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Cross sections for the excitation and ionization of atomic oxygen by electron impact are
presented as the result of a critical review of experimental and theoretical work on this
subject. An effort has been made to compile the most accurate and complete set of cross
sections available. More than 60 profiles of excitation cross section versus electron-impact
energy are presented. These include transitions to the forbidden metastable O(2p* ' D) and
0O(2p*'9) states, the allowed autoionizing O(2p® *P °) state, nine allowed Rydberg series,
and twenty-nine forbidden Rydberg series. Recommended ionization cross sections for
transitions to the outer-electron ionization states O (*5°), 0T (3D°), OF (*F°), to the
inner-electron ionization state O (*P), and to the O state are also given. Many of these
excitation and ionization cross sections are based on recently published laboratory mea-
surements, and differ from previously accepted values by factors of ~2-3, and in a few
cases by up to a factor of 10. The data presented in this report will be useful in calculations
of aeronomical and artificially-induced electron impact on atomic oxygen, an important
component of the upper atmosphere.

Key words: atomic oxygen; critical review; cross-section data; electron energy deposition; electron
impact; excitation; ionization.
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Electron-impact cross sections of atmospheric gases are
needed as input data for calculations of the chemical and
radiative properties of the atmosphere when bombarded by
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CROSS SECTIONS FOR ELECTRON IMPACT ON ATOMIC OXYGEN 279

electrons from various natural and artificial sources. These
sources include auroral electrons from the sun, fast electrons
(beta rays) from the fission products of nuclear bursts, and
photoelectrons produced by the ultraviolet and x rays from
the sun or from nuclear bursts.

At altitudes above ~90 km atomic oxygen is a major
atmospheric constituent. Until recently the available mea-
surements of the cross sections for exciting this gas to its
various electronic and ionic states were quite limited, due to
the experimental difficulties in working with this very reac-
tive species. However, over the last three years there has
been renewed activity in this subject, and several pertinent
experimental papers have been published. This new informa-
tion has prompted the present review and compilation,
which combines the new data with the older measurements
and theoretical results to derive a reasonably complete and
accurate set of cross sections, although some cross sections
are still uncertain by a factor of 2 or so.

Before discussing in sequence the cross sections for ex-

citing specific electronic states, it is useful to note some gen-
eral characteristics of the theoretical calculations and mea-
surements. Existing theoretical calculations generally have
uncertainties of a factor of 2 or greater, except at electron
energies above ~200 eV. However, theory is very useful for
extrapolating measurements to high energies, and for ob-
taining approximate cross sections where accurate measure-
ments have not been made.

Measurements of the total ionization cross section of a
gas by electrical means are relatively simple and direct.
However, measurements of the cross section for exciting a
given electronic state of an atom or ion are more difficult. In
atomic oxygen, two methods have been used. In the optical
method, radiation from the excited state is detected and
measured. The biggest problem with this method is that the
bombarding electrons generally excite many higher states,
some of which may radiatively cascade down to the state of
interest, giving an apparent cross section which is larger than
the true direct cross section. In some cases the cascade con-

Table 1. Excited and ionized states of atornic oxygen

included in this report.

Final state Threshold (eV) Final state Threshold (eV)
O(* D) 1.98 O(4d’ 1SPDFG?) 16.07
o(*5) 4.18 O(ns’ 3D°) 16.46*
Ons' 1D°) 16.47*
O(2p® 3P 15.65 O{np’ 3PDF) 16.54*
O(np’' *PDF) 16.54*
O(35 55°) 9.14 O(nd’ 2SPD°) 16.65*
0(3s 35°) 9.51 O(nd' 3FG°) 16.65*
O(3p *P) 10.73 O(nd' 1SPDFG) 16.66*
O(3p 3P) 10.98
0(34 5D°) 12.07 O(3s" 3p°) 14.11
0O(3d 3D°) 12.08 035" 1P°) 14.38
O(45 58°%) 11.83 O(3p” *5PD) 15.77
O(45 5°%) 11.92 O(3p" 'SPD) 15.99
O(4p 5P) 12.98 Q34" 3P°, 3D°) 17.09
Of4p 3P) 12.35 0O(3d" 3F°) 17.09
0(4d °D%) 12.74 O(3d" *PDF®) 17.09
0O(4d 2 D?) 12.75 O(4s” 3P?) 16.81
O(ns 55°) 13.13* O(4s" 1P?) 16.90
O(ns 35°) 13.15*% O(4p"” 3SPD) 17.24
Ofnp B P) 13.22* O(4p" *SPD) 17.25
O(np 3P) 13.24* O(4d” 3PD°) 17.77
O(nd 5D°) 13.33* O(4d" 3F°) 17.77
O(nd 3D°) 13.33* O(4d” *PDF?) 17.77
O(ns"” 2P°) 18.15%
0(3s' 3D°) 12.53 Ofns" P?) 18.16*
O(3s" 1D?%) 12.72 O(np” 35PD) 18.22%
O(3p’ *PDF) 14.06 O(np" 'SPD) 18.22%
O(3p' 'PDF) 14.20 O(nd" 3PD?) 18.35*
O(3d’ 287, 2p°, 3D°) 15.36 O(nd" 3F°) 18.35*
O(3d’ 3FG?) 15.39 O(nd"” *PDF®) 18.35*
O(3d' *SPDFG°) 15.40
O(4s’ 3D°) 15.17 Ot(18°) 13.61
O(4s' 1D%) 15.22 Ot (2D°) 16.93
O(4p' 3PDF) 15.59 Ot (2P?) 18.63
O(4p’ 'PDF) 15.58 Ot (*P) 28.49
O(4d’ 2SPD?) 16.08
Of4d’ 3FG°) 16.07 ot 48.77

* Average energy of n =5 and oo (ionization limit) states

J. Phys. Chem. Ref. Data, Vol. 19, No. 1, 1890
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tribution is known to be small; in others it can be determined
by measuring the intensity of the cascade radiation, al-
though this may lie in an inconvenient spectral region. Other
important limitations of this method are that it cannot mea-
sure cross sections for exciting metastable (nonradiating)
states, and, for high-lying radiating states that also autoion-
ize, it measures only the fraction that does not autoionize. In
addition, until recently absolute calibrations of optical mea-
surements in some spectral regions have had uncertainties of
a factor of 2 or more.

A more direct method of measuring an excitation cross

R. R. LAHER AND F. R. GILMORE

section is to measure the fraction of the incident electrons
that have lost an amount of energy equal to the excitation
energy of the state under consideration. This method, how-
ever, is experimentally more difficult, and only with im-
proved techniques in the last few years has it given accurate
results.

Table 1 gives the final states of atomic oxygen transi-
tions considered in this report, along with the corresponding
threshold energies (Moore, 1976). These final states and
threshold energies are also shown in the energy level dia-
grams given in Figs. 1 and 2. The threshold energies for Ryd-

29 20
2
18 Triplete pe Singlete [ 18
r 7
18 - . —td o __ag o [~ 18
DO
17 _ Til-lple‘hu Singlets ‘—%f? gﬁgc —ﬁ? igggc n 17
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{6 —d IoPIFE__4d lspOFER sy — lepg L 16
—= —e i, T
15+ e P Mg oo - 15
L
4 5 g lepr a3 — P
14+ Quintets SoTr!plefa — % TF ¥ : ~ 14
| ]
.'.3 ] _2::2(3 ::g‘;’l _353[)0 3. 1DQ -13
- —ay o —3d P - 12
= 12 :\3\4: Sg e 30
ICHTR o —®F - 11
).-.
1@ - 10
SJ: S0 3 90 L
—3s
8 -8
7 -7
g - ~ b
0 -9
2,4 1
yo RS - 4
3 -3
o4 2?2 1p 5
1 - - 1
42 2" % (ground state

F1G. 1. Atomic oxygen threshold energies for electronic excitation to lower excited states.
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o5 55
o8 - 262 22 3p - o0
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45 ~ - 45
48 — - 40
35 - ~ 39
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~ 3@ - 4 4 - 3
2a 2p’ P
> {Innar-electran
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% 25 - ~ 29
Ll
20 1 252 2p3 2P° - 20
232 2p3 2[}0 touter-electron
singla lonization)
157 252 2p3 ‘*s" - 19
18 - ~ 10
Sl -5
L 2p4 Ip {ground state) @

F16. 2. Atomic oxygen threshold energies for ionization to single and double ion states.

berg excitations, where not available from measurements,
are computed using the well-known formula

_R_

(n—8?%"
where the subscript # denotes nth state in the series, W, is
the ionization energy (series limit), R is the Rydberg energy,
and & is the quantum defect for the series. Values of W, are
listed in Table 1, and values of 6 for the Rydberg series con-
sidered in this report, obtained from Jackman ez al. (1977),
are given in Table 2. In all cases the initial state prior to the
inelastic electron scattering is the 2s*2p* *P ground state of
atomic oxygen. Only transitions to states with angular mo-
mentum orbitals s, ', 8", p, p', p", d, d’, and d " (where the
unprimed, primed, and double-primed orbital symbols refer
to the 45°, 2D°, and 2P° ion cores of the excited states of
atomic oxygen, respectively) are considered. Electron-im-
pact cross sections for higher angular mmomentum states are
not available, but theoretical considerations indicate that
they are generally small. For certain sets of high states with

W, =W, (1)

similar electron configurations and energy thresholds, such
as the O(4d ' *F°) and O(4d ' >G”) states, we present only
the sum of the cross sections, and use the notation
O(4d’ 3 FG°) to refer to this sum. The cross sections as a
function of electron-impact energy are presented in both
graphical and tabular form, with inclusion of formulas in the
tables for extrapolating these values to higher energies.

In an earlier report Slinker and Ali (1986), in connec-
tion with a calculation of excitation and electron energy loss
in bombarded atomic oxygen, tabulated a number of elec-
tron-impact cross sections for this species. However, this ta-
bulation was based on older data, much of which has since
been superseded. For allowed transitions many of the new
values differ by factors of ~2-3 from the older cross sec-
tions. For low-lying metastable excitations the new measure-
ments show that the cross section falls off more gradually
with increasing energy in the 10-30 eV range than the £
fall off assumed by Slinker and Ali. New cross sections for
higher forbidden transitions that are now available, from
both energy-loss and optical measurements, allow better de-

J. Phys. Chem. Ref. Data, Vol. 18, No. 1, 1890
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282 R.R. LAHER AND F. R. GILMORE

Table 2. Quantum defects for Rydberg excitations.
Adapted from Jackman ef al. (1977).

Rydberg state 1]

ns 55° 1.24
ns 35° 1.16
np P 0.81
np 3P 0.69
nd 3D° 0.01
ad 3D° 0.01
ns' 3D° 1.21
ns' 1D? 1.18
np 3P,3D, 3F 0.84
ng' ‘P, D 'F 0.83
nd’ 350,3P°,3D°, 3F°,3G° 0.04
nd’ 150’ 1};0Y lDa’ lpo, 1Ga 0.04
ns' 3p° 1.25
ng" 1pe 1.19
npll 85', SP, SD 0.86
np” 15, 1P, 'D 0.85
nd"” 3P, 3p°, 3Fe 0.05
nd" ‘P", le, ipo 0.05

termination of cascade contributions, leading to cross sec-
tions that differ from the older values by up to a factor of 10.
In addition, the earlier tabulation did not include some cross
sections now known to be significant, such as the 2p° °P°
excitation. Finally, no information was given on autoioniza-
tion, which has a cross section that is ~20% of the total
inelastic cross section, and has a significant effect on the
relative production of different O™ states and on the energy
distribution of the secondary electrons created in the ioniza-
tion process. Application of the updated cross sections pre-
sented in this report to electron/oxygen-atom scattering cal-
culations will provide more accurate values for excitation
and 1onization efficiencies, the secondary electron distribu-

tion, and the average electron energy lost per ion pair creat-
ed.

