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Summary 

Optical radiation from excited oxygen species formed in the termolec- 
ular recombination of 03P is a permanent constituent of the planetary 
air-glow. The emissions from the lowest singlet states of O2 and from 0 lS are 
among the most conspicuous features of the terrestrial nightglow while the 
CO2 atmosphere of Venus features O*(a’A,) and Oa(clZU-) as the most 
prominent emitters. On both planets the singlet and triplet systems are con- 
nected by a radiative transition between the a = 3 substrate of 3A, and lAg. 

There is increasing experimental evidence that a simple recombination 
scheme as the excitation source cannot properly describe the observed 
features of the oxygen chemiluminescence, Most of the relevant mechanisms 
seem to involve collision&l energy transfer with 0 or O2 as the transfer agent. 
The present work relates to a study of the blZB+ --f X3Z,- Atmospheric 
Band system by rocket-boye photometry in conjunction with a parallel 
measurement of the oxygen atom concentration. The analysis presented 
below indicates that the b state is indeed excited in a two-step process with a 
molecular species, presumably 02, as the transfer agent. The overall efficien- 
cy of the recombination to excite the b state is 12% - 20%. The precursor 
cannot, at this stage, be identified although c ‘ZU- seems to be a plausible 
candidate. The precursor is quenched by both 0 and 02, the ratio between 
the quenching coefficients ranging from 3 to 7. In conditions of dominant 
quenching the terrestrial f_~’ = 0 bands seem to vary as [O]*, independently 
of the pressure if a possible dependence on vibrational excitation of ‘the 
precursor is neglected. 

?Paper presented at the COSMO 84 Conference on Singlet Molecular Oxygen, Clear- 
water Beach, FL, U.S.A., January 4 - 7,1984. 
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1. Introduction 

O2 has six bound states known to correlate with ground state atoms. 
Radiative transitions from the five excited states alA,, blZ,+, clZU-, A’3A, 
and A3Z,+ associated with the termolecular recombination of oxygen atoms 
are well-established features of the planetary airglow. On Earth the most 
intense airglow features are the alA,--X3ZZ9- (IR), the b’Z,+-X3Egg- (Atmo- 
spheric) and the vibrationally developed A Z,+-X3Zg- (Herzberg I) systems. 
The presence of the higher vibrational levels of the less conspicuous c ‘Z,-- 
X3&- (Herzberg II) and A”A,(sL = 3)-alA, (Chamberlain} systems has only 
recently been conclusively established [ 1 - 31. In the predominantly CO2 
atmosphere of Venus, however, the vibrationally relaxed Herzberg II and 
Chamberlain Bands and the alA,-X3Ag- transition are the dominating 
airglow features and the Atmospheric Band system is not observed. Another 
important feature of the terrestrial airglow is the forbidden [01] ‘D + ‘S 
“green line” at 557.7 nm also generated by oxygen atom recombination 
[4]. It would appear to be simple to predict the partitioning of the recom- 
bination energy of 5.21 eV among the recombination products and the 
dependence of the intensity and spectral shape of the emission on the 
reactant concentration. However, there is increasing evidence that the simple 
reaction scheme 

03Pi, + 03Pj, e m*1 primary step (la) 
[O,*] + M - 02**(J) stabilization (lb) 
03**@‘) + M - 02*(u’ - 1) + M vibrational quenching (2a) 

o3**(u’) + 02 - o2***@J”) + 02 energy transfer (2b) 
oz**(U’) + 03P -4 02***(u”) + 03P or O2 + 0* (26 
oz**(u’) + o* -+ 02***(v”) + 03P or O2 + 0** (2d) 
02**(u’) - OZ(u”) or 02***(u”) + hv radiation * (3) 

where the asterisks denote one of the five excited states, comprises steps 
which are stilt insufficiently understood to permit the definitive identifica- 
tion of the excitation pathways. It is now believed that collisional energy 
transfer via an excited complex plays a significant role in the redistribution 
of the recombination energy. Table 1 is an attempt to summarize the more 
important interactions between 0 and Oa with those processes specifically 
important to singlet O2 identified by a frame. 

