in-
clude, in their calculation, the effects of polarization and
electron exchange. Blaha and Davis reported Q,,,, for the

chas

Cross section (107 cm?)

0 L - 1 i I 1 1

0 2 4 6 8§ 10 12 14
Electron energy (eV)

Fi16. 4.1. Elastic (Q.,,;) and momentum-transfer (Q,,) cross sections for
electron collisions with O.
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F16G. 4.2. Elastic (Q,,,) and total-scattering (Q,) cross sections for elec-

tron collisions with O. Crosses are the - measured by Sunshine
ot nl 36

energies 1-500 eV, but their method is less reliable at lower
energies. In the present paper, we connected the Q,,, of
Blaha and Davis for E, > 50 eV to the Q,,,, of Tambe and
Henry for E, <10 eV to produce the “best” cross section.
The result is given in Fig. 4.2. In Fig. 4.2, the cross-section
curve is extended to the region E, > 500 eV, on the consider-
ation of the calculation by Riley et al.** for E, >1 keV. Riley
et al. solved a scattering equation with the electrostatic po-
tential of O.

Only the paper by Thomas and Nesbet*® reported mo-
mentum-transfer cross section Q,, for atomic oxygen. Their
Q.. is shown in Fig. 4.1. The DCS of Thomas and Nesbet is
somewhat different from that of Tambe and Henry (see Ref.
42), which has been chosen as the best value of Q. (Fig.
4.1). It is uncertain how the difference in the DCS affects the
resulting Q,,.

4.2. Total Scattering Cross Section

Sunshine et al.>¢ reported their measurement of the to-
tal scattering cross section Q- for atomic oxygen. Due to the
difficulty of the experiment, their data scatter rather widely.
Here we estimate Qr with the formula,

QT = Qelas + Z Qexc (n) + 2 Qion (Oq+ )

where the three terms in the right hand side of Eq. (4.1)
indicate the cross sections for elastic scattering, excitation of
the electronic state n, and productin of the ion Q7+ , respec-
tively. Numerical values of Q... and Q,,, are taken from
Figs. 4.2 and 6.1, respectively. We take into account all the
cxcitation processes mentioned in Sec. 5 (most of the Qe
considered here being shown in Fig. 8.1). The resulting Q. is
given in Fig. 4.2 to compare with the data of Sunshine et al.

The Q+ obtained here is generally consistent with the
experimental value. In the energy region higher than 50 eV,
some discrepancy exists between the two results. A part of
the difference may be ascribed to the excitation processes for
which no data are available at present, but the difference at

4.1)
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100 eV (~2X% 10~ c¢m?) is too large to be reconciled with
such missing excitation processes alone. We need 4 more
elaborate experimental determination of Q.

5. Electron Collisions:
Electronic Excitations

5.1. Fine Structure Transition in the Ground State

The ground state of O has a fine-structure (FS) split-
ting as shown in Table 2.1. The transition among the FS
levels (°P, with J=2,1,0) leads to an important cooling
mechanism of the eleciron gas in the Earth’s ionosphere and
a variety of astrophysical plasmas. Carlson and Mantas*
reviewed the four sets of cross sections then available for the
FS transition: Breig and Lin,*® Saraph,*” Tambe and Hen-
ry,*4® and LeDourneuf and Nesbet.*® Very recently Ber-
rington®° reported his elaborate calculation of the FS transi-
tion. He applied the R-matrix method to the calculation
while including 2p* P, 'D, 'S terms and some pseudostates.
He presented only the collision strength in his paper. Figure
5.1 shows the cross sections for the FS excitations, J = 2 -1,
2-0, and 1 -0, deduced from the collision strengths of Ber-
rington. He compared his result to the previous calculations
mentioned above. A large disagreement was found in the
lower energy region, while a reasonable agreement is seen at
higher energies.

