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Conjugate photoelectron fluxes are shown to be mainly responsible for the excitation of
0O I 4368 radiation observed with a grille spectrometer located at Langmuir Laboratory, New
Mexico (L = 1.7). On the basiz of ¢bservations of O T 7774 and 4368 tropical emissions at
Agulhas, Negras, Brazil (L = 1.1}, the contribution of radiative recombination to the New
Mexico intensity is shown to be small. Conjugste photoelectron excitation at the Brazilian

site has not been observed.

Following the suggestion by Hanson [1963]
that photoelectrons could escape the local iono-
sphere, possible excitation of airglow emissions
hy the escape flux at the magnetically conjugate
region has heen explored. It was suggested by
Broadfoot and Hunien [1966] that the strong
winter maximum in N,* emission observed at
Kitt Peak was due to the enhanced iomization
produced by conjugate photoelectrons. Clole
[1965] suggested that the predawn enhance-
ment of [O I] 6300 emission observed by
Barbier [1959] was excited by fast thermal
electrons heated by the conjugate flux. Duboin
et al. [1968] confirmed the simultaneity of the
predawn enhancement and the increase in elec-
iron temperature at the time of magnetic con-
jugate sunrise buf ascribed the excitation mecha-
nism for the [QO I] 6300 to direct conjugate
photoelectron impact. More recently, Noxon
and Johanson [1970] pointed out that the
inerease observed at Boston (L = 3.1) was
primarily due to an increase in dissociative
recombination and excitation by direct impact
vsually played a minor role.

Since ignospheric reactions mainly determine
both the [0 I] 6300 and the N.*' emission rates,
a knowledge of the ionospheric chemistry is
required to relate the airglow observations to
conjugate fluxes. The problem is nof as com-
plex with regard to the permiited lines of
atomic oxygen, Because of the large (>9 ev)
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excitation energy, excitation by dissociative re-
combination is precluded and the principal ex-
citation mechanism is particle impact.

Meier [1971] reported conjugate excitation
of the resonance lines of atomi¢ oxygen, using
Ogo 4 ultraviolet photometer data. These ob-
servations extended the high-latitude houndary
of conjugate excitation to L values in excess of
5, the upper limit placed on [O I} 6300 pre-
dawn enhancements by Deehr [1969].

Buckley and Moos [1971] reported sounding
rocket data from White Sands on 1304 and
1356 emissions, which indicated conjugate pho-
toelectron exeitation, Although radiative recom-
bination [Hanson, 1969] and ion-ion recombina-
tion [Knudsen, 19707 of O* can excite these
lines, these mechanisms are important only in
regions of very high ion densities, such as the
Appleton anomalies.

In this paper, data on the 4368 and 7774
emissions obtained with a l-meter grille spec-
trometer [Tinsley, 1966] located at Agulhas
Negras, Brazil (altitude 24 km, latitude
—22.38°, longitude 44.68°W, L = 1.1), are
analyzed to confirm the theoretical radiative
recombination coefficient given by Tinsley et al.
[1973]. This eoefficient is used in the analysis
of O 1 4368 observations obtained with the same
spectrometer at Langmuir Laboratory, Socorro,
New Mexico (altitude 3.24 km, latitude 33.98°,
longitude 107.18°, L = 1.7}, and the excitation
by conjugate photoelectrons is shown to cceur.
Observations in Brazil when conjugate excita-
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tion would have been possible are scarce and
not yet sufficient to exelude it.

OBSERVATIONS AND DiSCUSSION

The emission from the atomic oxygen transi-
tions at 4368 A (35°%-4p’P) and 7774 (34°§-
37°P) has been monitored in twilight and at
night. In the normal operation of the grille
spectrometer an observation consists of a 10-
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step scan of the spectrum repeated 8 or 16
times at a fixed azimuth and elevation. The
photornultiplier output pulses are generally ac-
cumulated for 1 sec at each grating position
and recorded on magnetic tape for subsequent
computer data reduction.

Table 1 lists the dates of suceesstul observa-
tions of 4368 and 7774 emissions in New Mex-
ico and Brazil, The maximum intensities re-

