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Absolute optical- emlss1on cross sections have been measured for transitions in the wavelength
range 3690—11 300 A originating from 32 terms of excited oxygen atoms produced by electron im-
pact on oxygen molecules with incident electron energy up to 500 eV. The excitation functions show
a broad peak at about 90 eV with a shoulderlike structure of varying degree near 35 eV. The ob-

served threshold energy is very close to the energy defect of the dissociation process.

Near the

threshold, dissociative excitation through partly bound Rydberg states of the oxygen molecule is be-
lieved to be a major mechanism for producing the observed atomic-oxygen emission, whereas simul-
taneous ionization and excitation followed by dissociation become important at energies above 50
eV. Combination of the measured cross sections with theoretical transition probabilities allows us to
determine the absolute optical-emission cross sections for a series of atomic-oxygen transitions in the

long-wavelength infrared region of the spectrum.

I. INTRODUCTION

Excitation of bound electronic states of diatomic mole-
cules by electron impact has been a subject of interest for
many years. A closely related process is the excitation to
repulsive electronic states (or partly repulsive electronic
states) resulting in dissociation. While cross-section mea-
surements for electron-impact excitation of bound elec-
tronic states of diatomic molecules have been reported
from numerous laboratories, similar experiments for dis-
sociative excitation are comparatively scarce. In addition
to its intrinsic interest as a fundamental collisional pro-
cess, electron-impact dissociative excitation furnishes a
mechanism for producing excited atoms and the emission
associated with them.!

An earlier paper by Filippelli et al.? reports the pro-
duction of excited N atoms by electron-impact dissocia-
tive excitation of Ny; the optical method was employed to
investigate atomic transitions in the range 3830
—10600 A. In the present work we extend the electron-
xmpact dissociative excitation experiment to O, in the
X3 Dy ground state. We present here measurement of
optical-emission cross sections for transitions originating
from 32 terms of atomic oxygen (O1), corresponding to
eighteen of the 2p°nl excited configurations. We also in-
vestigate the dissociation process by applying previously
calculated O, " potential-energy curves® to the analysis of
our measured threshold incident electron energies for pro-
duction of several excited atomic states. By using theoret-
ical transition probabilities we deduce optical-emission
cross sections for a series of long-wavelength infrared
lines emitted by these excited oxygen atoms. :

Most investigations of electron-impact dissociative exci-
tation of 02 have involved detection of vacuum-ultraviolet
(yuv) emission; atomic transmons in the range 862—1358
A have been reported.*~!3 Previous studies of emission at
longer wavelengths have been more limited.*!>'%15 Qur
present work in the near-ultraviolet to infrared spectral
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range together with the earlier experiments furnish a
comprehensive study of the emissions from excited oxy-
gen atoms produced by electron impact on O, molecules.

II. EXPERIMENTAL

In our experiment, a collimated monoenergetic electron
beam is generated by an electron gun in a collision
chamber which has been evacuated to a pressure of
3% 10~° Torr and then filled with research- -grade oxygen
gas at a pressure below 25 mTorr. Production of excited
oxygen atoms by electron-impact dissociation of O, mole-
cules is studied by observing the optical radiation that is
emitted perpendicular to the beam. A schematic diagram
of the apparatus is shown in Fig. 1. The light emerging
from a small volume of space in the Faraday cup is
focused with unit magnification onto the entrance slit of
the monochromator. The dispersed emission lines are
detected by analyzing the photomultiplier-tube (PMT)
output current.

The electron gun and optical system have been
described in detail.? The electron source is a thoria-coated
V-shaped iridium filament.!® The gas pressure in the
working range 1—25 mTorr is measured with a MKS
Baratron model 220B capacitance manometer. For the
range 3690—8820 A a RCA C31034 PMT cooled to
—15°C was used; for the range 8446—11300 A a RCA
7102 PMT cooled to —60°C was used. To permit the
determination of absolute optical-emission cross sections,
an absolutely calibrated GE type-20A/T24/2 tungsten-
ribbon radiance source (RS) was optically substituted for
the electron-beam-excited source (see next paragraph).
Colored filters were used when studying wavelengths
longer than 6500 A. The equipment used for obtaining
optical excitation functions consists of an ORTEC series
9300 photoelectron-pulse counting system. The electron
beam is switched on and off by modulating the control-
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FIG. 1. Schematic diagram of experimental apparatus. T, concentric-cylinder-type liquid-nitrogen-cooled trap; W, 3.2-mm-thick
uv-grade fused-silica window; S; and S,, circular aperture stops; S3, field stop imaged onto the monochromator entrance slit with
unit magnification; L, and L,, achromatic lenses. Other components are described in the text. The electron gun is shown to scale.

grid voltage at a rate of 50 Hz. This allows subtraction of
the signal due to scattered filament light and PMT dark
current. For lines with high signal-to-noise ratio, excita-
tion functions were also measured with the Keithley
model 610B electrometer substituted for the ORTEC sys-
tem.

The optical-emission cross section Q,p:(i—j) of a radi-
ative transition was calculated by the method described by
Sharpton et al.!” We use the formula

el
pLI,

Qv (MR,
Qv (MR |7

1)

Qopt(i—j)= 47 A, F(A, T)AM

where I, is the electron current, e is the electron charge, p
is the gas number density, and L is the length of the elec-
tron beam viewed by the monochromator. The expression
in large parentheses is the entire photon flux collected per
second from the i—j atomic-oxygen emission; the sub-
scripts ¢ and s refer to the collision chamber and standard
lamp sources, respectively. A, is the effective radiation
area of the standard lamp, Q is the solid angle of observa-
tion, ¥(A) is the transmittance at the wavelength A of the
light path, and R is the PMT signal measured with the
electrometer (background and dark current subtracted).
The quantity F(A,T)AMA is the rate of emission of pho-
tons,!® emitted in the range A to A+ AA by the standard
lamp operating at an absolute temperature 7, which are
transmitted by the monochromator with a passband AA.
In the earlier work by Filippelli et al.,? the standard lamp
was positioned behind the collision chamber and on the
optical axis from the monochromator entrance slit to the
source region in the Faraday cup. Because of later altera-
tions in the vacuum system, it was necessary for us to

operate the standard lamp at a right angle to the original
axis by introducing the plane mirror M. To elminate the
uncertainties introduced by partial polarization of the
standard-lamp light by reflection from the mirror, the
response of the detection system to that source was mea-
sured for both configurations (through the collision
chamber and through the mirror). From these data the
correction for the change in response due to polarization
introduced by the mirror was obtained, and this is includ-
ed in our transmittance function y-(A).

The gas number density was determined by measuring
the pressure p with the Baratron gauge and then applying
the ideal-gas equation. Departure of the gas density in the
Faraday cup from this value was studied using the bench-
mark optical cross sections for electron-impact production
of n 'S—2 1P transitions of He (n =3,4,5,6) presented
by Van Zyl et al.'® The cross sections of these lines, with
wavelengths ranging from 417 to 728 nm, were measured
at 50, 100, and 500 eV incident electron energy E for
1<p <30 mTorr and 3<I, <50 pA using Eq. (1). The
cross sections of the 505- and 728-nm transitions were ex-
trapolated to zero pressure to correct for radiation trap-
ping. Our measured cross sections Q,, were consistently
smaller than the published results Q, of Ref. 19; we
found Q,=0Q,,/0.88. We attribute this effect to reduc-
tion in local gas density caused by the hot filament, as
described by Filippelli et al.?° This constant factor was
thereafter included in Eq. (1) to correct for the systematic
error.