2. Electron-Impact Excitation

Cross Sections

2.1. Transitions to Non-Rydberg States
2.1.a. O(3P~2p 1 D)

Shyn and Sharp (1986) have made measurements of
the excitation cross section of the Q(*P-2p* ' D) transition
by electron impact at 7, 10, 15, 20, and 30 eV, using the
electron energy-loss technique. These values, with an as-
signed 50% uncertainty, are within 20% of the theoretical
results of Henry et al. (1969) and Vo Ky Lan et al. (1972).
The theoretical results of Thomas and Nesbet (1975), which
are available for electron-impact energies up to 10 eV, are
also within 20% of the measurements at 7 and 10 eV. We fit
the experimental data to a generalization of the semi-empiri-
cal formula of Jackman et al. (1977):

J. Phys. Chem. Ref. Data, Vol. 19, No. 1, 1980

F alls 0
- eI’
T = B £) 1 \E
(2)

where o(E) is the cross section in units of cm?, E is the
electron-impact energy in units of eV, ¢=4walR?
= 6.513X 107 cm® eV? (a, is the Bohr radius and R is the
Rydberg energy), Wis the threshold energy of the excitation
ineV,and F, o, B, (1, and y are adjustable parameters for use
in fitting the formula to the experimental data. We have add-
ed the ¥ term to the Jackman ef a/. formula so that (with
1 = 1) the cross section for this transition has an E 3
asymptotic behavior at high energies (E> 200 eV) as re-
quired for spin-forbidden transitions (Henry ef al., 1969).
Using W= 1.96 eV, and the parameters F=0.012, a =1,
B=—2, and Q=1 from Jackman er al. (1977), and
y = 0.002, Eq. (2) yields values for the O(*P—2p* ' D) cross
section that agree well with the theoretical results for ener-
gies lower than 7 eV, and fit the measurements of Shyn and
Sharp (1986) within 30%. The cross sections computed us-
ing Eq. (2) are shown in Fig. 3, and are tabulated in Table 3.

2.1.b. O(3P-2p2 15)

Shyn er al. (1986) have measured the cross section of
the O(*P—2p* 'S) excitation at 10, 15, 20, and 30 eV. In
these measurements the direct method of electron energy-
loss was used. While the experimental profile shape in the
10-30 eV range closely resembles the theoretical cross-sec-
tion curves of Henry et al. (1969) and Vo Ky Lan ef o/,
(1972), the experimental data are greater in magnitude by a
factor of 2. Note, however, that the data have a 54% uncer-
tainty. To fit the excitation cross sections for this transition
as a function of electron-impact energy, we use Eq. (2) with
W=418 eV, F=0006, ¢=05, =1, 0=1, and
y = 0.0004, where the values of &, £, and {} are from Jack-
man et al. (1977). Given the large error bars on the experi-
mental data and the large differences between the experi-
mental and theoretical cross sections, we have chosen the
parameter Fsuch that o(E) peaks at a value intermediate to
the recent measurement and the theoretical result at 10 eV,
Figure 3 and Table 3 present the recommended cross sec-
tions for this transition.

2.1.c. O(3P- 2p5 3P%)

The only experimental cross sections for the excitation
of O(2p° *P°) are those of Vaughan and Doering (1988),
obtained from electron energy-loss measurements. The
curve shown in Fig. 3 is based on the experimental data at 30,
50, 100, 150, and 200 eV, We have reduced the measurement
at 150 eV by 16% to smooth the cross section, given the large
error bar on this particular datum.

For energies greater than ~200 eV, the excitation cross
section for an allowed transition can be approximated by the
formula

_ A+ (gF/W)InE
E 3
where A is a constant, ¢ and W have been defined in Sec.

2.1.a,, and Fis the optical oscillator strength (Jackman et
al., 1977). For this transition, F=0.070 (Doering et al;

o(EY (3¥
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FI16. 3. OCP-2p* 'D, 2p* 'S, 20° *P°) excitation cross sections.

1985), and we choose 4 = — 9.14X 10~ "*cm? eV to give a
smooth transition to the experimental data at lower energies.
The cross sections are tabulated in Table 3.

2.2. Scaling of Cross Sections for Rydberg States

No cross section measurements are available for many
of the Rydberg states of atomic oxygen. For these cross sec-
tions we have used a procedure of scaling from the measured
cross sections of related Rydberg states, which is a general-
ization of the method of Jackman et al. (1977). These
writers used semi-empirical cross section formulas, and as-
sumed that the shape-controlling parameters in the formulas
are the same for all the states in a given Rydberg series. This
is nearly equivalent to assuming that all of the cross sections
have the same shape, but scaled by a factor. For optically
allowed transitions this factor is F' /W, where Fis the optical
oscillator strength and W is the threshold energy for a given
state in the series [see Eq. (3)]. For forbidden transitions,
Eq. (2) withy = Oholds, and the F / Wscaling holds (except
near threshold) when Q = 1. For simplicity, the F /W scal-
ing was also used for other values of {1, since the relatively
small variation in W among the states in a given Rydberg
series makes this a reasonable approximation.

The known cross section for a Rydberg state of quan-
tum number » can be used to calculate that of another state
7' by using the relation

ne ot

W F,

n

o, (E) =

o, (E). (4)

(This relation is not accurate very near the energy threshold,

Table 3. O(3P — 2p% ' D, 2p* 15, 2p° 3P°) excitation cross sections.

Electron energy (eV) o (107! em?)

Qp‘l XD 2p4 15‘ 2p5 SPo

2.1 0.82 - -

2.4 5.41 - -

2.7 10.7 - .-

3 15.4 - -

4 24.9 - -

4.4 28.7 0.54 -

48 27.7 1.30 -

5 28.0 1.60 -

6 28.3 2.57 -

7 27.4 3.02 -

8 26.0 3.22 -

g 24.4 3.28 -
10 22.8 3.27 -
12 19.8 3.15 -
14 17.1 2.97 -
18 14.8 2.79 0.17
18 12.9 2.61 1.27
20 11.2 2.44 2.08
25 8.07 2.09 4.11
30 5.90 1.80 6.82
40 3.34 1.37 12.7
45 2.58 1.21 13.6
50 2.02 1.07 14.1
55 1.61 0.95 13.7
70 0.87 0.69 115

100 0.33 0.38 7.45
150 0.11 0.18 4.40
200 0.05 0.08 3.14
>200 4.0 % 1038 (—914 + 291 InE)/E
6.4 x 105E-3

where the curve must be shifted slightly to give the proper
threshold behavior.) In this equaiton the F, values are given
by

F*

-7 5
5 (5)

where F * is a constant for a given Rydberg series which can
be calculated using the gquantum defect (Table 2) and a
known optical oscillator strength for allowed transitions, or
the known o, (E) and Eq. (2) for forbidden transitions.

The cross sections for the higher Rydberg states, 75,
are conveniently summed by approximating the different
thresholds W, by a single, intermediate value
W, = (Ws+ W,;)/2, and the sum by an integral (accurate
to within a few percent):

o0 o - 3
Onss (B)= 3 0,(E)= ) -’—;—3—8—2;%(&
n=73 nm=3 n -
843
W, 829 ;5. 6)

oW, (45-5)
In writing Eq. {(6) we have assumed that the n = 3 cross

J. Phys. Chem. Ref. Data, Vol. 19, No. 1, 1980
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section is the only cross section available in a given Rydberg
series. For some of the Rydberg series treated in Secs. 2.3,
2.4, and 2.5, however, the n = 4 cross section or optical oscil-
lator strength is available. In these cases the Zn>5 cross
section is scaled from the n = 4 cross section, rather than the
n = 3 cross section as done in Eq. (6).

2.3. Transitions to Rydberg States with an
O+ {2s522p3 45°) Core
2.3.a. O(3P- 35 55°)

The only published measurements of these excitation
cross sections are the optical data of Stone and Zipf (1974)
which cover the electron-impact energy range of 11 to 70 eV.
Above 25 eV, their data scatter by a factor of 2 or more about
the mean. Later Zipf and Erdman (1983) determined that
these measurements should be divided by a constant at least
equal to 1.34, and possibly as large as 2.8, due to a re-evalua-
tion of their measurement technique and a better measure-
ment of their absolute calibration standard. If these data are
divided by 2 they agree quite well with the theoretical calcu-
lations of Julienne and Davis (1976) for the excitation cross
setion, including cascade contribution. These calculations
indicate that over half of the optical cross section is due to
cascade contributions, so that the Stone and Zipf measure-
ments cannot be used alone to determine this excitation cross
section. Evidence for the accuracy of the Julienne and Davis
calculations is provided by their value for exciting the 3p °P
state at 15 eV, which agrees well with the measurement (see
Sec. 2.3.c.). Accordingly, we conclude that these theoretical
results give the best values currently available for the excita-
tion cross section of OGP 357 8%).

2 S 18 28 S8 100 200
108 108
5@ 58
< 20 20
£
G 33 L -0
@ 18 - \\ . 18
‘E} Il .
=~ S <7 9
% 85 850
5 /
= 2 / 2
w
Umj 1 i1 i
& : 3
© 2.5
. \ 3.8
\
8.2 0.2
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2 S 1@ 20 50 188 200

ELECTRON ENERGY (eV¥)

FIG. 4. O(PP35° 57, 35 28°) excitation cross sections.
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The recommended values are given in Fig. 4 and Table
4. For electron-impact energies £> 50 eV, the approxima-
tion

o(E) = (3.88x 107 cm? eV?)E ~° 7

is used. Equation (7) is consistent with the well-known
high-energy behavior of spin-forbidden transitions.

2.3.b. O(P-»35 1 5%)

The O(*P- 35 3S°) excitation by electron impact is by
far the most widely investigated of all atomic oxygen transi-
tions. The latest measurements have been performed by Gul:
cicek and Doering (1988) and Vaughan and Doering (1986;
1987), who made electron energy-loss measurements in the
13.87-200 eV range. Previously Stone and Zipf (1971, 1974)
employed optical measurement techniques and obtained
larger values due to systematic errors and cascade contribu-
tions from higher states; however, the measurements were
later lowered by 64% (Zipf and Erdman, 1985). According
to Vaughan and Doering the revised optical cross sections of
Zipfand Erdman, less reasonable cascade contributions, will
yield values similar to theirs for impact energies greater than
30 eV; below 30 eV the agreement is not as good, the new
measurements being roughly a factor of 1.2 larger than the
optical data after cascade corrections are applied. The theo-
retical cross sections of Julienne and Davis (1976) and

Table 4. O(3P — 35 55°, 3s 35°) excitation cross sections.

Electron energy (eV) o (107% cm?)