The understanding of airglow mechanisms is of prime aeronomic 
importance as the optical emission features, by virtue of their dependence on 
the atmospheric compositions and temperature, reflect the chemical changes 
brought about by dynamic processes such as organized or diffusive transport 
and waves. Moreover, the unique conditions in the upper atmosphere which 
cannot be simulated elsewhere permit measurements complementary to 
kinetic studies in the laboratory. For this purpose, however, it is necessary to 
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measure simultaneously the airglow intensity, the reactant concentrations 
and if possible the temperature. 

2. The b ‘Z9*-X3C,- Atmospheric Band system 

The Atmospheric Band system is one of the most prominent terrestrial 
airglow features. Under sunlit conditions, b’Z:,+ is excited by resonant 
absorption of sunlight as well as by the reaction of 0 ‘D with 0, [ 51. In 
contrast with earlier belief, the b state is not accessible to ozone photolysis 
[6]. At night the sole excitation process involves the termolecular recombi- 
nation of oxygen atoms. Laboratory measurements of the rate coefficient 
for this process [ 7, 81 have shown that recombination alone cannot account 
for the observed intensities. However, Young and Black noticed a significant 
increase when O2 was added to the atomic oxygen flow. This led to the 
suggestion that an indirect process involving energy transfer via O2 was 
responsible for the Atmospheric Band emission [ 91. Such a mechanism could 
also be consistent with the altitude profile of the (O-O) band observed in 
earlier photometric rocket studies [ 10 - 121. 

3. Experiment and analysis 

In the present contribution a study of the Atmospheric Bands in two 
separate rocket campaigns, OXYGEN which took place on Esrange, Sweden 
(68” N; February 7, 1981), and ETON, South Uist, Scotland (57” N; March 
23, 1982), is reported. The two campaigns occurred in basically different 
atmospheric conditions, the first during an intense stratospheric warming 
event and a geomagnetically quiet night within a disturbed period, the second 
under more normal conditions. Experiment OXYGEN involved the launch- 
ing of two rocket payloads separated in time by 17 min. The first payload, 
carried by a Petrel rocket, was committed to the in situ measurement of the 
oxygen atom concentration. The second payload, on a Nike-Orion vehicle, 
carried an array of filter photometers tuned to different emission features 
related to oxygen. Since this experiment was carried out in the auroral zone, 
one photometer was used to monitor the 391.4 nm emission from N2+ as a 
measure of the flux of precipitating energetic electrons. The experiments of 
project ETON were distributed among seven Petrel payloads launched 
sequentially over a period of 2.5 h. Details of these experiments and the 
ETON results will be published elsewhere [ 131. In this campaign the oxygen 
atom density was measured in two separate payloads, one near the beginning 
and one near the end of the sequence. This proved to be essential to the 
experiment as the oxygen density was found to change between consecutive 
measurements. The remaining set of rockets was instrumented with different 
combinations of airglow photometers. The present analysis is based on the 
emission profiles from flight P229. 
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The airglow emission was recorded by photometers looking along the 
rocket axis, each equipped with an interference filter, an objective lens to 
define a 4” half-angle field of view and a field lens to project the objective 
onto a photomultiplier cathode. The detectors were operated in the photon 
counting mode. The counts were sampled at a rate of 50 s0 and transmitted 
to the ground via pulse code modulated telemetry. These raw data were 
then processed on a digital computer. The absolute energy calibration of the 
photometers was made with a National Bureau of Standards traceable 
quartz-iodine irradiance standard illuminating a freshly prepared MgO 
surface. During the flight a check of this calibration was performed near the 
rocket apogee using a Betalight device. This check also served as a dark count 
measurement. The response of the photometers to molecular bands was 
determined by convolving the measured wavelength response with a calcu- 
lated rotational distribution appropriate to the expected temperature. 