TABLE 1. O I 4368 and 7774 Observations
Peak
Intensity, ZD.1 Folfa,
rayleighs deg MHz Station
, 1970 Data
Jan, 28 Q14368 New Mexico 0.8
March 6-7 014368 New Mexico 0.5 45 7.45 White Sands
Nov. 24-25 O I 4368 Brazil 0.9 D15.08 Tucumdn
Nov. 25-26 QI 4368 Brazil 1.4 D14 .08 Tucumédn
Nov. 26-27 O I 4368 Brazil 0.7 0 Di14.08 Tucumgn,
1971 Data
March 21 014368 Brazil ~1.0
March 30-31 (14368 Brazil 0.7 J12.28 Tucumsn
March 20-30 017774 Brazil 110 D10.68
March 31-Aprill  O17774 Brazil 80 13.5 Tucumén
April 1-2 Q17774 Brazil 200 D14.48
June 23 Q14368 Brazil ~0. 1%
June 24-25 014368 Brazil 0.1*
June 25-26 0O I 4368 Brazil ~0,1*
June 26-27 O TI4368 Brazil 0.1*
July 19-20 O 14368 Brazil 0.15*
July 20-21 O I 4368 Brazil 0.15*
July 21-22 014368 Brazil 0.2
July 24-25 01 4368 Brazil 0.3*
QOct. 19-20 O 14368 Brazil 0.4*
Oct. 2021 0 X 4368 Brazil 0.5
QOct.. 21 O 14368 Brazit 0.6
Oct. 22-23 O T 4368 Brazil 0.4*
QOct. 23-24 O 14388 Brasil 0.5*
Oct. 24-25 O I 4368 Brazil 0.4*
Nov. 14-15 014388 Brazil 0.55
Nov. 15-16 0O T 4368 Brazil 0.55
Nov. 17-18 0O I 4368 Brazil 0.4
Nov. 18-19 0O I 4368 Brazil 0.3
Dec. 6 OI7774 Brasil 50 45 12.3 INPE
Dec. 7 017774 Brazil 80 45
Deec. 12 OI7774 Brazil 55 25 13.3 INPE
Dec. 19-20 017774 Brazil 70 25
1972 Daotla
Marech 15-16 017774 Brazil 190 25 18.0 INPE
Mareh 16-17 017774 Brazil 135 25 17.5 INPE
March 17-18 Q17774 Brazil 210 25
March 19-20 017774 Brazil 130* 25
March 19-20 O I 4368 Brazil 2.5 25
July 5 O I 4368 Brazil <0.1 <8.3 INPE
July 6 O I 4368 Brazil <0.1 <7.6 INPE

* No observations prior to 2100 LT.
t ZD = 60° except where noted.
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corded after 15° local solar depression angle at
a zenith distance (ZD) 60° and any azimuth
are listed and exceptions noted. Neither extine-
tion nor Van Rhijn corrections have been ap-
plied to the data. Also included are the pres-
ently available f.F, values obtained from Tucu-
min and Sio José dos Campos. The Tucuman
lomosonde is located within the Appleton anom-
aly but about 2100 km west and south of
Agulhas Negras. In December 1971 an iono-
sonde was put into operation by the Instituto
de Pesquisas Espaciaias (INPE) at 830 José
dos Campos, Brazil, 140 km southwest of the
airglow site.

In a detailed analysis of the simultaneous air-
glow and ionospheric data, Tinsley et al. [1973)]
have shown that the tropical permitted oxygen
line emissicns are primarily exeited by radiative
recombination, i.e.,, * + ¢ — O + hv. In the
same paper the theoretieal partial radiative
recombination coefficients «; for 4368 and 7774
emissions are discussed, and the values are listed
in Table 2 of this paper. The theoretical coeffi-
cient for the 7774 emission was verified to
within experimental uncertainties; however, the
thearetical coeflicient for 4368 is less accurate
because of cascading, and simultaneous iono-
gonde and spectrometer observations in the
Appleton anomaly were obtained only when the
4368 emission intensity was near the threshold
of sensitivity, i.e,, <0.1 rayleigh (see Table 1),
Although this intensity was in agreement with
the calculated intensity on the basis of the
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TABLE 2. Partial Radiative Recombination
Coefficients Including Cascading in Cubic
Centimeters per Second

700K 1000°K 2000°K
ary 7.6 X 10™8¥ 58 W 108¥ 34 X 101
iz 0.11 X 1078 0,08 X 102 0,05 X 107®
Ratio 0,014 0.014 0.015

Accuracy for 7774 estimated at
4368 at 509, [Tinsley et al., 19731

109, and for

observed f,F, values and the theoretical recom-
bination coefficient listed i Table 2, further
confirmation of the magnitude of the coefficient
can be obtained by comparison of 7774 and
4368 intensities shown in Figures 1 and 2.

Figure 1, in which the peak intensities of
4368 and 7774 emission and also the f.F; values
from Tucuman and INPE are plotted, shows
the long-term trends in the Brazilian data. Ae-
tually, the intensity should vary as (f.F:)* for
radiative recombination excitation, but, since
the Tucumén f.F. values were usually lower
limits to the actual critical frequency, the values
are shown in the first power. The low emission
rates in June and July are consistent with the
trend toward low f,F, values shown by the
Tucuman data.