35 55° 35350
9.9 0.35 3.42
10.1 (.54 4.4}
10.5 1.08 5.48
11 1.37 6.28
12 1.78 7.71
14 2.33 9.87
16 2.85 10.5
18 3.19 11.0
20 3.08 111
22 2.78 10.8
25 2.29 104
28 1.77 9.30
30 1.51 £.69
35 0.91 8.37
40 0.81 8.10
45 0.43 7.95
50 0.31 7.81
55 0.23 7.62
60 0.18 7.45
70 0.11 7.18
100 0.04 6.30
150 0.011 5.27
200 0.005 4.37
>200 3.88 x 104E-3 (—869 + 320 InE)/E
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Rountree and Henry (1972) scaled upward by factors of 1.6
and 1.3, respectively, closely match the recent measure-
ments. The theoretical results of Sawada and Ganas (1973)
and Smith (1976) differ in variation with energy as well as
magnitude from the recent measurements.

Thus the measurements of Gulcicek and Doering
(1988) and Vaughan and Doering (1986, 1987) are in line
with previous work. Assuming that technological advances
over the years have produced a better laboratory apparatus,
the newest measurements are preferred. The curve shown in
Fig. 4is a hand fit of the data; corresponding values are listed
in Table 4. For impact energies > 200 eV, the cross sections
are obtained from Eq. (3), where F = 0.048 (Doering et al.,
19835) and 4 = — 8.69x 107 cm? eV.

2.3.c. O(3P - 3p 5P, 3p *P)

Gulcicek et al. (1988) and Gulcicek and Doering
(1987) report for the first time direct measurements of the
excitation cross section for the O(*P—3p ® P) transition in
the 13.87-30 eV range. Their results are fairly close to the
calculated values of Julienne and Davis (1976). The semi-
empirical cross section of Dalgarno and Lejeune (1971),
which has a peak value of 1.7X 10" ¥ cm” at 15€V, is ~25%
smaller than the experimental value.

We have used the direct measurements as a basis for

Table 5. OPP — 3p 5P, 3p 3P, 3d °D°, 3d 3D°) excitation cross sections.

Electron energy (eV})

o (10718 cm?)

5P 3p3p 3d5D° 3d 3pe
111 0.22 0.15 - -
11.3 0.71 0.47 - -
115 1.00 1.42 - -
12 1.31 2.72 - -
14 2.31 5.22 0.041 0.62
16 2.35 6.63 0.087 1.22
18 2.23 752 0.109 1.50
20 2.10 7.70 0.116 1.94
22 1.86 7.13 0.113 2.26
24 1.61 6.26 0.105 2.45
26 1.18 5.32 0.096 2.64
28 0.88 458 0.087 2.85
30 0.67 4.00 0.078 3.06
35 0.42 3.41 0.059 3.31
40 0.28 3.13 0.045 3.44
45 0.20 2.95 0.035 3.50
50 0.14 2.80 0.027 3.53
55 011 92.54 0.022 3.39
60 0.08 2.32 0.017 3.22
70 0.0 1.9 0.012 2.78
100 0.018 1.10 0.005 1.69
150 0.005 0.73 0.0015 1.42
200 0.002 0.55 0.0006 1.21
>200 1.81 x 10*E-3 48 x 10983
11051 (~298 + 102 InE)/E

J. Phys. Chem. Ref. Data, Vol. 19, No. 1, 1890
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constructing a cross-section profile versus electron-impact
energy for the O(*P- 3p >P) transition. This is shown in Fig.
S; values are given in Table 5. For energies > 30 eV the fol-
lowing approximation is used:

o(E) = (1.81 X107 em? eVHE ~3, (8)

Gulcicek er al. (1988) and Gulcicek and Doering
(1987) also report direct measurements of the O(*P—
3p *P) cross section in the 13.87-100 eV range. Gulcicek ef
al. write that optical data of E. C. Zipf, which include experi-
mentally determined corrections for cascading, support
these measurements for electron-impact energies > 30 eV
(from a private communication between Gulcicek et al. and
E. C. Zipf). The theoretical cross section of Julienne and
Davis (1976) at 20 eV is 26% less in magnitude than the
latest measurement. The semi-empirical cross section of
Dalgarno and Lejuene (1971) is about a factor of 10 lower
than the new measurements.

Figure 5 and Table 5 give the recommended values for
the O(*P-3p 3P) cross section, based on the experimental
results. For > 100 eV,

o(E) = (1.10X 10" ¥ em® eV)E ! (9)

is a valid approximation for this electric quadrupole transi-
tion.

2.3.d. O(3P— 3d 307, 3d 3D°)

No experimental data on the O(*P-3d ® D°) cross sec-
tion as a function of electron-impact energy are available, as
is the case for many of the atomic oxygen Rydberg states. We
therefore use Eq. (2), with W= 1207 eV, a =1, f=2,
0 =3, and F=0.2/(3 — 0.01)> = 0.007 (Jackman et al.,
1977}, and y = 0. This cross section is plotted in Fig. 5;

2 3 18 20 58 106 200
18 -+ 12
5 S
-~ 2 2
C\(E "\\4.350
(o] [T~ A
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,B |
= =
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FIG. 6. O(*P~45°5°, 45 *5° ) excitation cross sections.
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Table 8. O3P — 45 55°, 45 35°) excitation cross sections.

Electron energy (eV) o (10718 em?)

45 55° 45 35°
11.8 0.01 -
12 0.02 0.04
12.1 0.03 .19
12.5 0.11 1.20
13 0.34 1.54
14 0.46 1.68
16 0.57 1.79
18 (.64 1.86
20 0.62 1.89
25 0.46 .77
28 0.35 1.58
30 0.30 1.48
35 0.18 1.42
40 0.12 1.38
45 0.09 1.35
50 0.08 1.33
55 0.05 1.30
60 0.04 1.27
70 0.02 1.22
100 0.01 1.07
150 0.002 0.90
200 0.0009 0.74
>200 7.5%x 10353 (~148 + 56 InE)/E

corresponding values are given in Table 5.

Recent measurements of the O(PP—3d 3 D°) excita
tion cross section at electron-impact energies of 30, 50, anc
100 eV, by the method of electron energy loss, are reportex
by Vaughan and Doering (1988). Their results agree witl
the optical cross sections of Zipf and Erdman (1985) withi:
experimental error except at energies greater than ~ 80 e\
where Vaughan and Doering’s data fall off more rapidl
with increasing energy. Vaughan and Doering suggest tha
this is because cascade contributions in the optical measure
ments become progressively more important at higher ener
gies; they do not, however, speculate on the identities of th
cascade states. Zipf and Erdman, on the other hand, poin
out that their optical cross sections probably contain cascad
contributions from nf *F states which may be significant be
low 50 V.

We have decided to adopt the measurements of
Vaughan and Doering (1988) for the O(°P—3d * D°) cross
section. The cross section is shown in Fig. 5, and values are
tabulated in Table 5. For electron-impact energies > 100 eV
we approximate the cross section using Eq. (3) with
F=10.019 (Doering et al., 1985) and 4 = — 2.98x 107 1¢
cm’eV.

2.3.e. Transitions to O™ (48°)-Core Rydberg States with 74

For excitation to the 45 °>S° Rydberg state the quantum
defect method outlined in Sec. 2.2 is used. We find that this
cross section is 20% of the 3s 3S° cross section. The
O(*P—4s° S°) cross section is given in Fig. 6 and Table 6.
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We scale the O(*P— 35 °$°) cross section by

WF,  (9.51eV)(0.01)

W.F, (11.92eV)(0.048)
in order to obtain the O (°*P—4s > .5%) cross section, where
the optical oscillator strengths, F; and F, for the n = 3 and
n = 4 states, respectively, have been measured by Doering et
al. (1985). Note that if we had used Eq. (5) instead of the
measured value for F,, the required scale factor would be
overestimated by 28%, thus indicating the limitations of the
quantum defect method for this transition. Values for this
cross section as a function of electron energy are given in Fig.
6 and Table 6.

The excitation cross section for the 4p *P Rydberg state
is calculated using Eqs. (4) and (5). This cross section is
28% of the 3p ° P cross section. The results are given in Fig. 7
and Table 7.

Equations (4) and (5) are also used to obtain the cross
sections for the 4p P Rydberg state from the n = 3 cross
section. Accordingly, the scale factor is 0.30. This cross sec-
tion 18 shown in Fig. 7 and listed in Table 7.

The O(°P—4d °D°) cross section is obtained using Eq.
(), with W=12T4eV,a=1,=2,0=3, and F=0.2/
{4 —0.01)?=0.003 (Jackman et al, 1977), and y=0.
This cross section is plotted in Fig. 7; corresponding values
are given in Table 7.

(10)

Table 7. O(3P — 4p P, 4p 3P, 4d 3>°, 4d 3D°) excitation cross sections.

Electron energy (eV)

o (10718 em?)

4pSp 4p3p 4d5p° 4d 3pe
12.5 0.48 0.02 - -
12.7 0.52 0.07 - -
12.9 0.56 0.20 0.00019 -
13 0.59 0.36 0.0005 -
13.5 0.62 0.84 0.0034 0.01
14 0.65 1.57 0.008 0.02
15 0.67 1.83 0.018 0.03
16 0.66 1.99 0.026 0.06
17 0.64 2.14 0.033 0.11
18 0.62 2.26 0.038 0.14
20 0.59 2.31 0.043 0.22
22 0.52 2.14 0.043 0.34
25 0.38 1.74 0.040 0.62
28 0.25 1.37 0.035 1.03
30 0.19 1.20 0.032 1.29
35 0.12 1.02 0.025 1.78
40 0.08 0.94 0.019 2.00
45 0.06 0.89 0.015 2.12
50 0.04 0.84 0.012 2.17
55 0.03 0.76 0.009 2.12
60 0.02 0.70 0.008 2.03
70 0.01 0.57 0.005 1.50
100 0.01 0.33 0.002 0.72
150 0.0015 0.22 0.0007 0.69
200 0.0006 0.17 0.0003 0.64
>200 5.1 x 10°E~3 2.4 x 10°p-3
33E-1 (~306 + 82 InE)/E

J. Phys. Chem. Ref. Data, Vol. 19, No. 1, 1930
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. 2 5 18 28 52 lea 200 Excitation cross-section measurements of the
! 1 OCP-nd * D°) Rydberg transitions for n =4, 5, and 6
5 5 have been made at 30, 50, and 100 eV, and the cross section

for the O(°P—7d 3 D°) transition has been measured at 100
eV (Vaughan and Doering, 1988). The n>4 profiles of cross
2 2 section versus electron-impact energy are of similar shape,
and are distinctly more sharply peaked than the n = 3 case
(see Sec. 2.3.d.). We therefore fit a curve to the n = 4 data
(see Fig. 7and Table 7), and assume that its shape will be the
: same for all higher Rydberg transitions in this series. From
\ the optical oscillator strength F, = 0.016 (Doering et al.,
4 1985), the corresponding energy threshold (given in Table
T(n 2 5) na b5 1), and the measurement at 100 eV, the n = 4 cross section
2.1 for electron energies greater than 100 eV can be approximat-
) ed using Eq. (3) with 4 = — 3.06 X107 ¢ cm?eV.
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2.3.1. Transitions to 07 (45%)-Core Rydberg States with n>5

e.02 0.02 For excitations to the 7> 5 states of the ns >S° Rydberg

series, Eq. (6) requires that the £n>5 cross section is 18% of
.21 ‘ 8.81 5 . . LT o
2 A so oo 208 the 35 °S” cross section. This cross section is given in Fig. 8
ELECTRON ENERGY (eV) and Table 8. _ .
For the sum of the cross sections of the #> 5 states in the
FIG. 8. O(*P=2(n35) ns® 5%, £(n»5) ns* 5°) excitation cross sections. ns*S° Rydberg series, we scale the O(PP—4575° ) cross sec-
tion by

Table 8, O(3P — E(n > 5) ns °5°, £(n > 5) ns 35°) excitation cross sections.