The photometer data represent the integrated sky radiance as a func- 
tion of the rocket altitude. The data contain an extraterrestrial background 
component due to galactic light, zodiacal light and starlight, which exhibits 
a periodical modulation owing to the precession of the rocket. This back- 
ground is measured near the apogee and subtracted from the observed 
radiance. Another periodical intensity variation associated with the preces- 
sion is due to the varying zenith angle of the line of sight which changes the 
geometrical thickness of the emitting layer. This effect can be compensated 
for if the rocket attitude is known. Figure 1 shows the measured corrected 

-a- 7 
0.0 2.0 40 6.0 6.0 10.0 12.0 

kR 

Fig. 1. Integrated overhead emission rate of the b1&+-X3x:g- (O-O) Atmospheric Band 
of 02 at 762 nm as a function of the rocket altitude. The traces show the smoothed 
radiance (in kilorayleighs (kR}) from which the extraterrestrial background has been 
subtracted : -X-, Esrange ; - , South Uist. 
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profiles, of the integrated overhead emission of the (O-O) Atmospheric Band 
recorded in the two experiments. In addition to the predictable or measur- 
able background illumination airglow experiments may sometimes be dis- 
turbed by a contaminating light emission arising from the reaction of rocket 
outgassing or combustion products with ambient gas constituents. Normally 
such contamination is expected to occur during the descent phase when the 
measurement is made through the wake of the vehicle, as was observed with 
all the photometers in the ETON venture [ 141. In experiment OXYGEN a 
more unusual contaminating emission was observed during ascent. As an 
illustration of the experimental hazards of spectrophotometry in space we 
show in Fig. 2 the ascent profiles of four selected emission features recorded 
in this study. The contaminating emission which appears to track the atomic 
oxygen profile is most conspicuous in the 864.5 and 724.0 nm channels. In 
these profiles, the contaminating- emission can be immediately identified 
by the increase in the optical signal as the rocket ascends. In contrast, at 
540 nm only a change in the slope of the profile is observed, and at 762.0 nm 
the contamination is even less obvious. Although the spectral composition 
of the contaminating emission has not yet been established, a subtraction 
based on judicious scaling of the 864.5 profile could be used to make both 
the ascent and the descent data available for analysis. 

After the precession-modulated celestial background and dark emission 
contributions had been removed, the integrated overhead radiance was 
numerically differentiated to obtain the volume emission rate. The proce- 
dure adopted here for consistent smoothing and differentiation of a noisy 
data set is based on the Fourier transform technique. Briefly, the procedure 
was to create a new data set by symmetrizing the original profiles using the 
lowest point as a pivot, then to take the finite Fourier transform and to 
multiply the transform by an appropriate filter window function to remove 
the higher frequencies originating from small-scale fluctuations in the data 
and finally to perform the inverse Fourier transformation to obtain the 
smoothed airglow profiles. It should be noted that simply equating the 
amplitudes of the frequencies above a set limit to zero may give rise to a 
false modulation on the smoothed data and hence to artefacts in the differ- 
entiated cu17res. In the present analysis a Hamming [15] window which 
retains the lowest 20% - 40% of the Fourier frequencies was found to render 
acceptable profiles from which the derivative could be calculated by least- 
squares fitting of 1 km straight line segments over a sliding 0.5 km interval. 
The volume emission rate so obtained is shown in Fig. 3 for the Esrange 
ascent and descent profiles and the ETON ascent data. The descent data 
from the latter study had to be omitted from further analysis because of a 
chemiluminescent contamination that could not be removed from the data. 

Shown on the same diagram for comparison are the profiles of the [01] 
ID + ‘S green 1’ me volume emission recorded simultaneously with the Atmo- 
spheric Band in the two rocket flights. From this comparison it is evident 
that, on both occasions, the intensity maximum of the molecular emission 
occurred at a distinctly lower altitude than the atomic emission peak in 
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Fig. 2. Contaminating ohemiluminescent emission likely to originate from the reaction 
of a rocket outgassing product with ambient atomic oxygen observed during the ascent 
phase in the Esrange experiment (February 7, 1981): (a) (O-O) Atmospheric Band of 02 
at 762 nm; (b) (O-l) 02 Atmospheric Band at 865 nm; (c) NO + 0 continuum at 540 nm; 
(d) OH and NO + 0 continuum at 724 nm. The expected height variation of the emission 
features under study is shown by thin broken lines. The character of these features is 
revealed by the increase in the overhead radiance of the fainter emission features as the 
rocket ascends. For the stronger emissions such as the (O-O) Atmospheric Band the 
presence of contamination is not obvious but can be estimated using the 864.5 and 
724 nm data. 