The average peak zenith intensities shown in
Figure 1 for five nights in the period March-
April 1971 were 70 and 0.5 rayleighs for 7774
and 4368, respectively, which yield an intensity
ratio of 0007, half of the theoretical value.
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Fig. 1. Peak intensities corrected to zenith of O 1 7774 and O I 4368 measured at Agulhas
Negras, Brazil, and f,Fs measured at Tucuman, Argentina, and INPE 830 José dos Campos,

Brazil.
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Fig. 2. Data for O I 4368 and O I 7774 obtained at Agulhas Negras (azimuth 235°, eleva-
tion 65°}. On March 19-20, 4368 was observed before midnight and 7774 after midnight; 7774
data for March 17-18 are shown for comparison.
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Fig. 3. The O ] 4368 intensity observed on
January 28, 1970, at Langmuir Laboratory, New
Mexico (ZD = 60°) [Tinsley, 1970). The ecal-
culated zenith intenstty, if a radiative recombina-
tion source is assumed, is based on the f.Fe dats
for January 29, which are shown with the f.F:
values for January 27, 1970.

Figure 2 shows 4368 and 7774 data obtained
on two nights in March 1971 in Brazil. On the
evening of March 19 the spectrometer was
aligned on 4368 and operated until 2245; some
dafa gaps occurred because of clouds. The in-
tensity was very high on that evening, ie.,
2.6 = 05 rayleighs; however, the data were
reduced by hand and include a systematic error
estimated at <05 rayleigh. At midnight the
instrument was aligned on 7774, and the inten-
gity diminished from 140 rayleighs to near 0
at 0300 LT, At the time of changeover the ratio
of 4368 to 7774 intensities was 0.018. However,
on the hasis of the 7774 data for March 17-18,
also shown in the figure, it is expected that the
7774 intensity was greater earlier in the eve-
ning and the actual intensity ratio was probably
gomewhat smaller. Nevertheless, it is clear that
the ratio inferred from these sets of measure-
ments is consistent with the theoretical ratio
of 0014 given in Table 2, and therefore some
confidence can be placed in the theoretical par-
tial rate coefficient, o = 0.08 X 107 em™®
gee™,

Observations of 4368 emission were carried
out at Langmuir Laboratory [Tinsley, 1970],
and the data are shown in Figures 3 and 4.
On January 28, 1970 (Figure 3), the peak in-
tensity was about 0.8 rayleigh. The random
errors associated with the data are about 0.1
rayleigh. The White Sands ionosonde was not
in operation on this evening, so that f.F, values
for the preceding and following evenings are
shown. The behavior of the F region on these
days was quite similar,
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Figure 4 shows measured intensities locking
through the intersection of the White Sands
ionosonde beam with the ¥ region on March 6,
1970. The peak intensity was about 0.5 ray-
leigh (ZD = 45°). There is large scatter in
the data in early twilight and during the
passage of bright stars through the field of
view, which does not show up on the other
figures bhecause the individual observations have
been averaged together and noisy records ex-
cluded.

From e and the measured f,F, values the
contribution of radiative recombination to the
4368 intensities observed in New Mexico was
calewlated by assuming a Chapman profile for
the F region jonization demsity, The results
are shown in Figures 3 and 4. If it is assumed
that the jonosphere behaved on January 28 in
2 manner comparable to that on the preceding
and following evenings, the eontribution of
radiative recombination to the total observed
4368 emission was about 1/10 when it.is aug-
mented by a Van Rhijn factor of 1.8. Thus,
not only is this mechanism incapable of pro-
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viding sufficient intensity, it fails to give the
observed time dependence. {There iz no con-
tribution from ion-ion recombination, since the
4p°F state cannot be excited.) )

The cessation of emission on January 28
occurred shortly after conjugate sunset, The
intensity dropped to the detection threshold at
about a conjugate depression angle «, = 10°.
This is in excellent agreement with the Ogo 4
results reported by Meier [1971] for conjugate
electron excitation of O I 1304. Although the
Ogo 4 observations were for- higher L values,
they indicate that the omset is not sensitive
to the L value.