Electron energy (eV) o (10718 ém?)
L(n > 5) ns 58° £(n > 5) ns 38°
13.4 0.10 0.04
13.6 0.31 0.14
13.8 0.36 0.45
14 0.40 1.04
15 0.46 1.49
16 0.51 1.61
17 0.55 1.67
18 0.57 1.73
19 0.57 1.74
20 0.56 1.76
22 0.50 1.71
25 0.41 1.64
28 0.32 1.47
30 0.27 1.37
35 0.16 1.32
40 0.11 1.28
45 0.08 1.26
50 0.06 1.23
55 0.04 1.20
60 0.03 1.18
70 0.02 1.13
100 0.01 1.00
150 0.002 0.83
200 0.0009 0.69
>200 7.5x 103E-3 (137 + 52 mE)/E
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nd *D°) excitation cross sections.
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W,(4—-6)° _ (11.92 eV)(4 — 1.16)° —0.93
AW, (45— 82 2(13.15eV)(4.5—1.16)>
(11)

Values for this cross section as a function of electron energy
are given in Fig. 8 and Table 8.

The sum of the cross sections for the 75 states of the
np P Rydberg series is calculated using Eq. (6). Itis found
to be 31% of the 3p °P cross section. This cross section is
graphed in Fig. 9 and tabulated in Table 9.

From Eq. {6), we find that the composite cross section
for the n>5 states of the np P Rydberg series is 35% of the
3p 3P cross section. The $n>3 cross section for this series is
given in Fig. 9 and Table 9.

We obtain the O(*P—2(n>5)nd > D°) cross section
using Eq. (2), with W= 13.33 eV from Table 1, a =1,
B=2, =3, and F=02/[2(4.5~0.01)] =0.005
(Jackman et al., 1977), and ¥ = 0. The expression for F'is
consistent with the quantum defect method discussed in Sec.
2.2. This cross section is plotted in Fig. 9; corresponding
values are given in Table 9.

For 0,5 (E) of the nd >D° Rydberg series, we scale the
4d >D° data using an equation similar to Eq. (6):

Table 9. O(3P — I{(n > 5) np 5P, (n > 5) np 3P, T(n > 5) nd *D°, L(n > 5) nd 3D%)

excitation cross sections.

Electron energy (eV)

T(n25)np P T(n>5)np3P T(n>5)ndSD°

o (107*% cm?)

B(n > 5) nd 3D°

134
13.6
13.8
14
15
16
17
18
19
20
22
25
28
30
35
40
45
50
55
60
70
100
150
200

>200

0.07 0.04
0.256 0.18
0.40 0.82
0.62 1.48
0.69 2.13
0.70 2.32
0.71 2.50
0.69 2.63
0.67 2.66
0.65 2.70
0.58 2.49
0.43 2.03
0.27 1.60
0.21 1.40
0.13 1.19
0.08 1.10
0.06 1.03
0.04 0.98
0.03 0.89
0.03 0.81
0.02 0.67
0.01 0.38
0.0017 0.26
0.0007 0.195
5.6 x 10°E—3
39E-1

0.0007 -

0.0019 0.01
0.0036 0.02
0.016 0.04
0.029 0.08
0.041 0.16
0.050 0.21
0.056 0.26
0.060 0.33
0.063 0.52
0.060 0.92
0.054 1.54
0.049 1.94
0.039 2.67
0.030 3.00
0.023 3.17
0.019 3.26
0.015 3.18
0.012 3.05
0.008 2.26
0.003 1.08
0.0011 1.04
0.00047 0.95

3.76 x 103E-%

(~481 4 123 InE)/E
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sections.

R.R. LAHER AND F. R. GILMORE

& w,(4— 8)°
G5 (B) = 3 0,(B) = 22 2 o)
(12.75eV)(4 — 0.01)° o, (E)
4

T 2(1333eV) (45 — 0.01)2
= (1.5)o,(E). (12)

The data show that this method of approximation gives cross
sections within experimental error up to # = 7 in the series.
Figure 9 and Table 9 give the recommended values for this
cross section.

2.4. Transitions to Rydberg States with an
O+ {2s22p3 2D°) Core
2.4.a. O(3P- 38 2 D°, 3¢’ 1D°, 3p' *PDF, 3p' \PDF)

Electron energy-loss measurements of the O(*P—
3s' 3D°) excitation cross section have been made by
Vaughan and Doering (1987) and Gulcicek and Doering
(1988) in the 20-200 eV range. In the latter work, a new
value for the electron-impact cross section at 20 eV, mea-
sured following improvements to the experimental appara-
tus for near-threshold energies, is reported which replaces
the 20 and 25 eV values of the former work. These data are a

Table 10. O(3P — 35’ 3D°, 35 'D°, 3p' 3PDF, 3p' * PDF) excitation cross sections.

Electron energy (eV)

o (107*% cm?)

35 3D° 3s' 1De 3p' *PDF 3y '\PDF
13 0.05 0.006 - -
13.5 0.24 0.037 - -
14 1.08 0.080 - -
14.5 2.47 0.135 - 0.024
15 3.56 0.187 - 0.057
16 5.10 0.28 0.144 0.099
17 5.52 0.35 0.399 0.120
18 5.61 0.40 0.586 0.130
19 5.50 0.43 0.722 0.132
20 5.41 0.45 0.822 0.130
22 5.00 0.46 0.945 0.120
25 4.88 0.42 1.019 0.099
28 4.95 0.37 1.026 0.081
30 5.07 0.34 1.013 0.070
35 5.64 0.26 0.953 0.050
40 5.85 0.20 0.882 0.036
45 5.98 0.154 0.813 0.027
50 5.87 0.122 0.751 0.021
55 5.58 0.097 0.695 0.016
60 5.33 0.079 0.646 0.013
70 4.93 0.053 0.564 0.008
100 4.48 0.021 0.406 0.003
150 4.00 0.007 0.274 0.001
200 2.67 0.003 0.207 0.0004
>200 (~1145 + 317 InE)/E 41.4E7!
2.4 x 104E-3 3.3 x 10°E-3
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factor of 3 lower than the optical cross sections reported by
Zipf and Erdman (1985); however, the profile shapes are
similar. Vaughan and Doering write that, based on the as-
sumption that cascade contributions to the optical cross sec-
tions of Zipf and Erdman are 25% or less, a reduction in the
Zipf and Erdman values by a factor of 2 would be needed to
make the values consistent with their own measurements. As
a result of their analysis of mid-latitude dayglow data ob-
tained from rocket measurements, Gladstone ef al. (1987)
came to the similar conclusion that the Zipf and Erdman
values should be reduced by a factor of ~2-3 in order to
explain their observations using the 1 173-A/989-A branch-
ing ratio measured by Morrison (1985) and Erdman and
Zipf (1986). In addition Gladstone et a/. (1987) also cite
other airglow studies, over a wide range of aeronomical con-
ditions, that also require a reduction in the Zipf and Erdman
cross sections to bring the models into agreement with the
observations. Note that Meier (1982) required a cross sec-
tion of 8.4 107 '® cm? at 25 ¢V in order to explain rocket
observations of the 989-A dayglow under optically thick
conditions, but this was based on a model value of the 7990-
A/989-A branching ratio shown later by Erdman and Zipf
(1983) to be too large by more than an order of magnitude.

We therefore recommend that the new measurements
be used. A hand interpolation of the data from threshold to
200 eV is shown in Fig. 10, and numerical values are tabulat-
ed in Table 10. For £ 200 eV the cross section is approxi-
mated by Eg. (3) with F = 0.061 (Doering et al., 1985) and
A= —1.145x 107" cm? eV.

No measured cross sections for transitions to the 3s'
'D°, 3p' *PDF, and 3p’ 'PDF states (where the P, D, and F
cross sections for a given spin have been added due to their
similar thresholds and theoretical high-energy behaviors, re-
sulting in a composite PDF cross section) are available.
However, Jackman ef al. (1977) have estimated values for
these excitations which can be calculated using Eq. (2)
(with ¥ = 0). For 35’ 'D°, W= 1272 eV, a=1, f=2,
Q =3, and F=02/(3 — 1.18)* = 0.033. For 3p' *PDF,
W=14.06 eV, a=2, B=1, Q=1 and F=0.1/
(3 —0.84)°=0.01. And for 3p’ 'PDF, W=14.20 eV,
a=1,B=1, Q=3, and F=0.04/(3 —0.83)° = 0.004.
These cross sections are plotted in Fig. 10 and listed in Table
10.

2.4.b. O(3P-3d 35°, 3d 3F°, 3d 3D°, 3 3FG°, 3d 1SPDFG®)

There are currently no measured cross sections avail-
ableforexcitationtothe 3d 389,34 3P °, and 3d ' 3D° states;
however, Vaughan and Doering (1988) have measured the
OP-4d’?P°) cross section using the electron energy-loss
method. We make the assumption that the O(*P-3d’ Py
cross section is related to the O(?P—4d ' >P°) cross section
by a scale factor. Then using the quantum defect method (as
explained in Sec. 2.2) and the quantum defect § = 0.04 given
by Jackman et al. (1977) for this Rydberg series, the scale
factor is given by

Wi(4—98)° _ (16.08eV)(4—~0.04)°
W,(3—8) (1536eV)(3—0.04)°
where W, and W, are the threshold energies for the n =3

2.51, (13)
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F1G.11. O(*P-3d'5°,3d ' *P°,3d ' D", 3d " *FG°,3d’ 'SPDFG’ ) excita-
tion cross sections.

and n =4 states, respectively, given in Table 1. The
O(*P-3d’ *P°) cross section is presented in Fig. 11 and in
Table 11 as a function of electron-impact energy. For
E>200eVthe O(*P—3d ' ?P ) cross section is approximat-
ed by letting F=0.0077 (Jackman et al, 1977) and
A=271x10""%cm? eV in Eq. (3). We furthermore make
the assumption that >S° and *D° cross sections are related to
the *P° cross section by scale factors, and use the optical
oscillator strengths 0.0065 and 0.0052 for the 3$° and *D°
states, respectively (Jackman et al, 1977), as relative
weights. The resulting >S° and *D° cross sections are also
plotted in Fig. 11, with corresponding values presented in
Table 11.

No measured cross sections have been reported for
transitions to the 3¢’ *FG° and 3d’ 'SPDFG° states. The
estimates of Jackman et al. (1977) are therefore used, name-
ly, Eq. (2) (with ¥ = 0) and the following parameters: for
3d'PFG°, W=153%eV,a=2,= 1,0 = l,and F= 0.1/
(3 —0.04)* = 0.004; for 3d’ 'SPDFG°, W= 1540 eV,
a=1, =2, O =3, and F=0.2/(3 —0.04)° = 0.008.
These cross sections are plotted in Fig. 11 and listed in Table
11.

2.4.c. Transitions to 0+ (2 D°)-Core Rydberg States with n=4

The O(3P-»4s' *D°) cross section is obtained using
Eqgs. (4) and (5), and data from Tables 1 and 2; it is found to
be 229% of the O(3P— 35" 3D°) cross section. The resnits are
presented in Fig. 12 and Table 12.