A quantity of practical importance is the cooling rate
defined in the form

(%“) =n.h, EfJ(Tg) z AE(J-JYk(JI-J'|T,). (5.1)
J A
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FI1G. 5.1. Cross sections for the transition of fine-structure levels
(3P, —3P,.) of atomic oxygen, calculated by Berrington.>
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TABLE 5.1. Rate coefficient ({dE /dt)/(n,n,)in 10" eVem®s™') of the
cooling of electron gas due to the fine structure transitions in the ground
statc of O

T, (K)°
T, (K)* 100 300 1000 3000
200 0.203
500 0.676 0.181
1000 1.08 0.436
2000 1.51 0.690 0.136
5000 262 1.27 0.359 0.061
10000 4.32 213 0.655 0.173

“*Electron temperature in K.
®Temperature of the oxygen gas in K.

Here n, and n, are the number densities of electron and
oxygen atom, respectively, f; (7, ) is the fractional popula-
tion of each FS level of O (depending on the temperature T,
of the oxygen gas), AE(J—J') is the energy loss (gain) due
to the excitation (deexcitation) J—J', and k(J~J'|T,) is
the rate coefficient for the process J—J' at the electron tem-
perature T,. Berrington reported in his paper the effective
collision strength (i.e., the collision strength integrated over
a Maxwellian distribution of electron velocities). Using this
effective collision strength, we can easily calculate the rate
coefficient k(J—J ') and therefrom (dE /dt ). The result is
shown in Table 5.1.

When compared to the cooling rate based on the calcu-
lation of Tambe and Henry*' (given in Ref. 45), the present
value is somewhat larger than theirs. From the observation
of the ionospheric temperature, Carlson and Mantas* sug-
gested that the cooling rate of Tambe and Henry is too large.
It is urgently required, therefore, that the theoretic cross
section be tested directly by experiment.

5.2. Excitations of 2p 4 1D, 1S States

Until recently no measurement of the cross section for
the excitation of 2p* D and S states has been reported,
though several different sets of theoretic calculations have
been available. In 1985, Shyn and Sharp®’ reported for the
first time the experimental cross section for the excitation of
the 'D state. The measurement was made only at 20 eV of
electron energy. Later they published a wider range of ex-
periment®? and extended their measurement to the excita-
tion of 2p* 'S'state.”® Very recently Doering and Gulcicek
made quite a similar measurement of Q... (25* 'D) and
Q... (2p* 1S). The two sets of the experimental data are
shown in Fig. 5.2.

There seems to be some difference between the results
of the two experiments. If we consider rather large uncer-
tainties of those data, however, the two experimental results
arc consistent with cach other. (Shyn er aZ.%” % claimed the
error to be 50% for 'D and 54% for 'S, while Doering and
Gulcicek®* estimated the corresponding uncertainties to be
35% and 40%.) Both groups deduced the cross section from
their measurement of electron energy loss spectra (ELS) for
a mixture of O and O,. Doering and Gulcicek obtained a
large fraction (25%-50%) of atomic oxygen using a micro-
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FIG. 5.2. Cross sections for excitations of 2p* ' D and 'S states. Experimental
values obtained by Shyn and Sharp,3* Shyn ef al.,** and Doering
and Gulcicek®® are compared with theoretical ones by Henry et
al*® and Berrington (Ref. 55 and private communication).

wave discharge. Shyn ef al. achieved 7% O with an oven.
Furthermore, Doering and Gulcicek used an electron energy
analyzer with a higher resolution (80-120 meV) than Shyn
etal. (150 meV). Thus the ELS obtained by the former au-
thors are much sharper than those by the latter. These and
other differences in the experimental conditions would make
the cross scction obtained by Docring and Gulcicek more
reliable.

The most recent and elaborate calculation of the cross
sections Q... (2p* D) and Q,,. (2p* 'S) is the work done
by Berrington (private communication; only rate coeffi-
cients being published by Berrington and Burke®). He made
an R-matrix method calculation with including eight target
states. In Fig. 5.2, the theoretic values are plotted at three
points of energy. The theoretic cross sections of Henry et
al.*® are also presented in the figure, as a typical example of
previous calculations. Berrington’s cross sections are in fair-
ly good agreement with the experimental data.