accord with previous observations [ 10 - 121. More importantly, in contrast 
with the green line the lZ:g+ emission of the Esrange experiment appears to 
reproduce faithfully the bimodal character of the oxygen atom profile 
measured in a separate rocket launch 17 min before the airglow measure- 
ment. If we accept that both emission features are generated by energy 
transfer from a molecular metastable precursor and note the similarity in the 
sensitivity of 02(b lXe+) and 0 IS to collisional electronic quenching we are 
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PHOTON5/cm3/s 

Fig. 3. Atmospheric (O-O) Band volume emission rate derived from the integrated radi- 
ance measurements by means of numerical differentiation of the smoothed recordings 
(the branching of the curves near the turning points shows the uncertainty associated 
with the choice of different smoothing intervals): -, Esrange ascent (Febrkry 7, 
1981); -X-, Esrange descent (February 7, 1981); -a--, South Uist ascent (March 23, 
1982); contours G, emission profiles of the [01] ‘D f ‘S green line also recorded in the 
two studies. The bimodal character of the Esrange profiles reflects a similar bimodality 
in the atomic oxygen concentration shown in Fig. 4. The absence of a corresponding 
behaviour in the green line profile should be noted. 

led to the conclusion that the predominance of the molecular transition at 
the lower altitudes indicates that the transfer agent in this case is a molecular 
species. To investigate this question further we compare the observed volume 
emission rate Iobs with theoretically predicted values using the measured 
oxygen atom concentration as a source. Figure 4 shows the atomic oxygen 
profiles appropriate to the present study. The atom concentration has been 
determined from the fluorescent backscattering of the 130.4 nm oxygen 
resonance triplet generated by an on-board r.f.-powered sealed resonance 
lamp. This high precision measurement is brought to an absolute scale by 
measuring the resonant absorption along a fixed path of a fraction of the 
illuminating beam reflected off a corner mirror on an extended boom. The 
technique has been described in detail by Dickinson et al. [ 161. Regrettably, 
the oxygen atom and airglow measurements were not made from the same 
rocket, leaving some uncertainty as to possible spatial and temporal in- 
homogeneities in the atom abundance. In the Esrange venture, the airglow 
measurement was preceded by the oxygen experiment with a time delay of 
17 min while the ETON launching was bracketed by two separate oxygen 
atom soundings. The profile in Fig. 4 has been obtained by interpolating 
between these two latter measurements. For illustrative purposes, the 
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ATOMS/cm3 

Fig. 4. Atomic oxygen concentration as a function of altitude. The measurements were 
made by the resonance fluorescence-absorption technique in close proximity to the 
airglow experiment: -x--, Esrange (February 7, 1981); -O-, South Uist (March 22, 
1982) {interpolated values appropriate to the time of the airglow measurement); q  , 
uncertainty in the absolute oxygen atom concentration evident from the analysis of the 
02 emissions. 

positions of the intensity maxima of some of the airglow features observed 
in the same study ( A3Z,+ -X3Z9- (Herzberg I), Af32Z,(a = 3)-a’2, (Cham- 
berlain) and the Atmospheric (O-0) 3and) are indicated by horizontal lines. 
Profiles of the oxygen atom concentration generally exhibit a maximum 
between 95 and 105 km, determined by the intensity and character of 
vertical turbulent exchange. 

Another characteristic feature of the atomic oxygen distribution is a 
ledge which on occasions develops into a secondary maximum below the 
primary peak. Such a feature is barely evidenced by the ETON data. The 
high latitude profile, taken under dynamic strongly disturbed conditions, 
exhibits this feature with an unusual intensity. Also, the peak concentration 
over Esrange is unusually large, in contrast with the more normal values in 
the ETON study. In fact, as discussed below, the measured concentration in 
the former experiment seems to be overestimated near the peaks. The 
estimated latitude of uncertainty in the upper peak of the Esrange profile is 
indicated in Fig. 4 by shading. 

Unfortunately, a direct independent density and temperature measure- 
ment is not usually available. Therefore these parameters must be derived 
from an empirical model atmosphere appropriate to the season, latitude and 
magnetic activity with attention being paid to possible deviations during 
dynamically disturbed periods (e.g. stratospheric warming events). The 
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present anaysis is based on the Cospar International Reference Atmosphere 
D71. 