The presence of hot metal surfaces in contact with the
highly reactive O, gas placed several constraints on the
range of pressure available to us for study. When evacu-
ating the collision chamber, the pressure could be moni-
tored with an ionization gauge for p < 10~3 Torr. How-
ever, care was taken not to operate this gauge in a
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FIG. 2. Partial energy-level diagram for atomic oxygen in which all of the transitions studied in this work are shown. We also in-
clude several transitions which fall outside our range of observation, but have been studied by other researchers. Wavelengths are

given in A.

predominantly oxygen environment for p > 10—* Torr be-
cause of possible damage to its hot filament. No data
could be taken for p < 10~ Torr because contamination
of the signal by atmospheric gas leaking through the “O-
ring” seals became significant in this range. We were
therefore limited to obtaining data with O, pressure in the
range available to the Baratron gauge (p>1 mTorr).
Likewise, the electron gun was not operated for p>25
mTorr to avoid damage to the iridium filament.

Figure 2 is a partial energy-level diagram for O1 based
on Ref. 21, in which we indicate all the transitions studied
in this work and several transitions studied by other
researchers which fall outside our range of observation.
In some cases, our failure to detect an emission line al-
lowed us to place an upper limit on its optical-emission
cross section. Equation (1) is valid when a single i—j
* transition can be resolved. For unresolved multiplets, the
product R.AA in Eq. (1) was replaced by the appropriate
integrated area under the multiplet peak as measured
from the spectrum taken on the strip chart. This gives
the absolute optical-emission cross section for a multiplet,

Qopt(A —B)= ZQopt(AJ’—’BJ ) ’ (2)
JJ

where A,B represent the initial and final terms, and J',J
are the total-angular-momentum quantum numbers.
In Fig. 3 we show a typical measured spectrum. In this

scan, the intensity of several weak O,* bands relative to
the strongest O I multiplets (7774 and 8446 A) and two of
the weaker OI multiplets (7002 and 8222—8235 A) is ap-
parent. The insets indicate the signal-to-noise level and
problems of blending with the molecular signal. For the
7002- and 8222-A transitions, the excitation function tak-
en with the monochromator passband centered on the
atomic line (position a in the insets of Fig. 3) contained
non-negligible contamination from overlapping O,% emis-
sion. In these cases a second excitation function was tak-
en immediately after the first under the same experimen-
tal conditions, but with the monochromator passband po-
sitioned oyer the molecular background signal at a point
about 10 A away from the O1 line (position b). The back-
ground excitation function was later subtracted from that
of the combined OI and O,™ radiation so that an excita-
tion function of the pure O1 emission could be obtained.
To measure cross sections for production of the
stronger O1 multiplets, O, was sealed within the evacuat-
ed collision chamber at a pressure less than 12 mTorr.
For the very weak lines, pressures in the range 13—18
mTorr were used, often with O, flowing slowly through
the system to avoid collection of atmospheric gas from
long-term leakage. In these cases, the PMT signal was
recorded as the monochromator was first scanned across
the weak line; then the monochromator was quickly tuned
to a nearby strong OI line for which we had determined
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FIG. 3. Signal developed from a limited spectral scan of the emission resulting from electron-impact excitation of the O,-gas sam-
ple. The triangular passband with AA=3 A full width at half maximum (FWHM) is shown in the insets of this figure.

the absolute optical cross section, and the procedure was
repeated. Since the absolute calibration of the optical sys-
tem and PMT signal is known, this enabled us to obtain
the ratio of the two cross sections without having to accu-
rately determine the density of the slowly flowing O, gas.

III. RESULTS

A. Optical-emission cross sections

Our test experiments show that the emission signal R,
is proportional to the O, pressure over the range 1—20
mTorr and proportional to the electron-beam current over
the range 1—50 puA for the 3p 3P—3s3S° transition at
E=100 eV. Likewise, the emission signals of several
highly excited transitions were found to be linear with the
gas pressure in the range 1—18 mTorr at 100 eV. The ex-
perimental data for this linear regime are shown in Fig.

4(a). The data for these least-squares-fitted lines have
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been scaled as necessary to facilitate visual comparison.
When extrapolated to zero pressure, these plots give zero
signal to within the experimental uncertainty. Cross sec-
tions and excitation functions were not measured with
I, > 50 pA because cooling of the iridium filament by the
O, gas made it very difficult to obtain larger beam
currents. We note that Filippelli?? found that for dissoci-
ative excitation of N, the signal was proportional to the
current for I, <250 uA at E~85 eV and p <14 mTorr.
We therefore believe that in our experiment the linearity
of signal with current is well satisfied in all cases.

For the region E >110 eV, in which the O1 optical
cross sections decrease with increasing E, the signal was
found to depend nonlinearly on the pressure. In Fig. 4(b)
the signal developed from the 3p >P—3s 3S° transition is
shown as a function of pressure for several incident elec-
tron energies. The data for these curves have been scaled
to make them all agree in slope in the low-pressure region
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FIG. 4. (a) Illustration of the linearity with pressure in the signal from several O I multiplets, measured at an incident electron en-
ergy of 100 eV. The solid lines are least-squares lmear fits to the experimental data. The vertical uncertainty in each point is approxi-

mately as large as the characters which mark the points.

R, is the PMT signal after subtraction of background and dark current.
Each curve has been scaled as necessary to facilitate comparison.

(b) Illustration of the nonlinearity with pressure in the

3p *P—3s °S° emission signal for energies greater than 100 eV, with I, held fixed at 20 #A. The curves have been scaled as necessary
to agree in slope in the low-pressure regime. The data generally lie within a few percent of these cubic-spline-fitted curves.
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TABLE 1. Excitation cross sections Qu(4 — B) for O emission observed in this work, as produced

by dissociative electron-impact excitation of O,. The incident electron energy is 100 eV, except where
noted. Each cross section is for the sum over all J'—J components of a transition, unless otherwise
specified.

O multiplet®

Aair (A)

ZJ’J'Qopt(J’—PJ)b

(10~%° ¢cm?)

4538°3p 3P
55°8%°—3p 3P
6s38°—3p 3P
75 55°—3p 5P
85 °S°—3p 3P
3p3P—3s5°S°
4p3P—3s3S°
3d°D°—3p P
4d°D°—3p P
5d5D%—3p P
7d °D°—3p 3P
8d SD°—3p 5P
6f SF—3d °D°
7f5F—>3d °D°
65 38°—3p 3P
75389 3p 3P

9538°—3p 3P
3d'*P)—5p 3P

3p 3P —3s38°
4p 3P —>3s538°
5p 3P 35380
35" 3P%—3p 3P
3s"3P)—4p°P
3d'3Py—4p 3P
3d'3P—6p P
3d3D°—3p 3P
35'3D%—3p 3P

4d3D%°—3p3p
5d3D°—3p 3P
6d3D°—3p 3P
8d °D°—3p 3P
3d'3PY—5p 3P

3p: 3D—->3d 3po
3p'3D—3s'3D°

4p'3D—>3s" P

3p"3D—3s"3D°
3pu 3D—>3S" 3PO

6f *F—3d3D°
7f3F—3d 3D°
3p'3F—3s'3D°

34’ 3F2__>3pl Z!D3

3d'*F°—3p’3F
4d'°F°—3p'°D

4d'3F3—3p'’F,

3d'3G°—3p'°F

11295.1—11302.4

6453.6—6456.0
5435.2—5436.9
5018.8—5020.2
4801.8—4803.0
7771.9-7775.4
3947.3—-3947.6
9260.8—9266.0
6156.0—6158.2
5329.1-5330.7
4772.4—4773.8
4654.1—4655.4