The cross sections for transitions to the 4s 'D°,
4p' *PDF, and 4p’ 'PDF states are obtained from the esti-
mates of Jackman et al. (1977). We therefore use Eq. (2)

J. Phys. Chem. Ref. Data, Vol. 19, No. 1,,1990
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factor of 3 lower than the optical cross sections reported by
Zipf and Erdman (1985); however, the profile shapes are
similar. Vaughan and Doering write that, based on the as-
sumption that cascade contributions to the optical cross sec-
tions of Zipf and Erdman are 25% or less, a reduction in the
Zipfand Erdman values by a factor of 2 would be needed to
make the values consistent with their own measurements. As
a result of their analysis of mid-latitude dayglow data ob-
tained from rocket measurements, Gladstone et a/. (1987)
came to the similar conclusion that the Zipf and Erdman
values should be reduced by a factor of ~2-3 in order to
explain their observations using the 1 173-A/989-A branch-
ing ratio measured by Morrison (1985) and Erdman and
Zipf (1986). In addition Gladstone et al. (1987) also cite
other airglow studies, over a wide range of aeronomical con-
ditions, that also require a reduction in the Zipf and Erdman
cross sections to bring the models into agreement with the
observations. Note that Meier (1982) required a cross sec-
tion of 8.4 107 '® cm?® at 25 eV in order to explain rocket
observations of the 989-A dayglow under optically thick
conditions, but this was based on a model value of the 7990-
A/989-A branching ratio shown later by Erdman and Zipf
(1983) to be too large by more than an order of magnitude.

We therefore recommend that the new measurements
be used. A hand interpolation of the data from threshold to
200 eV is shown in Fig. 10, and numerical values are tabulat-
ed in Table 10. For £ 200 eV the cross section is approxi-
mated by Eq. (3) with F'= 0.061 (Doering et a/., 1985) and
A= — 1145107 ¥ cm? eV.

No measured cross sections for transitions to the 3s’
'D?, 3p' *PDF, and 3p’ 'PDF states (where the P, D, and F
cross sections for a given spin have been added due to their
similar thresholds and theoretical high-energy behaviors, re-
sulting in a composite PDF cross section) are available.
However, Jackman et ¢l. (1977) have estimated values for
these excitations which can be calculated using Eq. (2)
(with y=0). For 3s' 'D°, W=1272¢eV, a=1, =2,
Q =3, and F=02/(3 — 1.18)° = 0.033. For 3p’ *PDF,
W=1406 eV, =2, B=1 Q=1 and F=0.1/
(3 —0.84)* =0.01. And for 3p’ 'PDF, W=14.20 eV,
a=1, f=1, & =23, and F=0.04/(3 — 0.83)% = 0.004.
These cross sections are plotted in Fig. 10 and listed in Table
10.

2.4.b. O(3P-3d 38°, 3d 3P°, 3d' 307, 3d 3FG°, 3" '\SPDFG®)

There are currently no measured cross sections avail-
able forexcitation to the 3d ' 2$°, 3d ' >P °, and 3d ' 3D° states;
however, Vaughan and Doering (1988) have measured the
O(*P—4d’'>P°) cross section using the electron energy-loss
method. We make the assumption that the O(*P—3d ' *P°)
cross section is related to the QPP 4d ' P °) cross section
by a scale factor. Then using the quantum defect method (as
explained in Sec. 2.2) and the quantum defect § = 0.04 given
by Jackman ef al. (1977) for this Rydberg series, the scale
factor is given by

W,(4—5)° (16.08eV)(4—0.04)°
W,(3 —&)° (15.36eV)(3 — 0.04)°
where W, and W, are the threshold energies for the 7 == 3

251, (13)
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Fic. 11, QCP=3d'38°,3d"3P°,3d"3D°,3d " *FG°,3d " 'SPDFG’ ) excita-
tion cross sections.

and n =4 states, respectively, given in Table 1. The
O(*P-3d’*P°) cross section is presented in Fig. 11 and in
Table 11 as a function of electron-impact energy. For
E>200eVthe O(PP—3d'3P*) cross section is approximat-
ed by letting F=0.0077 (Jackman et al., 1977) and
A=271x10""%cm® eV in Eq. (3). We furthermore make
the assumption that °S° and *D° cross sections are related to
the 3P° cross section by scale factors, and use the optical
oscillator strengths 0.0065 and 0.0052 for the *S° and *D°
states, respectively (Jackman er al., 1977), as relative
weights. The resulting >S° and *D° cross sections are also
plotted in Fig. 11, with corresponding values presented in
Table 11.

No measured cross sections have been reported for
transitions to the 3d’ *FG° and 3d’' 'SPDFG° states. The
estimates of Jackman et al. (1977) are therefore used, name-
ly, Eq. (2) (with ¥ = 0) and the following parameters: for
3d'3FG°, W=1539eV,a=2,=1,0=1,and F=0.1/
(3 —0.04)° =0.004; for 3d’' 'SPDFG°, W=1540 eV,
a=1, =2, =3, and F=0.2/(3 — 0.04)* = 0.008.
These cross sections are plotted in Fig. 11 and listed in Table
11

2.4.c. Transitioné to O+ (2 D°)-Core Rydberg States with n1==4

The O(*P—4s' 3D°) cross section is obtained using
Egs. (4) and (5), and data from Tables 1 and 2; it is found 1o
be 229 of the O(3P— 35" 3D° ) cross section. The results are
presented in Fig. 12 and Table 12.

The cross sections for transitions to the 45 'D°,
4p’ 3PDF, and 4p' 'PDF states are obtained from the esti-
mates of Jackman et al. (1977). We therefore use Eq. (2)

J. Phys. Chem. Ref. Data, Vol. 19, No. 1, 1890
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Table 11. O3 P —s 3d' 35°, 34' 3P°, 3d' 3D°, 3d' 3FG°, 3d’' 'SPDFG®) excitation cross sections.

Electron energy {eV)

o (10718 cm?)

3d' 350 3d' 3p° 3d *pe 3d'3FG°  3d' 'SPDFG°
15.8 0.01 0.01 0.01 0.052 0.0012
16 0.02 0.02 0.02 0.075 0.003
17 0.04 0.04 0.04 0.171 0.014
18 0.08 0.10 0.07 0.24 0.027
19 0.14 0.16 0.11 0.29 0.040
20 0.21 0.25 0.17 0.33 0.050
22 0.34 0.41 0.27 0.37 0.064
25 0.65 0.78 0.52 0.40 0.072
28 1.15 1.36 0.92 0.40 0.070
30 1.57 1.86 1.26 0.395 0.067
35 3.02 3.58 2.42 0.37 0.056
40 4.10 4.86 3.28 0.34 0.045
45 4.98 5.90 3.98 0.32 0.036
50 5.57 6.80 4.46 0.29 0.029
55 5.62 6.65 4.49 0.27 0.024
60 5.34 6.33 4.27 0.25 0.020
70 4.68 5.54 3.74 0.22 0.0135
100 3.42 4.06 2.74 0.157 0.0055
150 3.57 4.23 2.86 0.106 0.0018
200 1.87 2.22 1.50 0.080 0.0008
>200 (229 + 27.5 WE)/E (183 + 22.0 InE)/E 6.4 x 1053
(271 + 32.6 InEY/E 16.0E-
(with ¥ = 0) and the following: for 45" 'D°, W= 1522 ¢V, 2 5 e 28 s 180 200
a=1,8=2,0=23 and F=02/(4 — 1.18)* = 0.009; for e 0
4p' *PDF, W=15.59 eV, a=2, B=1, Q=1, and s .
F=0.1/(4 —0.84)" = 0.003; and for 3p’ '"PDF, W = 15.58
eV, a=1, B=1, Q=3 and F=004/(4-0283)° |
== (.0013. These cross sections are plotted in Fig. 12 and P 1 2
listed in Table 12. 3 L\*/—:. f
Vaughan and Doering (1988) have measured the z i ,'f B —T!
OCP-4d’ *P°) cross section at 30, 50, 100, 150, and 200 = i >
eV, using the electron energy-loss method. As done in Sec. ; 2.5 e bor 2.5
2.4.b. the relative optical oscillator strengths for the nd ' °8°, o et
nd’'>P°,and nd’ *D° states given by Jackman ez al. (1977) G g2 AN 0.2
are used to determine the magnitudes of the O(PP—-4d ' 38°) @ | NN
and O(CP—4d’ D) cross sections, under the assumption 2 g 9.1
that the variation of the cross section with electron energy is g T AN
the same for all three series. In Fig. 13 and Table 13 values 6.05 ‘ i N 8.05
for the summed QO (PP—4d "' >*SPD°) cross section are pre- I
sented. For £ 200 eV this total cross section is given by Eq. - [ N 2 2
(3) with F=0.008 (Jackman et «l, 1977) and ’ | 4p'\‘P.DF S 9
A=272x10""5cm? eV. ol | RN -
Using Eq. (2) (with ¥ = 0), the 4d ' >*FG° cross section T2 5 e 20 52 100 25@ '

is obtained with W=1607eV,a=2,5=1, 0 =1, and
F=0.1/(4 — 0.04)> = 0.0016, and the 4d ' 'SPDFG° cross
section is obtained with W= 1607, a=1, =2, {1 =3,
and F=0.2/(4 — 0.04)® = 0.0032 (Jackman et al., 1977).

J. Phys. Chem. Ref. Data, Vol. 19, No. 1, 1990

ELECTRON ENERGY (eV)

FIG. 12. O(CP-ds' D0, 45 ' D°, 4p' *PDF, 4p' ' PDF) excitation cross sec-
tions.
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Table 12. O(3P — 44’ 3D°, 45’ 1D°, 4p' SPDF, 4p' * PDF) excitation cross sections.

Electron energy (eV) o (10-'% cm?)
45’ 3p° 45t 1pe 4y’ *PDF 4p' \PDF
15.5 0.02 0.0008 - -
16 0.09 0.0051 0.042 0.0082
8.5 0.33 0.012 0.086 0.016
17 0.52 0.020 0.124 0.022
18 0.95 0.036 0.184 0.029
19 1.17 0.051 0.228 0.034
20 1.23 0.063 0.260 0.035
22 1.22 0.079 0.300 0.035
25 1.15 0.086 0.324 0.031
28 1.13 0.084 0.326 0.026
30 1.12 0.079 0.322 0.023
35 1.24 0.066 0.303 0.017
40 1.29 0.053 0.281 0.012
45 1.32 0.042 0.259 0.0091
50 1.29 0.034 0.239 0.0070
55 1.23 0.028 0.221 0.0055
60 1.17 0.023 0.208 0.0043
70 1.08 0.016 0.180 0.0029
100 0.99 0.0063 0.129 0.0010
150 0.88 0.0021 0.087 0.00034
200 0.59 0.0009 0.066 0.00015
>200 (~253 + 70 InE)/E 13.2E-1
7.5 x 1073 1.2 % 108E~3

TABLEI3.O(P—4d ' *SPD Y 4d ' *FG,4d " 'SPDFG *)excitationcrosssec-

tions.
Electron energy (eV) & (1078 em?)
2 ) 1@ 28 o8 128 208
1 12 4d'3SPD°  4d'*FG° 4d''SPDFG®
. A s 16.2 . 0.008 -
16.4 0.01 0.018 -

‘ ‘ [ \ 16.8 0.02 0.035 0.001
- | | A 35PD0 5 17 0.03 0.043 0.002
& 18 0.10 0.075 0.007
S 19 0.16 0.099 0.012

@ i T — i ;
2 = 20 0.25 0.117 0.017
= 7 21 0.32 0.130 0.020
~8.s 1 8.5 2 0.41 0.139 0.023
= | 25 0.78 0.154 0.028
E . - 28 1.36 0.157 0.028
ni e 30 1.86 0.156 0.027
- N 35 3.58 0.148 0.023
2 8.1 if 8.1 40 4.86 0.137 0.019
x ! - 45 5.90 0.127 0.015
.05 — 3.05 50 6.60 0.117 0.012
. < 55 6.65 0.109 0.010
F\ 80 6.33 0.101 0.008
8.02 : yYssam 8.82 70 5.54 0.089 0.006
l \’ | H! 100 4.06 0.064 0.002
8.0 9.0 150 4.23 0.043 0.001
2 S e 20 208 200 2.22 0.032 0.0004

ELECTRON ENERGY (eV)
FI6.13. O(P—4d’ *SPD",4d" *FG°,4d" 'SPDFG® ) excitation cross sec- >200 Gretsamn/E Lo 10°572
tions. .