5.3. Excitations of Other States

From their measurement of electron energy loss, Doer-
ing and his colleagues at the Johns Hopkins University ob-
tained excitation cross sections for a number of states of the
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oxygen atom. These cross sections are shown here together
with some results of theoretic calculations. There are two
sets of comprehensive calculations available. Smith®” made a
close-coupling calculation for a number of excitation pro-
cesses. Recently Tayal and Henry carried out a calculation
based on the R-matrix method. They reported cross sections
first for the 3s >S® and 3p P excitations.® Then they ex-
tended their calculation to the excitations of 3s >S?, 3p °P,
3d 3D°, 35 °D° 4s 3S°, and 4p 3P states.”® Tayal and
Henry used many more coupled states in their calculation.
Thus the cross section obtained by Tayal and Henry should,
in principle, be more accurate than that of Smith. As is
shown later, however, the agreement with experiment is not
always better for the former result than for the latter. This

indicates that it is very difficult to do a reliable calculation
for the excitation of O.

For convenience, Table 5.2 lists the electronic states for
which an excitation cross section is given in the present pa-
per. A comparison with the emission cross section, if any, is
made in the next subsection.

5.3.a. 35 389 and 4s 38°

Figure 5.3 shows the experimental cross section for the
3s 3S %excitation. The data for energies higher than 30 eV are
taken from the paper by Vaughan and Doering.®® They
smoothed the original data of differential cross section®! by
fitting to an analytical form and evaluated Q,,. with them.
Below 30 eV, the values revised by Gulcicek and Doering®?
are plotted in Fig. 5.3.

The calculations by Smith>” and by Tayal and Henry®
are also shown in Fig. 5.3. Here the two-state close-coupling
calculation of Smith at higher energies ( > 20 eV) is com-
bined with his five-state one near the threshold. (Smith
made the five-state calculation only near the threshold).
Tayal and Henry employed the R-matrix method including

TapLE 5.2, Excited states of atomio oxygen for which excitation ( Q. ) and
emission (Q..; ) cross sections are given in the present paper. The original
data sources are shown for each cross section

Reference

State Q:xc Qemis Flg“l' ©
44’ 2p° 63(E)* 5.8
2p° 2P°  63(E) 5.8
35" 3p° 63(E) 69 5.8
7d *D° 63(E) 5.6
6d *D° 63(E) 5.6
5d *D° 63(E) 5.6
4d *°D°  63(E) 5.6
3¢ *D°  60,62(E) 59(T) 68 5.7
4p °P 59(T) 5.4
3d *D°  63(E) 57,59(T) 68 5.5,5.6
45 350 57,59(T) 5.3
3p 3P 64(E) 58(T) 5.4
3p 5P 64(E) 59(T) 71 5.10
35 38° 60,62(E) 57,58(T) 68 53
e 380 RB(R) 57,59(T) 59
PR 53,54(E) 55,56(T) 5.2
2p* ‘D 52,54(E) 55,56(T) 52

*E: experiment; T: theory
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excitation ns °S” (n= 3, 4)
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FIG. 5.3. Cross sections for excitations of 35 >S'® and 4s 3S° states of O. For
the 35 >$° excitation, two sets of theoretic data (S: Smith®” and T:
Tayal and Henry*) are compared with experiment (open circles:
Vaughan and Doering®® with the revision of Guleicelk and Doer-
ing® in the region < 30 eV). For comparison, emission cross sec-
tion for the 130.4-nm line (3535°-2p*3P)®® is also shown
(dashed line). For 4s S°, only the theoretical values®”* are plot-
ted.

up to 12 states of oxygen. Smith’s cross section shows an
overall agreement with the experimental result except in the
region below 20 eV, where the cross section of Tayal and
Henry seems very reasonable.

There is no measurement of the cross section for the
excitation of the 4s 3 state. In Fig. 5.3, we give the results
of the two-state close-coupling calculation by Smith®’ and
the R-matrix method calculation by Tayal and Henry.> Ex-
cept in the low-energy region ( <30 eV), the two sets of
calculations are in reasonable agreement. Vaughan and
Doering® give, in their paper, an electron ELS at the inci-
dent energy of 100 eV. The spectrum clearly shows the ener-
gy-loss peak due to the excitation of the 4s *S° state. The
ratio of the peak heights of the 3s 3S ®excitationtotheds >S°
one is ~10. This value almost coincides with the ratio of
Smith’s cross sections at 100 €V, thus confirming the reliabil-
ity of the theoretic result for the 4s *$° excitation near 100
ev.