10675.7—10675.9

9825.8—9826.0
6046.2—6046.5
5554.8—5555.0

5146.1

8446.2—8446.8
4368.2
3692.4
3951.9—3954.6
7025.5
4233.3
5750.6

11286.3—11287.3

7981.9—7987.3
7995.1

7001.9—7002.2
5958.4—5958.6
5512.6—5512.8

5130.4—5130.7

6323.4—6324.8
8221.8
8227.7—8235.4
8420.9
8424.7—8429.1
3822.6—3825.5
7471.4—7473.2
7476.4—7480.7
10753.5
9891.7
7952.2—7947.2
7939.5, 7943.2
9156.0
9517.0—9528.6
6106.3—6107.6
6266.9
9492.7—-9505.6

61
3.7¢
0.75°
0.29°

<0.17
430°
1.1%¢
124°
11°¢
3.4°
0.58
0.25 (50 eV)
4.5
2.4
0.30°
<1.9°

<0.02¢

200°
2.2 (50 eV)
0.04

<0.01 (50 eV)

<0.10

<0.01°

<0.03¢

52
<0.10

1.4°
<2.0°
<0.25

<0.03

<1.1
8.6%f

<0.65

<0.02
<1.1

3.7
1.5
<0.59

2.9
2.0
0.31°
0.29°
6.8¢8
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TABLE L. (Continued).

EJ,J'QOP‘(J '—J)P

O multiplet® Aair (A) (10~ cm?)
3d'3Gl—-3p''F 9760.7 2.0
4d'3G°—3p'3F 6259.2—6264.5 0.46%8
5d'*G°—3p'’F

5408.6—5414.6 0.17°
5d'3F°—3p'3F
3p"'S—3s"1pP° 6653.8 <0.22¢
3p"'P—3s"1P° 8508.6 <0.08
3p"'D—3s" PO 7886.3 <0.15
3pt'F—3s' DO 8820.4 4.4
3d''F'—3p’'F 9677.4 <0.46°
3d''G°—3p''F 9741.5 3.0
3d''G°—3p'°F 9481.2—9487.4 4.3
4d''G°—3p' °F 6254.1—6256.8 0.27°
5d''G°—3p’'F 5486.5 , <0.05
5d''G°—3p’3F 5405.0 0.04

dUpper states are listed in order of energy within groups of increasing L and S, except where unrelated
transitions are not resolved. A prime symbol (') on the configuration notation indicates the correspond-
ing state of O*(2D%) as core; a double-prime symbol (') indicates O*(2P°) as core; otherwise, an
O*(*S°) core.

"Estimated uncertainty 20%, except those with superscripts ¢ and e. We first assign an overall
minimum uncertainty of 15% to these cross sections by adding in quadrature the estimated extreme
fractional error in each of the factors appearing in our cross section formula. For those values lacking
the c or e superscripts, the uncertainty is increased to 20% because of low signal-to-noise ratio, or over-
lapping O,* bands. In several cases a cross section was measured at 50 eV incident electron energy to
eliminate the signal from an overlapping O™ line.

°Estimated uncertainty 15%.

dFalls near O*+(3p 2PY,, —3s 2Py ;) at 3945 A, and slight contamination is possible. At 50 eV the mea-
sured cross section is 0.64 X 1072° cm?+15%.

°Estimated uncertainty of up to 50% because of very low signal-to-noise ratio, or contamlnauon from
overlapping O, bands.

fSome J'—J components of this multiplet were partially resolved and measurable. The cross section
presented is the sum of the cross sections of the partially resolved components. See Table II also.
8J'=3—J =4 excluded.

where R, is proportional to pressure. For E =500 eV,
the pressure dependence of R, for this transition was
found to be very well described by the form ap +bp?, with
b /a~0.0140 mTorr~!. A nonlinearity of the type illus-
trated in Fig. 4(b) was found for all the O1 transitions for
which we could determine the energy dependence of the
emission signal. We give more details of this effect in the
discussion of our measured optical excitation functions.
In this paper we are mainly interested in dissociative exci-
tation in the linear-pressure and linear-current regime,
and hence we have not performed experiments to identify
the processes that are responsible for the quadratic-
pressure component of the emission signal.

Based upon the available radiative lifetime data for the
O1 excited states studied in this work, most of them have
lifetimes of 1X10~7 s or less.”>~2* Assuming a total
center-of-mass kinetic energy as large as 5 eV for the frag-
ment atoms (dissociation via a repulsive state), their
speeds would be less than 8X10° cm/s in the lab, and
they would travel less than 0.8 mm during their excited
lifetimes. The radial extent of the emitting region was
measured for the three transitions indicated in Fig. 5 by

placing a slit of width w=0.394 mm directly in front of
and perpendicular to the monochromator entrance slit,
and translating it perpendicular to the plane of Fig. 1.
Assuming that the profiles are nearly Gaussian distribu-
tions, less than 1% of the signal is lost in the extreme
case, and therefore this is neglected in our data analysis.

Finally, we expect that polarization of the atomic radia-
tion is a negligible effect in our measurement of optical-
emission cross sections, since the dissociation proceeds
through many intermediate states. Lawrence* determined
that the O I 8446-A radiation produced by electron-impact
dissociative excitation of CO is polarized less than 0.5%.
Also, Filippelli et al.? reported less than 5% polarization
for emission lines of excited N atoms produced by
electron-impact dissociation of N,. For these reasons we
believe that polarization effects are of negligible impor-
tance in this work.

The OT transitions identified in this work are listed in
Table I, along with our measured optical-emission excita-
tion cross sections. In addition, we list transitions for
which an upper bound to the cross section could be ob-
tained. The uncertainty of each cross section is given and
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FIG. 5. Illustration of radiative lifetime effect on the spatial
extent of the emitting region using as signal emission from three
longer-lived O1 states. The profiles were obtained at E =100
eV, I, =50 uA, and p=13.7 mTorr. y(mm)=Y —Y,, where ¥
is the coordinate giving the location of the center of the vertical-
ly translatable slit of width w=0.394 mm, and Y, is the slit
coordinate for which the signal R(y) is a maximum. R(y) is
the signal with background and dark current subtracted. For
the 4d D% 3p P transition, 7 is taken from Ref. 23. For the
n’'=17 transitions, 7 is an estimate based on lifetimes of lower-
lying transitions of the same series given in Refs. 23 and 24.

explained in the footnotes of Table I. The uncertainty in
the ratio of cross sections for two different lines at the
same energy, or for the same line at two different energies,
is considerably smaller than that obtained from the indivi-
dual uncertainties. In Table II we compare our measure-
ments with cross sections of transitions within our range
reported by other researchers. The agreement is satisfac-
tory in each case. In Table III we list additional OT tran-
sitions studied by other researchers, but falling beyond our
range of observation.