J. Phys. Chem. Ref. Data, Vol. 19, No. 1, 1990
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284 R.R. LAHER AND F, R. GILMORE
s 5 e 28 [ 56 100 mf‘l . ’ll“;ese cross sections are plotted in Fig. 13 and listed in Table
1
5 5
2.4.d. Transitions to 07 (2 0°)-Core Rydberg States with n>5
~ 2 2
NE (n 2 5) ne' *D° 3 ;3o . . ,
o ] The OCP-Z(n>5)ns’ °D°) cross section is 20% o
2 ! o the corresponding # = 3 cross section, according to Eq. (6)
§ - - r ? b.S This cross section is given in Fig. 14 and Table 14.
_— ’ The 2(n>5) ns' 'D°, £(n>»5) np' *PDF, and Z(n>5)
2 gz ",”' *PDE] np' 'PDF cross sections are computed using Eq. (2) (witt
E 9.2 ¥ — 8.2 ¥ = 0) and the following: for ns' 'D°, W= 16.47eV,a = 1
o 1 ‘%\ B=2,0=3,and F=02/[2(4.5 — 1.18)2] = 0.009; for
3 b e np'*PDF, W= 16.54¢V,a=2,=1,0 = 1,and F=0.1/
&= T vanhvLEULC A d— [2(4.5 — 0.84)%] = 0.0037; and for np' 'PDF, W = 16.54
8.85- — - 0.05 eV, a=1, fB=1, Q=3 and F=0.04/
? ’\J {2(4.5 — 0.83)*] = 0.0015 (Jackman ef al., 1977). These
o 02 i Lo a2 cross sections are presented in Fig. 14 and Table 14.
| £(n > 5) ng’ LPDF The QP2 (n>5)nd’ 35PD°) cross section is ob-
oot N AEANI I tained by multiplying the O(*P—4d’ *SPD° ) cross sectior
2 5 e 20 58 1@ 200 by the scale factor

ELECTRON ENERGY (&V)

FiG. 14. OCP-3(n35) ns' *D°, 2(n25) ns' 'D*, T(n»5) np' *PDF,

Z(nz5) np’ 'PDF) excitation cross sections.

Wi(4—8)° _ (1608eV)(4—004)° _
AW, (45 —8)2  2(16.65eV) (4.5 —0.04)2
(14)

Table 14. O(3P — £{n > 5) ns’ 3D°, B(n > 5) ns’ 1D°, B(n 2 5) np’ *PDF, (n > 5} np' L PDF)

excitation cross sections.

Electron energy (eV)

o (1078 em?)

n>8)ns' 2D° L(n>5)ns’ 1D° E(n>5)np' 2PDF E(n>5) np’ *PDF

16.6 0.01
16.8 0.02
17 0.04
18 0.51
19 0.73
20 1.04
21 1.11
22 1.10
25 1.06
28 1.02
30 1.01
35 111
40 117
45 1.20
50 1.17
55 1.12
60 1.07
70 0.99
100 0.90
150 0.80
200 0.53
>200 (~228 + 63 mE)/E

- 0.010 0.002
0.001 0.030 0.006
0.002 0.050 0.009
0.013 0.130 0.023
0.026 0.190 0.031
0.039 0.235 0.035
0.050 0.268 0.037
0.058 0.293 0.037
0.073 0.332 0.035
0.075 0.343 0.030
0.074 0.342 0.027
0.064 0.327 0.020
0.053 0.305 0.015
0.043 0.283 0.011
0.035 0.262 0.009
0.029 0.244 0.007
0.024 0.227 0.005
0.017 0.199 0.004
0.007 0.143 0.0014
0.002 0.097 0.0004
0.001 0.073 0.00018

14.6E7}
7x 103 g3 1.4 x 10853

P M s Pade el 16 Ma 11000
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2 5 16 20 56 168 200
1@ 12
v !
¥ -~
N, e
5 4 5
J E(nzs)mi"SPD"—
- 2 2
o™
E /
Q
@ 1 / 1
= 1
~ .5 / 2.5
Z
[en}
- E{n > §) nd' 3FG*
~ >
© g2 r—— 5 Lmz
Ll i
N
B e A 8.1
[} Y
o AN
& ~
.25 .25
/ L{n > 5} nd 'SPDFG"
.82 9.82
8.6L+— | L 2.0!
2 5 16 20 S 180 200

ELECTRON ENERGY (eV)

FIG. 15. O(*P—2(n»5) nd' *SPD°, S(n>5) nd' *FG°, T(a»5) nd’
'SPDFG° ) excitation cross sections.

values for this cross section are giveriin Fig: 1§
Using Eq. (2) (with ¥ = 0), the 3¢ G
cross section is obtained with W = 16.65 eV, & B}
Q=1 and F=0.1/[2(4.5 —0.04)?] = 0.0025, and th
S(n»5) nd’ 'SPDFG° cross section is obtained wit
W=1666 eV, a=1, =2, QO=3, and F=02/
[2(4.5 — 0.04)?] = 0.005 (Jackman et al, 1977). These
cross sections are plotted in Fig. 15 and listed in Table 15.

2.5. Transitions to Rydberg States with an
O+ (2s22p° 2P°) Core
2.5.a, O(3P-»38" 3p°, 35" 1P°, 3p” 3SPD, 3p” 1SPD)

Excitation cross sections for the Q(CP—3s" P °) tran-
sition, measured by Vaughan and Doering (1988) using the
electron energy-loss technique, are available in the 30 to 200
eV range. Upon comparison of these data with the optical
cross sections of Zipf and Kao (1986) we find that the opti-
cal measurementis overestimate the direct results, by a factor
of ~2 at the peak of the cross section at 50 eV, and that the
optical measurements fall off more slowly with increasing
energy compared to the direct measurements. Vaughan and
Doering conclude that these differences are due to cascading
and perhaps other experimental difficulties as well. A reduc-

Table 15. OGP — £(n > 5) nd’ 3SPD?, £(n > 5) nd’ 3FG®, £(n 2 5) nd’ 'SPDFG?)

excitation cross sections.

Electron energy (eV)

o (1671% cm?)

$(n > 5) nd’' SSPD° T(n > 5) nd’' 3FG° T(n > 5) nd' !SPDFG®

16.8 0.01
17 0.02
18 0.15
19 0.24
20 0.38
21 0.48
22 0.61
23 0.76
25 1.16
28 2.04
30 2.79
35 5.37
40 7.28
45 8.85
50 9.90
55 9.98
60 9.49
70 8.32
100 6.09
150 6.35
200 3.33
>200 (400 + 485 mE)/E

0.012 -
0.025 0.001
0.080 0.005
0.122 0.012
0.152 0.019
0.175 0.026
0.192 0.031
0.205 0.034
0.220 0.039
0.228 0.041
0.227 0.040
0.218 0.035
0.204 0.029
0.189 0.024
0.175 0.019
0.163 0.016
0.152 0.013
0.133 0.009
0.098 0.004
0.065 0.0009
0.049 0.0004

3.1 % 10%E-3
9.85~!

J. Phys. Chem. Ref. Data, Vol. 19, No. 1, 1990
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296 R.R. LAHER AND F. R. GILMORE
2 5 12 20 58 180 200 2 5 16 20 58 180 200
109 108 12 10
50 50 5 5
o o0 20 o2 2
£ s 3po 5 3" 3SPD
@ 19 - - 18 © 1 P i
S s , g
= =
-~ 5 ,,/ 5 ~ 8.5 { g 2.5
= =
[ / < [ \
g oo
ooz / 2 O g2 ‘ N 2.2
oy, o e .
[95] €3]
G ; ! B 8. [N 3 'SPD 8.1
S 1 P F—
& f & {
= I “ T X
2.5 / 8.5 2.05 , .25
I N 35"V po \
8.2 // ¢.2 .02 B.82
9.1 Al 2.1 2.0 8.0t
2 5 e 20 sé 100 208 2 5 16 20 58 180 208

ELECTRON ENERGY <(eV) ELECTRON ENERGY (eV)

FiG. 16. O(PP-3s" *P?, 35" |P?) excitation cross sections. FI1G. 17. O(*P—3p" *8§PD, 3p” 'SPD) excitation cross sections.

Table 16. O(3 P — 35" 3P°, 35" 1P°) excitation cross sections.

Table 17. OGP — 3p" 3SPD, 3p” 'S PD) excitation cross sections.

Electron energy (eV})

o (10718 ¢m?)

36" 3pe 35" 1 pe Electron energy (eV) o (10718 em?)
3p" 3SPD 3p" 1SPD
14.2 0.08 -
14.4 0.09 -
14.6 0.10 0.003 15.8 0.092 0.016
14.8 0.11 0.009 16 0.155 0.028
15 0.13 0.018 17 0.418 0.070
16 0.25 0.082 18 0.608 0.095
17 0.47 0.156 19 0.747 0.108
18 0.78 0.222 20 0.849 0.113
19 1.08 0.275 21 0.923 0.114
20 1.48 0.315 22 0.976 0.112
22 2.46 0.358 23 1.012 0.108
25 3.99 0.366 25 1.051 0.099
28 5.88 0.341 28 1.058 0.083
30 6.77 0.318 30 1.044 0.073
35 8.48 0.256 35 0.582 0.053
40 9.64 0.203 40 0.909 0.039
45 10.41 0.160 45 0.838 0.029
50 10.92 0.128 50 0.773 0.022
55 10.74 0.103 55 0.716 0.018
60 10.57 0.084 60 0.665 0.014
70 9.93 0.058 70 0.581 0.009
100 7.40 0.023 100 0.418 0.003
150 5.24 0.008 150 0.282 0.001
200 4.67 0.003 200 0.213 0.0004
>200 (~1170 + 397 InEY/E 24 x 104E~3 >200 42,681 3.4 % 10°E-3

J. Phys. Chem. Ref. Data, Vol. 19, No. 1, 1990
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. 2 5 e 2 S¢ 188 2&3@m tion in the emission/autoionization branching ratioby 159
as allowed by the uncertainties of the branching ratio mex
< < surement (Dehmer et al., 1977), coupled with a reasonabl
estimate of the cascade contribution (e.g., 25% of the optic:
measurement), is still not enough to account for the discre
o2 P 2 pancies between the direct and optical cross sections.