The predicted emission rate 1 can be expressed by 

M012[Ml 
(4) 

where k, is the overall rate coefficient for oxygen atom recombination (k, = 
4.7 X 10-33(300/T)2 cm6 s-l molm2) [ 183, k, and k2 are the rate coefficients 
for electronic quenching of the b state (k, = 8 X 10Vi4 cm3 s-l mol-’ [19] 
and k2 = 2 2 X lo-l5 cm3 s-i mol-l 
lifetime of the b’Z:,+ state [Zl]. 

[20]) and rb = 11.5 s is the radiative 

In the case of direct excitation, eqf(z) would be the efficiency of the 
recombination to populate the b state, with 7 and f(z) effectively equal to 
unity. For a two-step process, E refers to the efficiency of excitation of the 
parent state and Q is that of the transfer step. The height-dependent factor 
f(z) is related to the deactivation of the precursor and, on the assumption 
that O2 is the transfer agent as suggested in an earlier study [ 91, is given by 
the relationship 

f(z) = kdW 
A + WOI + MO,1 + k,EN,I 

(5) 

where A is the radiative transition probability and k3, kq and k5 are the rate 
coefficients for deactivation of the parent state. Actually, expression (5) 
should be complemented by another height-dependent factor accounting for 
a possible dependence of the transfer on the vibrational excitation of the 
precursor which we neglect at this level of approximation. The vibrational 
relaxation of the b’Z,+ state is rapid at the densities considered [22] and, in 
contrast with the triplet O2 states, no vibrational development needs to be 
accounted for. 

Assuming that the observed emission rate is given by (4) we calculate 
quenching profiles defined by 

Mo12[M1 1 

‘@) = I + 11.5(k,[O] + k,[N-J) Iobs (6) 

for the two cases (a) where the quenching of the b state by atomic oxygen 
is given by the published rate coefficient and (b) where this quenching 
process is disregarded. The resulting profiles derived from the ETON mea- 
surements are shown in Fig. 5. Now, for a direct excitation mechanism, 4(z) 
is the inverse of the excitation efficiency E and remains independent of the 
altitude. The same would apply in the case where energy transfer is involved 
and the long-lived precursor is electronically quenched by the transfer agent 
alone. However, the traces in Fig. 5 indicate that this is not the case. Apart 
from the oscillations originating from a residual geometric modulation due 
to the rocket precession the trend of #(z) clearly shows that the overall 
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Fig. 5. Quenching profiles for the (O-O) Atmospheric Band precursor derived from the 
ETON measurements (the atomic oxygen concentration used in calculating @ was obtained 
by interpolation between the two oxygen measurements made before and after the airglow 
experiment): d, height variation of q5 (= k,[0]2[M]I[{1 + Tb(ki[O] + k2[N~])}Io~s]) 
for case A (kl = 8 x 1O-14 cm3 s-r mol-‘); -@-, height variation of 9 for case B (kl = 0). 
To illustrate the sensitivity of @ to temporal changes in the oxygen atom abundance, thin 
broken lines bracketing curve B show the two sets of 9 calculated by using the actual 
oxygen atom concentration measurements. 

excitation efficiency must decrease with altitude. Without being able at this 
point to identify a precursor, we consider the simplest case where the 
precursor is only quenched by 0 and Oz. Then 

Gtzj = A + k3[01 + k4E021 
WdW 

(7) 

Further, if the lifetime of the precursor is long, as it would be if the parent 
state is indeed c ‘C,- as suggested by Greer et al. [9] the radiative decay can 
be neglected. Then a least-squares fitting of the constants in the expression 

k, (01 
1 + r 

4 
[o 

2 
(8) 

to the data allows the determination of both e and k,/k4. The results of the 
fitting depend to some extent on the height interval covered by the proce- 
dure as the volume emission rate tends to be increasingly uncertain both at 
the lowest altitudes where the volume emission rate is small and above about 
105 km where the integrated overhead intensity has decreased to small 
values. The sensitivity of the analysis to variations in the oxygen atom 
abundance is obviously less pronounced where quenching by atomic oxygen 
is a significant loss of the b lIZg+ state. 