B. Excitation functions

To within the sensitivity of our apparatus, the shapes of
the excitation functions for energies below that of the
broad maximum (E~100 eV) are independent of pressure
within the range studied. However, the height of the de-
creasing “tail” region (E > 110 eV) relative to the broad
maximum is not independent of pressure. In Fig. 6 we
show the effect of increasing pressure on the shape of the
excitation function of the 7774-A transition. As the pres-
sure is increased beyond 5 mTorr at high electron ener-
gies, Qo (E) increases relative to Q. (E <100 eV). As
the pressure increases, the nonlinear behavior begins at
lower electron energies. This effect is the result of the
weak quadratic behavior of R.(p) discussed in subsection
A. For p=5 mTorr and 105 < E <500 eV, this optical
cross section has an energy dependence well described by
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FIG. 6. Illustration of the variation with pressure in the mea-
sured excitation function of the 3p SP—3s °S° multiplet, as a
function of the incident electron energy E. In each case the
electron-beam current was held fixed at 20 uA throughout the
energy range. For each curve, the cross-section data have been
normalized to a maximum value of 1.0. The curves are cubic-
spline fits to the experimental data. For p =5 mTorr and
E > 105 eV the optical-emission cross-section data are well
described by the form Q@ =(C/E)In(E /C,), where C, and C,
are constants.

the form Q,,=(Cy/E)In(E /C,), where C, and C, are
constants, with C,=29.80 eV. The pressure dependence
illustrated in Fig. 6 is typical of all the OT1 transitions for
which we could determine excitation functions, although
the strength and energy onset of the nonlinearity is dif-
ferent for the various transitions.

In Fig. 7 we present optical excitations functions for
twelve transitions over the energy range 0—400 eV. The
excitation functions of the transitions at 8820, 6046, 7002,
and 6106 A were measured at pressures of 12—15 mTorr.
The data for the 8222- and 5436-A functions were ob-
tained at pressures of 17—18 mTorr. The remainder of
the excitation functions in Fig. 7 were measured at pres-
sures of 6—10 mTorr. In each case the O, gas was flow-
ing slowly through the system. Contamination by over-
lapping O,* emission is negligible for all the quintet tran-
sitions and for the 3p 3P—3s3S° transition. Correction
for contamination by O, emission using the method
described in Sec. II was necessary for the rest of the exci-
tation functions in Fig. 7.

C. Threshold dissociative excitation

Like the case of electron-impact dissociative excitation
of N,, the threshold incident electron kinetic energy need-
ed to produce O1 emission by dissociative excitation is of
special interest (see next section). The threshold incident
electron energy for a transition was determined by com-
paring the experimental threshold accelerating voltage for
the OI emission line with that for particular He or Ar
lines, for which the corresponding threshold energies are
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FIG. 7. Shape of optical-emission excitation functions for atomic-oxygen multiplet radiation, as determined in this work. The
curves are cubic-spline fits to the experimental data, and have been normalized to a maximum value of 1.0 in each case. All curves
shown here are plotted to the same energy scale. See Table I for the absolute cross-section value corresponding to 100 eV.

known.? For these onset measurements, 0, was flowed

slowly through the system at a pressure of about 16
mTorr along with about 4 mTorr of He or Ar, and the
desired emission signals were plotted against accelerating
voltage in the onset region (without division by I,). In
this short energy interval the electron-beam current is a
very slowly changing function of accelerating voltage.
For the 7774-A O1 multiplet the onset was also measured
with I, held fixed; the result differed from that of the
variable-current method by less than the experimental un-
certainty. We found that accurate threshold measure-
ments could be obtained only if the electron beam was
kept tightly focused.

Comparison transitions were chosen on the basis of
proximity to an O1 line in wavelength and threshold ener-
gy, with the additional requirements of high intensity and
sharply increasing cross section near threshold. By
measuring an OI onset energy relative to a comparison
transition, we eliminate from consideration the small devi-
ation of the true energy of the electrons from the ac-

celerating voltage between cathode and ground. In Fig. 8
we show the experimental signal resulting from the
electron-energy distribution function convoluted with the
foot of the cross-section curve for two O1 transitions and
two comparison transitions. Each curve has been scaled
and shifted vertically as necessary to facilitate visual com-
parison. It is seen that there is a small region of =~0.5 eV
over which each curve changes from zero to a steeply ris-
ing curve with linear dependence on electron energy. The
width of this region indicates the total electron-energy
spread in the beam. Our data are thus consistent with a
full width at base of =~0.5 eV for the incident electron-
energy distribution at threshold. The onset energy is thus
obtained by a linear extrapolation to zero emission signal.
The experimental threshold energy E;,. and the energy
defect AE for several OI transitions are compared in
Table IV; in all cases except the 3p’!F—3s'!DO transi-
tion, they differ by a few tenths of an eV. Several studies
of vuv emission from the photodissociation products of
O, have shown a sharp increase in the production of
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FIG. 8. Experimental signal resulting from the electron-
energy distribution function convoluted with the onset of the
cross-section curves for 7774- and 8446-A O1 emission. The ex-
perimental threshold accelerating voltage is obtained by an ex-
trapolation of the steeply rising curve to zero emission signal.
The threshold of the comparison He or Ar transition establishes
a known point on the electron-energy axis.

35 35%—2p*3P radiation at an incident photon energy of
16.1 eV.26=2% This corresponds to the threshold produc-
tion of O(3p3P)+0(2p*3P) and the subsequent
3p 3P—3s 380 cascade, in agreement with our measured

onset for this process. Carlsonzo7 also observed photodis-
sociative excitation of the 7774-A multiplet with a thresh-
old photon energy of 15.9 eV, which agrees with our re-
sult. '

IV. DISCUSSION

A. Cross sections and excitation functions

The excited states of O which lie below the first ioniza-
tion limit are well described by the Russell-Saunders cou-
pling. A configuration 2p3nl comprises a number of lev-
els characterized by L, S, and J. Only in a few cases were
we able to resolve the fine structure (J'—J) of a multiplet.
Thus the optical cross sections reported in Table I of this
paper correspond to the sum of the intensities of all the
J'—J components within a given L'S—LS multiplet
transition, except where noted. Coupling the 2p3(*S°)
ground state of the O ion with an outer electron (nl) re-
sults in a triplet or quintet state of the O atom. The sing-
let states and some triplet states are associated with parent
ions O+(2D°) and O*(®PY), and thus have higher energies
than the corresponding states with the O+(%S% core.
Many of the states which lie above the first ionization
limit deviate from pure LS coupling, giving rise to several
strong intercombinations between singlet and triplet lev-
els. The intensities of transitions from these high-lying
levels may also be influenced by varying degrees of au-

TABLE II. Excitation cross sections for O emission in the visible and near-infrared region, as deter-

mined by other researchers.

Cross section (10~%2° cm?) Incident
Other electron
O multiplet A (A) This work researchers energy (eV)
3p3P—3s38° 8446 200430 200+30° 100
_ 230°
4p 3P 35380 4368 3.6+0.7° 4.7+0.7 83
3d *D°—3p P 11287 52+10 50° 100
353D 3p 3P 7982—7987 <0.10+0.02 <0.1° 100
‘ 7995 <0.0048¢

3p'3D;,—3s'°D} 8222 4.2+0.6 4,74 . 100
4538°3p P 11299 61+12 50° 100
3p3P—3s3S° 7774 430+ 64 480° 100
5d°D°—3p °P 5330 2.1+0.3¢ 2.0f 300

*Reference 4.

YReference 11. Experimental uncertainty limits not given in Ref. 11.

“Our absolute measurement given in Table I is made at 50 eV in order to eliminate the signal from the
overlapping O™ lines 3d 2Ds,,—3p 2D3,, (4369.28 A) and 3p *P3,,—>3s “Ps,, (4366.90 A). At 83 eV
most of the ion signal could be identified and subtracted away; this was done to obtain a more accurate

result.

dReference 15. Cross sections relative to that of the 8446-A line, taken as 220 10~2° ¢cm?2. Experimen-

tal uncertainty limits not given in Ref. 15.