5.3.b. 3p 3P and 4p 3P

Gulcicek e al.* measured the cross section for the exci-
tation of the 3p 3Pstate. Their values are shown in Fig. 5.4.

Tayal and Henry® reported the corresponding theore-
tic values, which are also shown in Fig. 5.4. Except near
threshold, the discrepancy of theory from experiment is very
large. There are two other calculations: Smith®’ using a two-
state close-coupling method and Sawada and Ganas® using
a distorted wave approximation. Both the calculations give
also too large a cross section compared to the experimental
value.

Tayal and Henry*® gave the cross section for the excita-
tion of the 4p 3P state. Their cross section is also shown in
Fig. 5.4. In this case, there is no experimental data for com-
parison.
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excitation np °P (n=3,4)

° Grul(:i(:ek}3
— Tayal
o 15¢ —— Tayal 4p
B
>
E
5
5 10F 1
3
S
@
2
Q
5 J
0 " ,
0 50 100

Electron energy (eV)

FiG. 5.4. Cross sections for excitations of 3p *P and 4p *P states of O. Ex-
periment (open circles: Gulcicek e al.5) is compared with theory
(solid line: Tayal and Henry®®) for 3p *P. Only theoretical values
(dashed line: Tayal and Henry®®) are shown for 4p *P.

58.6. nd3D0 (n=—=3-7)

Vaughan and Doering®® reported their measurement of
the cross sections for the excitation of the nd 2D° states
(n= 3,4,5,6,7).

Figure 5.5 compares the experimental cross section for
the 3d 2D 9 state to the theoretic ones obtained by Smith%’
and Tayal and Henry.*® From the comparison, however, it is
difficult to say which calculation is better.

In Fig. 5.6, the experimental cross sections for the exci-
tation of nd 3D° (n = 4,5,6,7) are shown together with the
theoretic (Smith’s) and the experimental cross sections for
the 3d 2D° excitation (shown in Fig. 5.5). The energy de-
pendences of the cross sections for the nd excitation look

excitation 3d *D°

o Vaughan
6F Qexc{ — S Smith J
— T Tayal
:; 5k Qemis Zipf |
=U
g ¢ .
2 T
°
2 3 ~ ]
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LS T |
1 ]
0 3 -

100 200
Electron energy(eV)

FIG. 5.5. Cross sections for excitation of 3d>D° state of O. Experimental
values (open circles: Vaughan and Doering®) are compared with
theoretical ones (S: Smith®” and T: Tayal and Henry>®). For com-
parison, emission cross section (dashed line) obtained by Zipfand
Erdman® is plotted for the line 102.7 nm (34 *D°—2p* *P).
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FIG. 5.6. Cross sections for excitation of nd *D%(n = 3,4,5,6,7) states of O,
measured by Vaughan and Doering.®* For 3d *D° theoretical data
(obtained by Smith®”) are also shown.

similar to each other, as can be expected for members of the
samec Rydberg scrics.

5.3.d. 38’ 3Do

Fignure 5.7 shows a comparison of the experimental®0:6?
and the theoretic®® cross sections for the excitation of the

excitation 3s' D’
T

T
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Fi1G. 5.7. Cross sections for excitation of 35’ >D° state of O. Experimental
values (crosses: Vaughan and Doering® with a revision by Gulci-
cek and Doering® at 20 V) are compared to theoretical ones
(solid line: Tayal and Henry*®). For comparison, emission cross
section (dashed line) obtained by Zipf and Erdman® is plotted for
the line 98.9 nm (35 3D °-2p* *P). Note that Q. .;; (98.9 nm) is
reduced by haif to fit in the figure.
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3s' 3DOstate. At 20 €V, Gulcicek and Doering® revised the
cross section previously measured by Vaughan and Doer-
ing®® because of the remeasurement of the Q... (3s >S°) to
which the data are normalized. The theoretic result is not
inconsistent with experiment, provided that a large uncer-
tainty of the latter is taken into account.