376 

For the ETON data set the fitted parameters are ETJ = 0.12 - 0.2 and 
k3/k4 = 3 - 7. For this simple case, where the possible dependence of the 
energy transfer on the vibrational distribution of the precursor has been 
neglected, I a [O] 2 in the limiting case of molecular quenching. At the 
opposite extreme where the mdecular- contribution to the quenching of 
the b state becomes small the intensity is expected to vary as [O12[M] / 
11 + (WJ2dWl/[W)~- Th is explains the readiness of the Atmospheric 
Band emission to track the oxygen atom concentration in the 85 - 90 km 
region. Throughout the altitude region of interest the proportion of the O2 
and N2 concentrations does not change significantly. Therefore quenching of 
the precursor by N2 would affect eqn. (8) by at most an additional height- 
independent term in the brackets. Nevertheless, the present data are not 
sufficient for an analysis of the role of N2 as an additional quencher of the 
b state precursor. 

The analysis of the high latitude data (OXYGEN) is less simple, partly 
because of the presence of background contamination in both the ascent and 
the descent data and partly because of an uncertainty in the absolute oxygen 
atom density especially pronounced near the peaks. IIaving access to an 
independent measurement of the contaminating emission at 864.5 nm, we 
have attempted to subtract a scaled contribution from the 762 nm data 
assuming that the relative spectral distribution of the contaminating feature 
does not change with altitude. Up to about 105 km this procedure seems to 
be satisfactory. Above this height where the A band intensity decreases 
rapidly the background contribution dominates and the subtraction leads to 
increasing errors. Regarding the uncertainty in the oxygen atom density an 
independent quenching analysis of the triplet emissions recorded in the same 
flight furnished independent evidence that the concentration near the peaks 
is overestimated by as much as up to 40%. The discrepancy between the 
predicted and the observed quenching profiles is as expected less pronounced 
if the b state is quenched by atomic oxygen. The amount of mismatch is also 
different for the upper and lower peaks of the high latitude data. For the 
former, the measured oxygen atom profile can be brought to an acceptable 
agreement with the ETON observations, requiring only a relatively modest 
adjustment. For the lower peak, the mismatch is too large to be accounted 
for in terms of an experimental error. In consideration of the disturbed 
dynamic conditions prevailing at the time of the Esrange experiment it is 
plausible to attribute the observed discrepancy to a change in the atmo- 
spheric composition between the times of the oxygen atom and the airglow 
measurements. 

4. Discussion and conclusions 

The results presented here show clearly that the excitation of Oz(b ‘Zg+) 
must proceed by a two-step mechanism involving a molecular precursor. On 
the basis of the experiments of Young and Black [7] and of Ogryzlo 1231, 
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the transfer agent can be identified as ground state OZ. The present analysis 
also indicates that the precursor is significantly quenched by both 0 and OZ. 
However, this limited evidence is not sufficient to allow a definitive identifi- 
cation of the precursor. The hypothesis that the present state is c ‘Zu- is not 
inconsistent with the airglow measurements and can to some extent be 
supported by the analysis of electron impact excitation of the Atmospheric 
Bands. Emission from O,(b l&+) is one of the brightest molecular features of 
the aurora [ 241 and considerable effort has been directed towards reconcil- 
ing the observed emission intensity with the measured electron impact cross 
section [25]. On the basis of the experiment of Lawton and Phelps 1261 
who studied the excitation of the (O-O) Atmospheric Band in the interaction 
of low energy electrons with a pure 0, atmosphere it has been proposed [ 271 
that energy transfer from a metastable precursor with O2 as the transfer agent 
also plays a significant role in the aurora1 excitation of the b state. Such a 
mechanism would also be required to account for the occurrence in the 
aurora of emissions from higher vibrational levels up to u’ = 4 of the Atmo- 
spheric Band system [28] not accessible by the reaction 

OZ(X3&-) + OID - On(b ‘&+) + 0 3P 

The identity of the precursor as clZ,,- can only be hypothesized on the basis 
of the observed angular and energy dependence of electron scattering by O2 
[ 25, 291 which indicates that the production of a high-lying excited O2 state 
is accompanied by a spin change. More work is obviously needed before this 
question can be resolved. 
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