‘Measured at p =8.0 mTorr. We estimate that the nonlinear dependence of emission signal on pressure

is negligible at 8 mTorr for E =300 eV.

fFrom Fig. 2 of Ref. 14. Experimental uncertainty limits not given in Ref. 14.
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toionization. ~

All the excitation curves in Fig. 7 have a broad peak at © O 3p°Pip3—3s%} 7774A
90—100 eV with a shoulderlike structure of varying de- é + )&
gree near 35 eV. This feature was also found in dissocia- 5 1ol © O 300,535y, 4650
tive excitation of N,. To exhibit the shoulder structure w
between 35 and 45 eV more clearly, we show in Fig. 9 ex- z osl
citation functions for four transitions over the energy 2
range 0—200 eV. Analogous to the case for nitrogen, we &6l
attribute the part of the excitation function below 35 eV :) L
to 60_4».

0,550,*>0(2p*3P)+0(2p% nl), n=3,4,... (3 gozj

and the broad peak to dissociation through the molecular OP )
ion, i.e., ¢ 00 300 200 500

0,550,  1e—,
@)

0,"*—-0%(2p*)+0(2p3 nl), n=3,4,....

For the transitions studied in this work, process (3) has an
energy defect AE in the range 15.8—21.5 eV (n>3),
whereas in the case of process (4) with O™ in the S state,
the energy defect is 29.5—35.1 eV. These values are con-
sistent with the onsets of the narrow peak (shoulder) and
the broad maximum in the excitation function if we re-
gard the observed O(2p* nl) emission as due to both pro-
cesses (3) and (4). Our identification of process (4) with
the onset of the broad maximum is consistent with the re-
sults of the O, photodissociation experiment of Lee
et al.*® They observed a sharp increase in the cross sec-
tion for O1 1152- and 1218-A fluorescence for incident
photon energies slightly above the energetic onset for dis-
sociative ionization. The broad maximum is characteris-
tic of simultaneous ionization and excitation like the first
step of process (4). For comparison we show in Fig. 10
the excitation function for the 4650-A line of the atomic
oxygen ion, i.e., O+ (2p23p *D%)—O+(2p?3s *P), which re-
sults from the simultaneous ionization and excitation pro-
cess

3p3P—>3s35° 8446A 5555°—>3p5p 64554
Zz
o
-
O
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wn
wn
2
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FIG. 9. Representative optical-emission excitation-function
shapes for atomic-oxygen multiplet radiation in the (0—200)-eV
incident-electron-energy range. The experimental data for each
curve have been normalized to a maximum value of 1.0. The
shoulderlike structure near 35 eV is clearly displayed in this ex-
panded energy scale.

INCIDENT ELECTRON ENERGY (eV)

FIG. 10. Comparison of optical- emission excitation-function
shape for (1) 3p P1y3—3s 5S2 (7774 A) of O, and (2)
3p*DY )27/ —3s P15 (4650 A) of O*. The peak cross sec-
tions are 430X 102 cm?+15% and 17X 10~ cm?+15%,
respectively.

Ozf—:02+* +e™

’

(5
02+*—>O+(2P23P 4D0)+O ,

with an energy defect of 44.4 eV. The similarity in the
shape of the major peak between the excitation functions
for the neutral O atom and for the O™ ion is evident.

It is interesting to compare our results with the
optical-emission excitation functions of O1I emission lines
in the vuv region presented in Refs. 11 and 12. In those
investigations the 3s'3D°—>2p 3P (A=989 A) and
3dD%—2p 3P (A=1027 A) multiplets were produced by
electron-impact dissociative excitation of O,. Both excita-
is consistent with our results. The authors of Ref. 12
point out possible small breaks in the slope of these func-
tions near 40 eV. This is similar to the 4d 3D%—3p P ex-
citation function presented in this work. In Ref. 7 the
measured excitation function of the
3538°2p*3P (A=1305 A) line is shown. An abrupt.

TABLE III. Vacuum-ultraviolet and infrared transitions of
O produced by electron impact on O,, for which cross sections
and/or excitation functions have been determined by other
researchers.

Observed

multiplet A (1&) References
35"3P%—2p*3pP 879 13
3s5'3D%—2p*%pP 989 11,13
35"1p°52p41D 999 13
3d3D°—2p*3P 1027 11,13
4538°2p*3pP 1040 11,13
3s''D°—2p*'D 1152 13
35" PO 0ptls 1218 7
35380 2p43p 1305 4,5,6,7,11
35 58°—2p*3P ‘ 1357 5,8,9,10
Emission lines 862—1305 12
4538°3p3p 13164 11
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TABLE IV. Comparison of experimental threshold incident electron energy E4, (eV) for production
of O multiplet radiation with the corresponding energy defect AE (eV).

Energy Experimental
. defect?® threshold E}.-AE Comparison
O multiplet A(A) AE (eV) Ey, (V) eV) transition®
3p3P—3s38° 8446 16.07 16.3+0.3 0.23+0.3 1
4p3P—>3s3S° 4368 17.44 18.0+0.3 0.56+0.3 3
4d3D%—-3p 3P 7002 17.84 18.0+0.7 0.16+0.7 4
5538°—>3p P 6455 17.74 18.6+0.4 .0.86+0.4 3
3p°P—3s°S° 7774 15.82 16.1+0:3 0.28+0.3 1,5
3d°D°—3p 3P 9263 17.16 17.6+0.3 0.44+0.3 2
4d3D%3p°pP 6157 17.83 18.0+0.3 0.17+0.3 3
5d5D°—3p P 5330 18.14 18.6%0.3 0.46+0.3 3
3p''F—3s'1DO 8820 19.21 20.9+0.5 1.69+0.5 5
3p'3D;,—3s'°DY 8222 19.13 19.3+0.6 0.174£0.6 5

2Sum of upper O-state energy relative to the 2p*°P, ground state and the dissociation energy of the
O,(X33; ) state (5.08 eV). O-state energy taken from Ref. 21. ,

*Comparison transitions, with wavelengths and onset energies (see text): (1) Ar 4d (%)°—+4p(%),
6871 A, 14.71 eV; (2) He 2p *P°—2s S, 10830 A, 20.96 eV; (3) He 3p *P%—2s 1S, 3889 &, 23.01 eV; (4)
He 35 'S—2p 'P%, 7281 A, 22.92 eV; (5) He 35 3S—2p3P°, 7065 A, 22.72 eV.

change in the curvature of the function at about 40 eV is
apparent, with a shape similar to our 6s 3S°—3p 3P func-
tion. These observations, along with a comparison of the
curves in Fig. 7, strongly suggest that the excitation func-
tions of different levels of the same series have very simi-
lar shapes. We also note that our O% excitatjon function
in Fig. 10 closely resembles that of the 539-A O% multi-
plet presented in Ref. 12.

B. Molecular dissociation near threshold

As discussed in Ref. 2, production of excited O atoms
by electron impact on O, molecules may proceed through
excitation to either a totally repulsive electronic state (o)
or a partly bound state () as shown in Fig. 11. The
threshold energy Ey,, for production of O* is substantial-
ly larger than the energy defect AE if the molecule is ex-
cited to the a state, but is nearly equal to the energy de-
fect when the intermediate state is 3, provided that the
junction between the attractive part and the repulsive part
of the energy curve for B is within the Franck-Condon re-
gion (defined by the classically allowed range of Rgg) of
the ground-state electronic-vibrational level. Predissocia-
tion of a bound Rydberg molecular state via coupling to a
repulsive state is a third mechanism to be considered.
Comparison of Ey,, with AE for some typical OT lines is
shown in Table IV; they differ by a few tenths of an eV
for threshold production of the O* states with the
0+ (2p34s°) core. Similarly, Ajello and Franklin'? found
E,. —AE =0.76+1.0 eV for production of 3d°>D°
—>2p*3P emission by electron impact on O,. Thus near
threshold we conclude that excitation of O, to states like
B contributes to production of Rydberg O* states with the
O1(*S9 core. In Ref. 2, E};, and AE are also found to be
very close for dissociative excitation of N, to N* levels
having the ground-state ion core. In that work the B-type
states were identified as the Rydberg states associated
with the N, (D 2Hg) core. At higher incident electron en-
ergies, excitation to B-type states and to other states con-

verging to the same dissociation limit contributes to the
observed cross sections.