§ T The recent measurements, which are recommendec
2 t s L have been fit to a curve by hand. The resulting profile for th
= . transition is shown in Fig. 16; Table 16 gives the recom
; 2.5 \i 8.5 mended values, For E > 200 eV the cross sections are give
© P S by Eq. (3) with F=0.086 (Doering et al, 1985) an
5 oa2 h 0.2 A= —117X107 " cm’eV.

& TN The 35" 'P°, 3p” >SPD, and 3p” 'SPD cross sections ar
% 6.1 \} 8.1 computed using Eq. (2) (with ¥ = 0) and the following: fo
&= 3 3" 'P°, W=1436eV,0=1,8=2,0=3,and F=0.2,
.25 /’: SN 8.65 (3 —1.19)* = 0.034; for 3p” *SPD, W= 1577 eV, a =
/ Wi B=1,0=1and F=0.1/(3 — 0.86)* = 0.01; and for 3p’
202 | .02 ISPD, W=1599¢V,a=1, =1, O =3, and F= 0.04,
1 (3 — 0.85)° = 0.004 (Jackman et al., 1977). The 3s" 'P
.61 iﬁ.m cross section is given in Fig. 16 and Table 16; the other tw.

2 5 e 2 Sa 108 200 cross sections are presented in Fig. 17 and Table 17.

ELECTRON ENERGY (eV)

2.5.b. O(3P-3d" 3P7, 3d" 3D°, 3d" 3F°, 3d" \PDF)
FI1G. 18. OCP~3d"3P°,3d " D%, 3d " *F°,3d " '\PDF ) excitation cross No measurements of the O(CP-3d " *P°, *D°) cros
sections. sections are available to our knowledge; therefore, we use th

Table 18. O(3P — 3d” 3P°, 34" 3°, 34" 3F°, 3d" * P DF°) excitation cross sections.

Electron energy (eV) o (1071 em?)
3dll SPo 3&!! 3Do 3dll SFo Sd” ].PDFO
18 0.74 0.56 0.095 0.005
19 0.99 0.74 0.162 0.015
20 1.14 0.85 0.212 0.025
21 1.24 0.93 0.249 0.035
22 1.30 0.98 0.277 0.043
23 1.35 1.01 0.298 0.049
24 1.38 1.04 0.313 0.054
25 1.40 1.05 0.324 0.057
26 1.42 1.06 0.332 0.059
27 1.42 1.07 0.336 0.061
28 1.43 1.07 0.339 0.061
30 1.42 1.07 0.340 0.060
35 1.38 1.04 0.328 0.053
40 1.33 1.00 0.307 0.045
45 1.27 0.95 0.286 0.037
50 1.21 0.91 0.265 0.030
55 1.15 0.87 0.247 0.025
60 1.10 0.83 0.230 0.020
70 1.01 0.76 0.201 0.014
100 0.82 0.61 0.145 0.006
150 0.63 0.47 0.099 0.002
200 0.51 0.39 0.074 0.001
>200 (~59+ 305 InE)/E 4.8}
(~44 + 23 nE)/E 8 x 103E~3

J. Phys. Chem. Ref. Data, Vol. 13, No. 1, 1930
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FIG. 19. O(PP—4s" *P°, 45" 'P*, 4p" 3SPD, 4p” 'SPD) excitation cross
sections.

R. R. LAHER AND F. R. GILMORE

semi-empirical cross-section formula for optically allowed
transitions of Jackman et al. (1977), given by

o(E) = 3£ [1 ~ (z)arln (@ + e) ,
WE E w

where o, E, g, W, a, and B have been defined in Sec. 2.1.a.; ¢
is the base of the natural logarithm; F'is the optical oscillator
strength; and C is an empirical parameter. For these excita-
tions W= 17.09 eV, a = 1.26, §=10.490, and C = 0.610;
for the *P° state, F = 0.008, and for the D" state, F = 0.006
(Jackman et al., 1977). The *P° and *D° cross sections are
plotted as a function of electron-impact energy in Fig. 18;
corresponding values are given in Table 18.

We might mention here that an attempt was made to fit
by this formula the cross sections of the other allowed transi-
tons for which good experimental data are available. For the
O(*P-3s" 3P°) cross section the fit is fairly good, using
F=0.086 (Doering et al., 1983) and the other parameters
from Jackman et al. (1977), but for all other cross sections
considered, no good fit could be obtained.

The 3d” 'F° and 3d"” 'PDF° cross sections are ob-
tained using Eq. (2) (with 7 = 0) and the following: for 3d ”
Fo, W=17.09 eV, =2, f=1, 0 =1, and F=0.1/
(3 —0.05)* = 0.0039; and for 3d " 'PDF°, W=17.09 eV,

(15)

Table 19. O(3P — 45" 3P°, 45" ' P°, 4p” 35 PD, 4p” 'SPD) excitation cross sections.

Electron energy (eV)

o (1071% em?)

45" 3po 45" 1p° 4p" 38SPD 4p" 'SPD
17 0.02 - -
18 0.17 6.008 0.065 0.012
19 0.24 0.020 0.122 0.020
20 0.33 0.032 0.164 0.026
21 .45 0.043 0.196 0.028
22 0.54 0.052 (.220 0.030
23 0.85 0.058 0.238 0.030
24 Q.76 0.065 0.251 0.030
25 0.88 0.068 0.261 0.029
26 1.03 0.071 0.268 0.028
28 1.29 0.072 0.275 0.025
30 1.49 0.071 0.278 0.023
35 1.86 0.062 0.267 0.017
40 2.12 0.052 0.251 0.013
45 2.29 0.043 0.234 0.010
50 2.40 0.035 0.217 0.008
B85 2.36 0.029 0.202 0.006
60 2.32 0.024 0.188 0.005
70 2.19 0.017 0.185 0.003
100 1.63 0.007 0.119 0.001
150 1.15 0.002 0.081 0.0003
200 1.03 0.001 0.061 0.00013
>200 (~255 + 87 InE)}/E 12.28!
8 x 13E~3 1x 10°E-3

J. Phys. Chem. Ref. Data, Vol. 19, No. 1, 1890
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CROSS SECTIONS FOR ELECTRON IMPACT ON ATOMIC OXYGEN 299

a=1, B=2, =23, and F=0.2/(3 — 0.05)* = 0.008
(Jackman et al., 1977). These cross sections are given in Fig.
18 and Table 18.

2.5.c. Transitons to O+ (2P%)-Core Rydberg States with n=4

The O(PP-4s” >P°) cross section is obtained by scal-
ing the corresponding # = 3 profile using Egs. (4) and (5),
and data from Tables 1 and 2. The scale factor for the n = 4
cross section is 0.22. The resulting cross section is given in
Fig. 19 and Table 19.

Theds” 'P°,4p" >SPD, and 4p” 'SPD cross sections are
computed using Eq. (2) (with ¥ = 0) and the following: for
45" 'P°, W=1690eV,a=1,8=2,0=3,and F=02/
(4 — 1.19)° = 0.009; for 4p” 3SPD, W= 1724 eV, a =2,
B=1, 0=1, and F=0.1/(4 — 0.86)> = 0.003; and for
4p" 'SPD, W=1725 eV, a=1, B=1, 0=3, and
F=0.04/(4 —0.85)> =0.0013 (Jackman et al., 1977).
These cross sections are plotted in Fig. 19; values are tabulat-
ed in Table 19.

For the O(PP—4d " *PD°) cross section, we use the
semi-empirical formula of Jackman et a/. (1977), together
with Eq. (5) for the F value. The result becomes

alp
g 1 (2T (22 ).
W,E(4—6)° E W,

(16)

O4(E) =

InEq. (16): F* = 0.360 (Jackmaneral., 1977); «, 5, and C
are the same as for the n = 3 cross section; W, is given in
Table 1; and §is given in Table 2. This cross section is plotted
in Fig. 20 and tabulated in Table 20.

The 4d " *F° and 4d " 'PDF° cross sections are ob-
tained using Eq. (2) (with ¥ = 0) and the following: for4d ”
SFe, W=11T71eV,a=2,8=1, O=1, and F=0.1/
{4 — 0.05)* = 0.0016; and for 4d " 'PDF°, W= 17.77 eV,
a=1, =2, =3, and F=0.2/(4 - 0.05)* = 0.0032
(Jackman et al., 1977). These cross sections are given in Fig.
20 and Table 20.

2.5.d. Transitions to O " (2P°)-Core Rydberg States with 756

The OCP-3E(n>S)ns" >P°) cross section is obtained
by scaling the n = 3 profile using Eq. (6}, and data from
Tables | and 2. The scale factor that results is 0.20 for this set
of states. This cross section is presented in Fig. 21 and Table
21.

The B(n>5) ns” 'P°, 2(n>5) np” *SPD, and Z(n25)
np” 'SPD cross sections are computed using Eq. (2) (with
y = 0) and the following: for ns” 'P°, W= 18,16eV,a =1,
B=12, 0=3, and F=0.2/[2(4.5 — 1.19)?] = 0.009; for
np" *SPD, W=1822 eV, a=2, B=1, Q =1, and
F=0.1/[2(4.5 — 0.86)%] = 0.0038; and for np” 'SPD,

W=1822 eV, a=1, =1, O0=3, and F=004/

[2(4.5 — 0.85)%] = 0.0015 (Jackman et al., 1977). These
cross sections are given in Fig. 21 and Table 21.

For the O(PP=3(n>5)nd " 3PD°) cross section, we
use the following semi-empirical formula of Jackman er al.
(1977):

2 5 1820 . SB 1805208
18 E |
1
5 5
- 2 2
oy
£
(8] 4 PP
. !
T ra
=
°Z 5 1 @
0 N
= TN
o
—
9 0.2 @
) 4d" BF°
!
g @a.t 1/ ™ 2.1
o ]
(&)
« .05
.85 f N
47 L PDF \
" .
8.92 /f I\ 8.02
8.81 8.1
2 5 @ 29 56 180 260

ELECTRON ENERGY (eV)

FiG. 20. O(CP-4d " *PD°, 4d” * F*, 4d" 'PDF") excitation Cross sec-
tions.

TABLE 20. O(’P-~4d” *PD° 44" *F° 4d” 'PDF%) excitation cross
sections.

Electron energy (eV) o (10~'® cm?)

4d" 3pDe 4d" 3F°  4d" 1PDFC
18 0.27 0.014 -
18.2 0.36 0.020 0.001
18.6 0.47 0.033 0.002
19 0.55 0.044 0.003
20 0.69 0.067 0.007
21 0.78 0.084 0.010
22 0.84 0.098 0.014
23 0.88 0.108 0.017
24 0.91 0.115 0.019
25 0.93 0.121 0.021
28 0.96 0.129 0.023
30 0.96 0.131 0.023
35 0.94 0.128 0.021
40 0.91 0.121 0.018
45 0.87 0.113 0.015
50 0.83 0.105 0.012
55 0.79 0.098 0.010
60 0.76 0.091 0.009
70 0.70 0.080 0.008
100 0.57 0.058 0.003
150 0.43 0.039 0.001
200 0.36 0.030 0.0004
>200 (~44 4+ 22 WE)/E 3.4 x 103E-3

sE-!

J. Phys. Chem. Ref. Data, Vol. 19, No. 1, 1980
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FI1G. 21. OCP—3(n25) ns” *P°, 2(n25) ns” 'P°, T(n>5) np” “SPD,
Z(n25) np” 'SPD) excitation cross sections.

gF*
W, E(4.5 — 8)°

W, )"r 4EC
1— 1 , (7
x[ ( E "(W,, “) (7

where F*, ¢, 5, and C are the same as given in the previous
section, W, is givenin Table 1, and §is given in Table 2. This
cross section is shown in Fig. 22 and tabulated in Table 22.