5.3.e. Autoionizing States (3s” 3P0, 252P5 3P0 4d’ 3P0)

Vaughan and Doering™ obtained the energy-loss
spectrum corresponding to the excitation of the 3s” 3PP,
252p° 3PY, 4d’ 3Pstates. From this spectrum, they derived
the excitation cross sections shown in Fig. 5.8. Very interest-
ingly the excitation cross section for the 3s” P9 state is very
close to that for the 252p° PO state. Furthermore, the two
cross sections have quite a large absolute magnitude, In fact,
they have the largest value among the cross sections for the
excitation of electronic state of O except for 2p* 'D. There
are no theoretic cross sections for comparison.

5.3.f. 3s s§0

Doering and Gulcicek® measured the cross section for
the excitation of the 3s 35 state. Their cross section is given
in Fig. 5.9 with the two sets of theoretic ones.”® Both the
calculations show a rather good agreement with experiment.
Near the threshold ( <13 eV), Rountree®” made another
calculation and showed a sharp resonance just above the
threshold. Because the experiment was done only at energies
above 13.9 eV, it is still uncertain whether the resonance is
real or not.

5.3.9. 3p 5P

Gulcicek ez al.% measurcd the cross scotion for the exci-
tation of the 3p *Pstate. In Fig. 5.10, the experimental cross
section is compared to the theoretic value obtained by Tayal
and Henry.>® The agreement between theory and experi-
ment is fairly good, though the theoretic peak at 16.5 eV is
not confirmed experimentally.

excitation 3s”, 2p5, 4d° °P°
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15 Qumis Zipf
;E / - ~ .
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FIG. 5.8. Cross sections for excitation of the autoionizing states, 3s” *P°,
252p° *P° and 4d’ *P° states of O, measured by Vaughan and
Doering.* For comparison, emission cross section (dashed line)
for the 87.8-nm line (35" 3P°-2p*>P) obtained by Zipf and
Kao® is also plotted.
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FIG. 5.9. Cross sections for excitation of 35 >S°. Experimental result (open
circles) obtained by Doering and Gulcicek® is compared with two
sets of calculations (solid line: Tayal and Henry*® and dashed line:
Smith*?).
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FIG. 5.10. Cross sections for excitation of 3p *P state of O. Experimental
data (open circles) obtained by Gulcicek et al.* are compared to
the calculation (solid line) by Tayal and Henry.® Emission
cross section for the 777.4-nm line (3p *P— 35 35°)™ is also plot-
ted for comparison (crosses). Note that the emission cross sec-
tion is reduced by half to fit in the figure.
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5.4. Emission Cross Sections

Zipf and Erdman®® reported their experimental results
of the emission cross sections for the lines 130.4 nm
(3535° —2p*3P),102.7nm (34 *D° — 2p* *P) and 98.9nm
(35" *D° — 2p* *P). Zipf and Kao® measured the Q.. for
another line (87.8 nm for 3s” *P° — 2p*3P). These four
cross sections are shown together in Fig. 5.11.

The Q. for 130.4 nm was originally measured by
Stone and Zipf.”® To obtain an absolute value of the cross
section, they used the cross section ratio, Q... (130.4nm)/
Q.rnis (130.4 nm, O,) and the absolute value of Q..;, (130.4
nm, O,). Here Q..... (130.4 nm, O,) is the cross section for
the emission of the 130.4-nm line due to the dissociative exci-
tation of oxygen molecules. Both the cross-section ratio and
the Q...;; (130.4 nm, O,) have been recently revised. Zipf
and Erdman renormalized the emission function of Stone
and Zipf using these revised quantities. The values shown in
Fig. 5.11 are the revised ones. The other emission cross sec-
tions shown in the figure have been obtained in a similar
mangner.

Now we compare the 0, to the @, . presented in the
previous subsection. It should be noted that @, ., includes a
cascade contribution. The two cross sections, therefore, do
not necessarily coincide.

In Fig. 5.3, the Q... (130.4 nm) is compared to the
Qexe (3535 ). The difftrence between the two cross sections
can be explained in terms of cascade. For instance, the differ-
ence around the maximum (at ~ 25eV) is probably ascribed
to the excitation of the 3p 3P state followed by the transition
3p *P-353S°.