We have also measured Ey, for transitions from two
O* levels having the O+ (2D°) core (A=8222 and 8820 A).
Ajello and Franklin'? report Ej,, —AE =0.3+1.0 eV for
production of OT1 3s'3D%—2p*°P emission. Similarly,
the cross section for production of O1 3s''D°—2p*'D
fluorescence by photodissociation of O, presented by Lee
et al.,”® shows a threshold photon energy of ~ 18.64 €V,
corresponding to E, —AE~0.83 eV. Our results and
those which we have cited indicate that threshold produc-
tion of O* states with the O*(2D°) core by electron im-
pact on O, also proceeds through excitation to O, states
which are very nearly of the type B.
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FIG. 11. Schematic representation of electron-impact dissoci-
ation process.
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Extensive calculations of all O,% potential-energy
curves which lead to the lowest dissociation limit
0(2p*3P)+0%*(2p34S°) have been presented by Marian
et al.,’ along with many potential-energy curves which
lead to the higher dissociation products O(2p*3P)
+01(2p32D%. By considering those curves for which
the boundary of the continuum can be reached within the
Franck-Condon region, a few states can be singled out
which are likely to be most important in the threshold dis-
sociation process leading to the production of O* with the
O0*(*s%) or O*(2D°) core. These are the 4°II, and b*3;
(predissociated via 42;‘ ) states in the first case, and the
21, (ITI) state in the second case. These potential curves
are shown in Fig. 12. The true potential-energy curves for
the dissociating system are obtained by shifting the O,*
curves down by the binding energy E,; of the Rydberg
electron.? If O*(2p34S?) is the atomic core, the binding
energy is measured with respect to the 13.617-eV first ion-
ization potential. If O*(2p*2D?) is the core, the binding
energy is measured with respect to the 16.947-e¢V ioniza-
tion energy. Two examples are presented in Fig. 12.

In the case of threshold dissociation to O(2p*3P) and
any of the O* levels with the 2p3 4S9 jon core, two thresh-

24}
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FIG. 12. Possible states of O,* leading to threshold dissocia-
tion to the limits O(2p*3P)4+0O%(2p3%S) and O(2p*°P)
+0%(2p*2D). The O* configuration refers to the core of the
excited Rydberg O atom produced at the threshold incident elec-

tron energy for the process O,>0,* —0(2p*3P)+0(2p°nl).
The true potential-energy curves for the dissociating O,* system
are obtained by shifting the O, curves down by the small bind-
ing energy E,; of the Rydberg electron (see Ref. 2). Threshold
production of O(2p*3P)+0[2p(*S)4d D] (E,;=0.87 V) and
O(2p*3P) +0[2p%*°D)3p’'3D] (E,=2.90 eV) is considered
here. The Franck-Condon region is indicated by the vertical
lines. The O, curves are taken from Ref. 3.

old dissociation mechanisms can be found. The only -
type state which can be identified is the A4%II, state. In
addition, the bound b423 state is predlssocmted startmg
at v=4 by the 42+ state via spin-orbit coupling.> The
continuum boundary of the 421, state and the v=4 level
of the b42g state lie at ~18.7 eV above the O, ground
state. We note that for photoproduction of O* from O,
via

02h—‘;02+——>0+ +O

Dehmer and Chupka29 found an experimental threshold
of ~18.7 eV (~663 A). This coincides with the energy
defect of 18.7 eV for the dissociation products

O+[2p3(4so)] +O[2p4(3P)]

of the O,* 4%I1, state. Assuming that O* is indeed pro-
duced at threshold via the 42I1, state, this measurement
indicates that it is a good example of a B-type curve. At
only 0.15 eV higher, the b“).‘,g state is also predissociated
by the f 4H state starting at v=>5.

Consider production of O* in the 4d °D° excited level,
leading to the observed 4d *D°—>3p 5P (6157 A) radiation.
The binding energy of the upper excited level is 0.867 eV
with respect to the 13.617-eV ionization limit. The
potential-energy curves of- the Rydberg excited molecule
are obtained by making a downward transposition of the
O,™ curves by the amount E,; =0.867 €V, as indicated in
Fig. 12. The A, continuum boundary and the
b42; v=4 level are then within the Franck-Condon re-
gion and lie at about 17.8 eV, which is in agreement with
the measured onset value 18.0+0.3 eV. For the lower-
lying excited atomic levels studied, these potential-energy
curves for (O,% 4 excited e ™) actually consist of several
curves of different angular momentum and spin, but we
still expect some of these states to be of the type B and/or
predissociating states, since Ey,~AE for these lower-
lying levels.

In the case of threshold dlssocxatlon to O(2p“P) and
any of the O* levels with the 2p32D° ion core, the
lowest-lying state through which the molecule could dis-
sociate is the 2IT,, (III) state, which is shown as the upper-
most potential curve in Fig. 12. Lying only a few tenths
of an eV higher are the A, (II) and *3] (II) states, which
have nearly the same shape in the Franck-Condon region
as the 2IT,(ITD) state. The 23, state may also be of this
type, but Marian et al. do not extend the calculated curve
into the Franck-Condon region. As a second example we
now consider production of O* in the 3p’ 3D excited level,
leading to production of the observed 3 p’'3D—3s'3D°
(8222—8235 A) -emission. The binding energy of the
upper level is E,; =2.897 eV with respect to the first ioni-
zation limit of the O+(2p32D%) core. In the figure we
show that when the intersection of the 2IT, (III) state with
the Franck-Condon region is shifted downward by this
amount, it then lies at about 19.7 eV, which agrees with
the experimental onset at 19.3+0.6 eV. Here the boun-
dary of the continuum is slightly outside the Franck-
Condon region. If a classical picture is adopted for the
molecular vibration, vertical electronic excitation from the
X 32; ground state is completely confined within the
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Franck-Condon region in Fig. 12. This would result in a
minimum excitation energy of 19.7 eV. However, because
the vibrational wave function extends beyond the Franck-
Condon boundaries, it is possible to reach this Rydberg
potential-energy curve with an incident-electron energy
slightly below 19.7 eV. The experimental onset indeed is
found to be 19.3+0.6 eV. Within a very small energy
range above the onset, the amplitude of the vibrational
wave function outside the Franck-Condon region is re-
sponsible for the dissociative excitation. This is reflected
in the shape of the excitation function of the
3p'3D—3s'3D" emission shown in Fig. 7; at the onset the
excitation function rises very gradually with increasing in-
cident electron energy, revealing a qualitative resemblance
to the shape of the probability cloud of a harmonic oscil-
lator outside the classical region. Here the contrast with
the example of the excitation of 4d >D°—>3p 5P (6157 A)
radiation discussed in the preceding paragraph is especial-
ly interesting. Returning to Fig. 12, the production of O*
in the 4d °D° level near threshold is associated with the
lower curves for which the boundary of the continuum
can be reached within the Franck-Condon region, unlike
the *I1,(III) curve. Thus the portion of the vibrational
wave function outside the classical region is not relevant
for near-threshold dissociation. Consequently, the ob-
served excitation function for the 4d >D°—3p *P emission
shows a much more abrupt rise at threshold than that of
3p'3D—3s'3D° (Fig. 7).