The Z(n»5) nd” *F° and 2 (n>5) nd” '"PDF° cross
sections are computed using Eq. (2) (with ¥ = 0) and the
following: fornd " *F°, W= 18.35eV,a =2,8= 1,0 =1,
and F=0.1/[2(4.5 — 0.05)?] =0.0025; and for nd”
'PDF°, W=1835¢eV,a=1,=2,0=3,and F= 0.2/
[2(4.5 — 0.05)%] = 0.005 (Jackman et al., 1977). These
cross sections are given in Fig. 22 and Table 22.

Un)S (E) =

3. Electron-Impact lonization Cross

Sections
3.1. Single lonization

For the single-ionization cross section of atomic oxy-
gen, we use the measurements of Zipf (1985) and Brook et
al. (1978). The data of Zipf, which cover the 40-300 eV

Table 21. Q3P — £(n > 5) ns” 2P°, ©(n > 5) ns” 1P, L(n > 5) np” 35PD, (n > 5) np” !SPD)

excitation cross sections.

Electron energy (eV)

o (10718 em®)

B(n25) ns” 3P° L(n>5) ns” LP° L(n>5) np” 3SPD L(n>5) np’ 'SPD

18.6 0.02 0.002 0.04 0.007
18.8 0.03 0.003 0.05 0.010
19 0.05 0.004 0.07 0.012
20 0.28 0.013 0.12 0.021
21 0.40 0.023 0.17 0.026
22 . 0.48 0.033 0.20 0.029
23 0.58 0.041 0.22 0.031
24 0.68 0.048 0.24 0.031
25 0.79 0.053 0.26 0.031
28 1.16 0.062 0.28 0.028
30 1.34 0.083 0.29 (.026
35 1.67 0.059 0.28 0.020
40 1.90 0.0581 0.27 0.015
45 2.05 0.042 0.25 0.012
50 2.15 0.035 0.24 0.009
55 2.12 0.029 0.22 0.007
60 2.08 0.024 0.21 0.006
70 1.96 0.017 0.18 0.004
1090 . 1.46 0.007 0.13 0.001
150 1.03 0.002 0.08 0.0003
200 0.92 0.001 0.07 0.00013
>200 (=229 +78 mE)/E 18E-!
8 x 103E-3 1x 10353
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impact energy range, are in very good agreement with the
values of Brook et a/., which extend from threshold to 1000
eV. Moreover, according to Zipf, the absolute magnitudes of
these data have an accuracy in the + 5-10% range. The
Brook ez al. cross sections are recommended by Bell et al.
(1983).

We allow branching to four different ion states: the usu-
al outer-electron ionization states 45°,%D°, and 2P °, and the
inner ionization state 2s2p* *P. For the *P state, we use the
optical cross-section measurements of Zipf et al. (1985a;
1985b), which are in good agreement with the theoretical
cross sections of Peach (1970). The branching ratios for
direct ionization to the remaining three states of O" were
calculated from theoretical ionization cross sections given
by Peach (1968; 1971), and these were used to scale the
experimental ionization cross section [after subtracting the
*Pand autoionization (see Sec. 4) contributions] to give the
corresponding partial ionization cross sections. To these we
must add the autoionization contribution, which we have
assumed goes entirely into the O (* §°) cross section, since
most of the autoionizing states do not have large enough
energies to excite the higher O™ states.

The results are shown in Fig. 23 and tabulated in Table
23. Note that for impact energy £ » 1000 eV we approximate
the single-ionization cross section with the formula

Table 22. O(3P — Z(n > 5) nd” *PD°, B(n > 5) nd” 3F°, E(n > 5) nd” 'PDF?)
excitation cross sections.

Electron energy (eV)

(n 2 5) nd’ 2PD°

o (1078 cm?)

I(n > 5) nd" 3F° %{n > 5) nd" !PDF°

18.6
18.8
18
20
21
22
23
24
25
28
30
35
40
45
50
55
60
70
100
150
200

>200

0.39
0.51
0.61
0.89
1.06
1.17
1.24
1.30
1.34
1.39
1.40
1.38
1.34
1.28
1.23
1.18
1.13
1.04
0.84
0.65
0.53

(=63 4 32 nE)/E

0.019 -
0.029 -
0.038 0.001
0.077 0.006
0.106 0.011
0.129 0.017
0.146 0.021
0.159 0.025
0.169 0.028
0.186 0.033
0.190 0.034
0.188 0.032
0.179 0.028
0.168 0.023
0.157 0.019
0.146 0.016
0.137 0.013
0.120 0.010
0.087 0.004
0.059 0.001
0.045 0.0004

3.4 x 1033
gE-!
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o(E) = AT BIE (18)

E
The parameters 4= —4.31x107"* cm?’eV and
B =132x10"" cm? eV give a reasonable high-energy fit.
The branching ratios to the *S°, 2D°, ?P °, and *P states for

E~ 1000 eV are 0.36, 0.30, 0.17, and 0.18, respectively.

3.2. Double lonization

The cross section for doubly ionizing atomic oxygen is
only ~ 1% of the single-ionization cross section at 75 eV and
about 4% at energies above 150 eV (Zipf, 1985). However,
in some problems it still needs to be considered. We recom-
mend use of the cross section measurements of Zipf (1985),
which extend up to 300 eV. These measurements, with an
accuracy of -+ 5%-10%, are consistent with the data of
Ziegler et al. (1982).

For E> 300 eV, the double-ionization cross section is
approximated by Eq. (18) with 4 = 6.60X 107'¢ cm?® eV
and B = 1.06 X 107 '"*cm? eV. The recommended values are
shown in Fig. 24 and tabulated in Table 24.

4. Discussion

We have compiled a set of updated electron-bombard-
ment cross sections for essentially all of the atomic oxygen

Table 23. O(3P) — O (452, 2D° 2p°, 4 P) ionization cross sections.

Electron energy (eV)

o (107 em?)

ige tpe 2pe P Total
14 26 - - - 2.6
16 16.3 - - - 16.3
18 23.0 2.2 - - 26.5
20 27.6 7.0 14 - 36.0
25 36.1 12.8 4.2 - 53.0
30 44.8 16.3 6.6 1.0 68.8
35 52.7 18.5 8.0 2.5 82.3
40 60.8 20.6 9.4 5.7 96.5
50 8.5 23.8 11.5 11.5 115.3
60 70.1 25.8 13.3 15.1 1243
70 68.0 28.2 15.0 17.0 1282
80 66.1 30.6 16.2 18.1 1310
90 3.0 32.3 17.9 18.8 132.0
100 61.6 34.0 18.9 19.1 133.0
150 55.0 36.2 20.4 19.5 1310
200 48.4 36.0 20.4 19.2 124.0
300 38.4 30.3 185 17.0 104.2
400 32.3 26.0 15.8 15.3 89.3
500 28.2 23.0 13.9 14.0 79.2
600 24.7 20.3 12.1 124 T 694
700 22.1 18.2 10.8 1.1 62.2
800 20.1 16.6 9.7 10.1 56.5
500 18.4 15.3 8.9 9.3 51.9
1000 17.1 14.2 8.2 8.7 48.1
. Fraction of total
>1000 0.36 0.30 0.17 0.18 (—43,100+ 13,200 lnE)/E
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Fic. 24. O( Py - O ionization cross section.

excitation and ionization processes of practical interest.

In electron-impact calculations involving excitation
and ionization, it is often important that autoionization be
taken into account. The ionization cross sections given in
Fig. 23 already include autoionization contributions and
therefore these must be removed from the excitation cross
sections in order to avoid overestimating the total inelastic
cross section. The total excitation cross sections, both with
and without autoionization contributions, and the ioniza-
tion cross sections recommended in this report are plotted in
Fig. 25 and tabulated in Table 25. The autoionizing excited-
states of atomic oxygen and associated autoionization fac-
tors (i.e., branching ratios for ionization) are listed in Table
26. The autoionization factors given for the 2p° *P°, 3d”
3pe, and 3s” *P° states were computed by taking a statisti-
cally weighted mean of the autoionization factors given for
each *P fine-structure level by Dehmer et al. (1977). The
errors for these data are at least + 15%, and possibly larger.
The autoionization factors for the remaining autoionizing
states were obtained from Jackman et al. (1977); although
the uncertainties associated with these numbers were not
given, we surmise that they are larger than -+ 15%.

In Fig. 25 the values used in the report by Slinker and
Ali (1986} are also plotted for a quick overall comparison.
The two sets of total ionization cross sections agree very
well, since the recent measurements have differeed only
slightly from the older measurements. The differences be-
tween the total excitation cross sections are greater, but still
within a factor of 2. These differences between the total exci-
tation cross sections are considerably smaller than the differ-
ences between many of the individual cross sections because
some of the latter have been corrected upward and some

Table 24. O(3P) — O** ionization cross section.
From Zipf (1985).

Electron energy (eV) o (1073 cm?)

60 0.296

65 0.563

70 0.963
80 1.68
90 9.42
100 3.34
125 4.72
150 5.38
175 5.59
200 5.37
225 5.17
250 4.93
275 4.57
300 4.92
400 3.24
500 2.64
600 2.23
700 1.94
800 1.7
900 1.54
1000 1.39

>1000 (660 + 106 InB)/E
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FI1G. 25. Total O(>P) — O* excitation cross sections, with and without auto-
ionization, and total O(*P) - O* and O(P) - 0" ionization cross sec-
tions. The light solid and dashed lines are from Slinker and Ali (1986); the
heavy solid and dashed lines are values recommended in this report.
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Table 25. Total O(3P) — O” excitation cross sections, with and without
autoionjzation, and total inelastic cross sections.

Electron energy (eV) o (10718 ¢m?)
Excitation Excitation Inelastic
with without
autoionization autoionization
3 15.4 15.4 15.4
4 24.9 24.9 24.9
6 309 30.9 30.9
8 29.2 29.2 29.2
10 30.3 30.3 30.3
12 36.4 36.4 36.4
14 49.3 49.3 51.8
16 57.4 57.1 73.3
18 65.5 61.8 88.1
20 1.7 64.2 100
25 74.2 60.9 114
30 79.1 58.0 127
35 91.6 60.5 143
40 99.1 61.4 158
50 107.0 61.8 77
60 99.4 56.0 181
70 88.0 49.2 178
80 78.0 43.2 176
90 69.7 38.8 173
100 684.0 35.5 172
150 54.0 289 165
200 37.0 21.2 151
300 27.8 16.1 125
400 225 13.1 106
500 19.0 11.2 93.0
600 16.6 9.8 81.4
700 14.7 8.7 72.8
800 13.3 7.9 66.0
900 12.1 7.2 60.6
1000 11.1 6.6 56.1
Table 26. Autoionization factors for the autoionizing excited states. downward. However, in most applications it is not just the

total excitation and ionization cross sections that matter, but
also the branching ratios. The revised branching ratios pre-

State AF. sented in this report will have important effects on the rela-
tive production of different excited states and on the second-
0(2p° *P°) 0.51 ary electron distribution obtained in electron/oxygen
O(3d’ 359 0.50 scattering calculations.
0(3d’ 3P0 0.65
5 30
0O(3d" °D") 050 5. Acknowledgments
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