For the March 7, 1970, data (Figure 4),
simultaneous 4368 and jonosonde data were
available, In this ease the radiative recombina-
tion source accounted for about one fourth of
the total emission. There is a rather cloge
temporal similarity between the two curves,
and it could be argued that recombination is
responsible. However, the caleulated intensities
(proporticnal to {f.F,)*) on January 29
(Figure 3) and March 7 are comparable at
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Fig. 4. The O I 4368 intensity observed at Lamgmuir Laboratory (ZD = 45°) on March
6-7, 1970, viewed through the White Sands ionosonde beam, The calculated zenith intensity

of radiative recombination emission is based on

foF's values of White Sands. The background

curve is the intensity of the night sky passed by the spectrometer prefilter.
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Fig. 5. The O I 4368 intensity on selected observing nights at Agulhas Negras.

equal local solar depression angles, hut the
observed values are similar when they are com-
pared at equal conjugate solar depression
angles, Hence the stmultaneous decrease in the
{f.F)* and the observed intensity on March 7

does mnot imply a radiative recombination
source of the 4368 emission,

It is instructive to compare our measure-
ments with the Ogo 4 observations of conjugate
O I 1304 emission reported by Meier [1971].
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At conjugate sunset the 1304 {2p°P-3¢°S) in-
tensity ranged from 55 to 85 rayleighs for three
days in 1967 at L values of 2-3.7. Meier states
that there is an apparent increase of emission
rate with increasing L value, but the de-
pendence is weak, In addition, the measured
1304 intensity should be divided by 2 to take
approximate account of the enhancement from
photons emitted downward and resonance scat-
tered upward to the satellite detector.

The zenith-corrected 4368 intensity measured
at New Mexico at conjugate sunset was ~032
rayleigh. Therefore the ratio of 4368 to 1304
excitatton is of the order of 14-1%.

This value is in fair agreement with what
iz expected on the basis of laboratory measure-
ments of the excitation eross sections. Electron
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impact excitation cross sections for atomie
oxygen have been measured by Zipf and Stone
[1971]. They report that at 15 ev the excita-
tion directly into the 3s°S level accounts for
10% of the 1304 photons, whereas cascading
through the 8446 and 4368 channels gives 84
and 69, respectively. At 30 ev the 4368 channel
does not provide a significant fraction of the
total 1304 excitation, Since both the cross sec-
tion and the conjugate photoelectron spectrum
decline at energies ahove the threshold [ef.
Rao and Maier, 1970], most of the excitation
will be due to low-gnergy electrons, and we
might reasonably expect the 6% contribution
at 15 év to be representative of the total ex-
citation ratio, which is 510 times larger than
that given by the observations. However, the
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2322

laboratory measurements have been repeated
with improved techniques. These new measure-
ments of the ®3 eross section do not show the
strong cascade peak near the threshold (E. J.
Stone and E. C. Zipf, private communieation,
1972); thus it is implied that substantially
less than 6% of the *S excitations are preceded
by 4368 photons.

Recently, Sawada end Genas [1973] carried
out distorted wave calculations for electron
impaet on atomic oxygen. Their cross section
for the excitation of the °S level does not show
a large caseade peak and has a shape very
gimilar to that of the most recent laboratory
eross section. Their results indicate that, for
the energy range 15-20 ev, about 13% of the *S
excitations arise from cascade through the
4p°P level. According to Dick [1970], the 4p°P
level has two channels of decay with transition
probabilities, A (2.9 p)/A (4368) ~ 5. There-
fore the cascading through the 4368 channel
should account for ~26 of the 3§ excitations,
which is the same magnitude as that derived
from the field observations of 1304 and 4368.

Bennett [1969] reported a lower limit of
L = 1.1 for the oceurrence of [0 T] 6300
predawn enhancement and suggested that the
occurrence was due to [arge collisional losses
along the path between the conjugate points.
Our Brazilian site lies close to this limit at
L = 1.13, and we find no evidence for conjugate
excitation in our data, which are shown in
Figures 5 and 6. The intensity in early evening
on November 25-26, 1970 (Figure 5a), shows
a sharp decline, which is tempting to attribute
to leeal photoelectron excitation, but, since
sunset oceurred first at the conjugate region,
conjugate photoelectrons, if they are present,
would be masked by locally produced fluxes.

Figure 65 shows a strong early evening maxi-
mum in 7774 emission, but Figure 6a does not.
If either local or conjugate photoelectrons were
responsible, a more reproducible time de-
pendence would be expected.

The Brazilian observation of 4368 in local
winter (Figures 5¢ and 5d) show maximum
intensities of ~025 rayleigh at a. < 10°
which are comparable to intensities measured
in New Mexico. However, our most recent
4368 measurements were obtained in the same
season a year later with the ionosonde operat-
ing and exhibit intensities expected from a
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radiative recombination source. Actually, judg-
ing from the rapid decline in the photoelectron
intensity after a, reaches about 5°, observations
of conjugate excitation would not be expected,
since the observations generally began too late
in the evening. The small time interval hetween
local and conjugate sunset combined with local
weather eonditions at the Brazlian site makes
observations of conjugate effects difficult.
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