C. Cascade analysis of quintet transitions

For many atoms, the maximum optical-emission cross
sections Q... for transitions from a set of levels with
given L,S to a given lower level follow the relation
QOmax <n ~% where a is a constant. The apparent cross
sections for transitions from lower-lying excited states
will deviate from this relation if they contain a large cas-
cade contribution. For the »nd°D°—3p°P and
ns °§%—3p P transitions we have sufficient data for a
meaningful study of this property for oxygen. By con-
structing a log-log plot of Q.. versus n for the
nd >D°—>3p 5P set of transitions, we find that Q,,, <n ~°
for n >4, where Q.. is taken from Table I. From the
least-squares-fitted curve, we find a(nd >D°—3p°P)
=5.258+0.002 (n >4). This curve allows us to estimate
maximum cross sections (100 eV) for transitions in this
set which could not be measured because of overlapping
molecular bands or O™ lines. We estimate

Ouman(6d5D°—3p 5P)=1.3% 10~ P cm?+15% (4968 A) ,
Ormax(8d 5D%—>3p 5P)=0.29 % 10~2° cm?+17% (4654 A) .

In the first case the atomic line lies in the O, first nega-
tive band, Av=—3. In the second case our signal is con-
taminated by O*+(3p*D%—3s *P) at 4650 A. Our estimate
for Qmax(8d°D°—3p3P) is consistent with our measured
value Q(50 eV)=0.25Xx10"%° cm?+20%. Analysis of
the data trend of a similar least-squares fit to the
ns 5§°—3p 5P data indicates that the relation Q. cn ~¢
holds for n>6. In this range we estimate that
a(ns °S°—3p 5P) is about 6.2, and
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QOmax(85 38°—3p 5P)=0.13 X 10~ Pcm?+20% (4802 A).

This line is contaminated by the O,% second negative
bandhead at 4803 A. The calculated value is consistent
with our experimentally determined upper limit of
0.17x 1072 cm?+20%.

By combining these values with our measured cross sec-
tions for quintet transitions, we obtain a complete descrip-
tion of the cascade contribution to the 3p >P level at 100-
eV incident electron energy. This allows us to calculate a
good estimate for the direct electron-impact dissociative-
excitation cross section of the 3p °P level:

Quirect (3p °P1,5,3)= @ (3p *P— 35 °S°)

8
— > Qlns

n=4

8°—3p3pP)

8
— > Q(nd°D°—3ppP)

n=3

=220Xx107% cm?+449% (100 eV) .

We were not able to measure the entire excitation function
of the 45s35°—3p°P (11298 A) transition with the sensi-
tivity of the present apparatus. If this excitation function
can be obtained, it can be combined with the excitation
functions obtained in this work for the other quintet tran-
sitions, along with their absolute optical-emission cross
sections, to determine the absolute direct electron-impact
excitation function of the 3p °P level.

V. LONG-WAVE INFRARED EMISSION

The ratio of the optical-emission cross sections for two
transitions which originate from the same upper level is
equal to the ratio of the corresponding transition probabil-
ities 4, i.e.,

i
Qi—j)= _._(_1])_

Al Q( —k). 6)

Thus optical cross sections for the emission lines that
share a common upper level with a transition listed in
Table I can be determined by using the appropriate transi-
tion probabilities. Since direct measurement of emission
intensity in the infrared, especially long-wave infrared, re-
gion is more difficult than in the visible and near-
ultraviolet region, Eq. (6) allows us to obtain optical cross
sections for infrared lines from the theoretical transition
probabilities.

In this section we consider only transitions between lev-
els with the 2p3(*S)nl configuration. Since the O core is
in a “S state, the total orbital angular momentum L of the
oxygen atom is equal to /. An excited level is then desig-
nated by nLSJ. The transition probability between two
levels may be written as*®

A(n'L'SJ'—nLSJ)
=5 (M)#(L)a(n'L'S—nLS)/(2J'+1), (7)
a(n'L’'S —nLS)=641**0?/3hc? , (8)

2 2
/(41>—1), ©)

[ Ry(P)rR ()P 2ar

0'2=62
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TABLE V. Line strength #(L).

Quintets (S =2)

Triplets (S =1)

L'-L J' J F(L) J' J FL(L)
S-P 2 3 = 1 2 E2
2 2 + 1 1 +
2 1 + 1 0 1
P-D 3 4 2 2 3 =
3 3 = 2 2 L
3 2 + 2 1 T
2 3 2 1 2 +
2 2 = 1 1 &
2 1 o 0 1 1
1 2 P
1 1 o
1 0 -
D-F 4 5 4 3 4 El
4 4 = 3 3 A
4 3 . 3 2 oo
3 4 & 2 3 2
3 3 = 2 2 vid
3 2 1 1 2 1
2 3 e
2 2 &
2 1 e
1 2 %
1 1 -
0 1 E

[N
O

where ¥(M) is the multiplet strength, (L) the line
strength, R, the radial wave function, and /, is the
greater of / and /. Formulas for (M) and ¥ (L) are
given in Ref. 31. For transitions between states of the
type 2p3(*S)nl, the values of (M) are 15 for 5S-°P, 150
for °P-°D, 525 for SD-°F, 9 for 3S-*P, 90 for *P-*D, and
315 for 3D-3F. The line strengths are shown in Table V.
The radial wave functions R,;(r) in Eq. (9) are calculat-
ed by the Hartree-Fock self-consistent-field (SCF) pro-
cedure. To simplify the calculation, the 1s and 25 orbitals
of the excited oxygen atom are taken from the SCF solu-
tion of the O(2p4 3P) atom, and are not varied in the
iteration cycles. In Table VI we list the values of
a(n'L'S—nLS) calculated from these Hartree-Fock wave
functions for the transitions which are used to obtain the
long-wave infrared emission cross sections according to
Eq. (6). For a given configuration 2p3(*S)nl, the radial
wave functions for the triplet states are different from
those for the quintet states because of the different ex-
change terms in the Fock equations. This is particularly
true for the np series on account of the strong exchange

interaction between the 2p and np orbitals. We see in

Table VI that this difference in radial functions between
the triplet and quintet series is reflected in the transition
probabilities.

To get an indication of the accuracy of the Hartree-
Fock calculation, we have computed the transition proba-
bilities using a different method, i.e., the self-interaction-
corrected form of the local-spin-density (LSD) approxi-
mation. This method has been discussed extensively in
the literature,®”=3% and thus only a brief description is
presented here. In the conventional LSD or the Hartree-
Fock-Slater method, the exchange potential in the Fock
equations for the one-electron orbitals is approximated by
a local potential proportional to the cubic root of the elec-
tron density (or spin density for spin-polarized cases) p!/>.
This local-exchange approximation greatly simplifies the
computational work, but has a serious drawback related to
the self-interaction in the following way. The effective
potential of an electron in the Hartree-Fock theory con-
sists of the electron-nucleus attraction, electron-electron
Coulomb repulsion, and the exchange potential. - The
electron-electron Coulomb repulsion includes a term cor-
responding to the interaction of the electron with itself.
This unphysical self-interaction is cancelled by an identi-
cal term in the exchange potential so that its presence has
no effect. However, when the exchange potential is ap-
proximated by the local p!/® form, the cancellation of the
self-interaction energy is not complete. One troublesome
consequence of this incomplete cancellation is that for a
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TABLE VI. a(n'L’S—nLS) as defined in Eq. (8).