In Fig. 5.5, the Q,.;; (102.7 nm) is compared to the
Q... (3d3D%). The Q... (102.7 nm) is in agreement with
the Q.,. (3d3D?) in the enegy region E, < 50 eV, but, in the
higher energy region, it decreases with energy more slowly
than the Q,, . The latter deviation may arise from a cascade.

A comparison between Q... (98.9 nm) and
Q... (35 >D®) is made in Fig. 5.7. Here the former cross
section has been reduced by a factor of two to enable the
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FI6. 5.11. Cross sections for emission of the lines 87.8, 98.9, 102.7 and 130.4
nm upon electron collision with Q. Those cross sections were
measured by Zipf and his collaborators.58.5?
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comparison. The Q... (98.9 nm) decreases more slowly
than the Q,,.. (35" °D°). This may be due to cascade. The
difference (by a factor of two) in the absolute magnitude of
the two cross sections, however, is too large to be explained
by cascade alone.

In Fig. 5.8, the Q..;; (87.8 nm) is comparcd to the
Q... (35" 3P%). Thestate 3s” *P° decays either by emission of
radiation (87.8 nm) or by autoionization. The autoioniza-
tion/emission branching ratio was determined by Dehmer et
al.’® to be 1.07 (after averaging over multiplet). Thus,
207X Qs (87.8 nm) should coincide with the
Q... (35" ®P®), if no cascade is involved in the emission of
87.8-nm line. When we multiply the Q... (87.8 nm) in Fig.
5.8 by 2.07, the resulting value becomes larger by a factor of
2to3thanthe Q.. (35" *P°). Since the 3s” *PPstateis locat-
ed above the ionization threshold, it is very unlikely for any
cascade to contribute significantly to this emission. A
further study is thus needed.

Recently Germany et al.”* measured the cross section
for the emission of 777.4-nm radiation from the transition
3p 5P-35°S°. They produced atomic oxygen by photodisso-
ciating O, with a laser light. To avoid the contamination
with the emission from the dissociative excitation of O,, they
made the measurement only below 17 eV of electron energy.
The resulting emission cross section is compared in Fig. 5.10
to the Q... (3p >P). The emission cross section has been re-
duced by half to be plotted in the figure. The large difference
in the absolute magnitudes of the two cross sections is as-
cribed toa contribution of the cascade from the ns >S ® and nd
3D ° levels located above the 3p P state.™

6. Electron Collisions: lonization

Bell ez al.* compiled and assessed cross-section data on
the electron-impact ionization of atoms and atomic ions
with Z<8 (Z being the nuclear charge). For each species,
they determined recommended cross sections, which were
fitted by an analytical formula for practical use. For the ioni-
zation of atomic oxygen, they gave the formula

. 1 E,
L. (OF)(in 107 cm?) = —— [2.45541 £
Gion (07)( ) 77 n—

e

—2.1811(1—-1—)
E

e

IY,
, (6.1
w)) e

where I is the ionization potential of the oxygen (I = 13.62
eV) and E, is the electron energy in eV. Figure 6.1 shows the
cross section calculated with the above formula. The cross
section is based largely on the measurement by Brook et al.”

The original cross section obtained by Brook ez al. in-
cludes, in principle, a contribution from autoionization, if
any. In reality, however, the cross section shows no discern-
ible evidence of autoionization. We can estimate the contri-
bution caused, for instance, hy the excitation of 202p° 3P% as
follows: Combining the excitation cross section of the
252p° 3P state in Fig. 5.8 with the autoionization/emission
branching ratio determined by Dehmer et al.'® we have the

— 1.5701(1 —
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F10. 6.1. Ionization cross scctions of O for the productions of O™ and 0.7+
Also shown are the cross sections for the emission of 83.4 nm line
(252p* *P-25%2p* *S®) of O™, upon electron collision with 0.7

autoionization contribution tobe 0.730 X 10~ "7 cm? at 50 eV
and 0.387 X 10~ cm? at 100 eV. On the consideration of the
accuracy of the branching ratio and the excitation cross sec-
tin used, these values have an uncertainty of ~30%. At the
lower energy, the autoionization contributes rather consid-
crably to the ionization of oxygen.