O multiplet A (A) a (sec™!)
6s°S—3p°P 5437.45 1.28824 (6)*
6535 —3p°P 6048.06 1.05174 (6)
6538 —5p P 71779.87 5.44747 (5)
6538 —5p 3P 77211.17 4.49093 (5)
7538 —3p P 5020.83 7.12077 (5)
7538 —6p P 132148.12 2.09108 (5)
4p3P—>3s5S 3948.57 3.504 77 (5)
4p3P—3d D 59773.34 4.93382 (4)
5d°D—3p°P 5331.32 4.54278 (5)
5d°D—>4f5F 41371.10 2.85093 (3)
5d°D—5p P 56 842.49 2.76437 (5)
7d°D—3p P 4774.37 1.17938 (5)
7d °D—5f5F 46 907.72 1.093 55 (3)
7d3D—6p P 56 026.60 4.03733 (4)
7d D —6f °F 126 850.42 1.39241 (3)
6f°F—3d°D 10678.77 1.57035 (5)
6f3F—3d 3D 10756.48 1.509 84 (5)
6f°F—5d°D 71440.57 5.01200 (4)
6f3F—5d 3D 72 664.23 5.12763 (4)
7fSF—3d °D 9828.63 8.86534 (4)
7f3F—3d D 9894.46 8.47534 (4)
1f3F—5d °D 45254.09 3.01991 (4)
7f3F—5d D 45742.75 3.01714 (4)
7f SF—6d °D 118529.35 1.76778 (4)
7f3F—6d *D 120577.23 1.83095 (4)

“Numbers in the parentheses denote the power of 10.

neutral atom the electron potential at a large distance r
from the nucleus approaches zero much faster than the
correct — 1/r dependence, resulting in an underestimation
of the net attraction and hence the ionization energy.
This difficulty is partly resolved by a cutoff procedure,
adopted in the Herman-Skillman formulation®® of the
Hartree-Fock-Slater method, in which the local-exchange
approximation is used only in the region of r between zero
and a cutoff value 7y, and for r > r; the electron potential
is simply set to —1/r. Nevertheless, this cutoff pro-
cedure does not completely remove the spurious self-
interaction, although it gives the correct asymptotic po-
tential energy.

A more fundamental way of addressing the problem of
self-interaction is to remove the self-interaction terms
from the total energy in the outset. This approach has re-
cently met with great success in calculations of electronic
structure of atoms,’?™3* and is often referred to as the
self-interaction correction (SIC). Of special interest to us
is the paper of Harrison et al.,* which demonstrates the
success of the SIC-LSD approximation for calculating en-
ergies of excited states of atoms. The SIC-LSD approxi-
mation retains the computational simplicity of ~the
Hartree-Fock-Slater approach, but provides a significant
improvement over the conventional LSD approximation.

We have applied the SIC-LSD method (spin-polarized)
to calculate a(n’L'S—nLS) for the quintet states,” and
the results agree well (~10%) with the values obtained by
the Hartree-Fock wave functions (Table VI). The agree-
ment between the two sets of results supports the accuracy
of our calculation within the Hartree-Fock framework.
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Earlier works on the transition probabilities of the oxy-
gen atom include the calculation using wave functions
determined by the Hartree-Fock-Slater method (without
the SIC).® The formulation of the Hartree-Fock-Slater
method as given in Ref. 36 uses the total electron density
(rather than the spin density) in the p!'/3 exchange term;
therefore it gives the same R,;(r) for the quintet and trip-
let states of the 2p3(*S)nl configurations. Nevertheless,
compared with our values of o [Eq. (9)] of the quintet
series, those of Ref. 38 are generally within a 25% range
when o? is greater than 1.0. For smaller values of o? the
discrepancy is much larger. As pointed out in Ref. 38,
the integral of Eq. (9) is very sensitive to the wave func-
tions, particularly when severe cancellation occurs be-
tween the positive and negative contributions. Thus it is
not surprising to find a much larger discrepancy between
the Hartree-Fock and Hartree-Fock-Slater results for the
cases where o is small.

Biemont and Grevesse®® calculated oscillator strengths
for a large number of infrared lines of atomic oxygen us-
ing the Coulomb approximation.*>*! The Coulomb ap-
proximation takes advantage of the fact that, in the usual
length formula, nearly all the contribution to the dipole
matrix element comes from the outer lobes of the two
wave functions involved. This asymptotic part of the
wave function may be computed simply with the
knowledge of the Coulombic potential and the ionization
energy, since the short-range potentials such as electron-

‘exchange potential become negligible for large ». There-

fore, this method is suitable for computing the dipole ma-
trix elements between a pair of highly excited states. It
follows, on the other hand, that the validity of this
method may be questioned for low-lying states, and this
point is discussed in Ref. 40.

The majority of the infrared lines of Ref. 39 involve
highly excited states. We have compared our values of o2
[Eq. (9)] with those of Ref. 39 for some 140 transitions
(ns, np, nd, and nf, with n up to 10). In most cases the

TABLE VII. Excitation cross sections for long-wave infrared
emission of O produced by dissociative electron-impact excita-
tion of O, at 100 eV.

ZJ',JQON(J""J)

O multiplet A (A) (102 cm?)
5d°D°—4f°F 41371 0.075
7f 5F—5d °D° 45254 0.82
7f 3F —5d 3D° 45743 0.53
7d °D°—5f°F 46908 0.019
7d°D%—6p °P 56027 0.20
5d °D°—5p 5P 56 842 2.1
4pSP—3d °D° 59773 1.6
6f >F—5d °D° 71441 1.4
65°5°—5p 5P 71780 0.32
6f 3F—5d>D° 72664 1.3
65 35°—5p3p 77211 0.13
7f35F—6d°D° 118529 0.48
7f 3F —6d *D° 120577 0.32
7d°D°—6f °F 126 850 0.024
75 °S°—6p 5P 132148 0.085




32 EMISSION FROM OXYGEN ATOMS PRODUCED BY ELECTRON- . .. 2115

agreement is within 25%. About ten cases occur in which
the discrepancy is greater than 25%, mostly in 3S-3P and
3P-3D series.

In computing dipole matrix elements, the relative
“phase” of the pair of wave functions is an important fac-
tor. The position of the outer peak of a wave function is

dictated by the details of the potential in the interior re-.

gion. In our Hartree-Fock calculation the triplet and
quintet functions of the same nl are shifted relative to
each other because of the difference in exchange-coupling
coefficients. When the Coulomb approximation is used,
this effect is taken into consideration to some extent
through the effective quantum number 7 *, but this falls
short of the rigorous treatment with the result that the
wave function may be shifted by an improper amount
from the hydrogenic counterpart. Although the inaccura-
cy in the phase shift may be small in each of the wave
functions, it could lead to much greater error in the dipole
matrix elements where the relative phase shift of the two
functions is an important factor. The discrepancy in the
38.3P and *P-3D series referred to in the preceding para-

graph may be attributed to the inaccuracy in the phase
shift in the Coulomb-approximation wave functions.

The values of a(n'L’S—nLS) in Table VI are com-
bined with the measured optical-emission cross sections
(Table I) in accordance with Eq. (6) to yield optical cross
sections for a number of infrared lines. Since the indivi-
dual J'—J components of an n’L’'S—nLS transition are
not resolved in the measured emission, we assume that the
population of the J' levels (due to electron impact) within
an n'L’S term is proportional to the statistical weight,
2J'+1. The optical cross sections for fifteen n’'L’'S
—nLS transitions in the (40000—140000)-A range ob-
tained in this way are summarized in Table VII.
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