There is no experimental information concerning the
state of the ion produced. Burnett and Rountree” calculated
the partial cross section for the production of O (%3),
O*(?P) and O+ (2D). According to their calculation, the
fractions of O* (*S) and O+ (2D) are almost the same, while
O*(?P) is produced by ~50% less than O*(%S) or
O™ (°D). In this calculation, only the 2p electron is assumed
to ionize. Burnett and Rountree showed, however, that the
direct ionization of the 2s electron is much less frequent than
the 2pionization. It should be noted that the calculation does
not take into account autoionization. The autoionization
through the excitation of the 2s2p* 3P state, for instance,
enhances the fraction of O (*S).

Two experimental groups’*’> reported the ionization
cross section for the production of O**. Both the groups
actually measured the ratio of the ion yield, O** /O™, They
then multiplied the ratio by Q,,, (O™) measured by them-
selves (Zipf) or by other authors (Ziegler et al.). The ratios
measured by the two groups are in close agreement with each
other. Here we multiply their ratio by @, (O*) recom-
mended by Bell et al. (see Fig. 6.1). The resulting value of
Q.. (O**) is shown in Fig. 6.1.

Zipf et al.”® measured the emission of 83.4-nm line
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TABLE 6.1. Parameters in the extrapolation formula [Eq. (6.2)] for the
energy distribution of secondary electrons at the ionization of O

Incident energy A B
(eV) (eV) (10~ cm?/eV)
100 12.6 7.18
200 13.7 4.97
500 14.1 275
1000 14.0 1.69
2000 13.7 1.02

(252p"* *P-25"2p* “S°) from O™ at the electron impact on
O. The cross section for this emission is also shown in Fig.
6.1.

The energy distribution of the secondary (ejected and
scattered) electrons is of practical importance. There is no
measurement of the distribution reported for oxygen atoms.
Burnett and Rountree’ calculated the energy distribution,
but only up to 30 eV of the energy (E;) of the secondary
electron. Here we fit the calculated result by a form

B
SF(E) = 1+(Es)“'
A
We can produce a successful fit with the parameters
a = 1.67 and A4 and B shown in Table 6.1. The resulting
distribution is plotted in Fig. 6.2. [Note that the Eq. (6.2)
should be used only for the region E, < (E, — I)/2.] The

reliability of the present distribution must be tested against
experiment, however.

(6.2)

10 ¥} ]

I AR AR |

Differential cross section (cm*/eV)

i1t

0, Y N B
0 50 100 150
Secondary electron energy (eV)

FiG. 6.2. Energy distribution of secondary electrons in the ionizing collision
of electrons with O. Energy of the incident electron is indicated.
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7. Electron Collisions: Attachment

Atomic oxygen can capture an electron to form a nega-
tiveion (O™ ). There are two different processes for the elec-
tron attachment:

(i) radiative attachment

e+ 0-0" + hv, (7.1)
(ii) three body attachment
e+e+0-0" +e (7.2)

It is very difficult to measure the cross section for any of the
above two processes. We now have experimental informa-
tion for the inverse of the processes; i.e.,

(iii) photodetachment

W4+ 0" -0 +e (7.3)
(iv) electron-impact detachment
e4+0"-04e+e (7.4)

Using the principle of detailed halancing, we can deduce the
cross section or the rate for processes (i) and (ii) from the
corresponding quantities for (iii) and (iv).

Hoffmann’’ measured radiation (200-900 nm) emit-
ted from an oxygen arc plasma at a temperature of ~ 9000 K.
Assuming radiative equilibrium, he determined the absorp-
tion coefficient for the continuum radiation and therefrom
the cross section for the photodetachment of O~. From the
photodetachment cross section, Hoffmann deduced the
cross section for the attachment. The result is shown in Fig.
7.1. He indicated that the attachment cross section behaves
as E, %% in the region of low electron energy (E,
= 0.01~0.7¢eV). He claimed + 10% of uncertainty for his
detachment cross section. Probably the attachment cross
section in Fig. 7.1 includes a similar amount of error. It
should be mentioned that the attachment cross section in
Fig. 7.1is in good agreement with the calculation by Garrett
and Jackson.”®

Peart et al.”® reported their measurement of the cross
section for the detachment process (7.4). Using the cross

8 e+ 00} +hy

L

4 (10 ® em?)

rac
att

Q

fael

i ) 3 i 5
Electron energy (eV)

F1G. 7.1. Radiative attachment cross section for O, obtained by Hoff-
mann.”’

etetO—e+0

\_

Three-body rate constant (10 * cm’sec )

2000 1000 6000 8000

Electron temperature (K)

FIG. 7.2. Rate constant (in 107%° cm®s™") for the three body attachment
process (¢ + ¢ + O—e + O7), derived from the vonrespunding
quantity for the inverse process (¢ + Q™ —e +e 4+ 0).

section and assuming a Maxwellian distribution of electron
velocities, we calculate the rate constant for the electron de-
tachment. Then the rate constant for the three-body attach-
ment, k;_,,, is derived with the principle of detailed balanc-
ing. The resulting values are given in Fig. 7.2.

There are a few problems encountered in the present
method for deriving the k, _,,,. Firstly, Peart ez al. measured
the detachment cross section only as low as 3.14 eV of elec-
tron energyv. We extrapolated the cross section to the thresh-
old (1.46 V) using an analytical fit, to the measured values.
In the fit, the data at lower energies have a much greater
significance. These values, however, have a large uncertainty
arising from the difficulty of the experiment. Thus the pres-
ent rate constant shown in Fig. 7.2 has a large error (prob-
ably, a factor of 2 or more). Furthermore, in the above deri-
vation, we had to ignore the fine structure of O and O . Thus
the derived quantity is valid only in the temperature range
shown in Fig. 7.2.

8. Summary and Future Probiems

Cross sections for electron collisions with atomic oxy-
gen are summarized in Fig. 8.1. The total-scattering cross
section (Qr) and the elastic cross section (Q,,,,) are taken
from Fig. 4.2, and the ionization cross section (Q,,,) from
Fig. 6.1. In addition, cross sections are presented for a num-
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F1G. 8.1. Summary of the eross sections for the electron eallision with atom.
ic oxygen. Representative data are reproduced from the figures in
the previous sections. All the processes having a relatively large
cross section are shown except for the excitation of 35" 3P? state.
That excitation has a cross section of magnitude similar to the
excitation of 2s2p° >P? state.

ber of representative excitation processes described in Sec. 5.
For these cross sections, experimental values which we
smoothly connected are plotted in Fig. 8.1.

Collisions of atomic oxygen with electrons and photons
are now quite well understood, if we take into account the
difficulty in handling oxygen atoms both experimentally and
theoretically. Atomic oxygen is not only of significance in
applications but is also of interest in atomic physics. It is, for
instance, one of the typical examples of open-shell atoms,
which behave differently from the closed-shell atoms like
rare gases. Thus more work is required on the collisions
between atomic oxygen and electrons or photons. Some ex-
amples of future problems are

(i) More elaborate and quantitative experimental de-
terminations of Q, and Q,,, are needed. These two cross
sections can serve as a standard to which cross sections for
any other processes may be compared.

(ii) A more detailed comparison should be made
among the experimental and theoretic cross sections for the
excitation of the 2p* D and 'S states, so that the best reliable
data for those cross sections will be established.

(iii) As is shown in Sec. 5, experimental data are now
available for various excitation processes in the collision,
e + O. These data, however, include a large uncertainty and,
in many cases, exist only at a few point of collision energy.
More refined and more extensive measurement would be
highly desirable. For some of the excitation processes, re-
sults of rather comprehensive calculations are now available.
The theoretic cross section, however, cannot necessarily re-
produce the experimental value.
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(iv) In practical applications, emission cross sections
Q.mis ar€ quite useful. As is seen in Section 5.4, however, the
measured values of Q.. are sometimes inconsistent with
those of Q... A further study is necessary to solve this dis-
crepancy.

(v) There is no measurement of the cross section for the
production of ions in their specific state upon electron colli-
sions. Also, any measurement of the energy distribution of
the secondary electrons should be made at the electron-im-
pact ionization of O.

(vi) Electron or photon collisions with oxygen atoms in
their excited state (metastable states, in particular) are of
importance, but no reliable data are as yet available.
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