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ABSTRACT

The chemospheric processes lead to various possibilities for description of the contribution of nitrogen
oxides in the airglow. An excitation of the Vegard-Kaplan system is indicated when nitric oxide is
formed by & three-body collision process involving molecular nitrogen. A bimolecular association
Ieading to nitrogen peroxide must show a continuous airglow during dark hours as well as in & sunlit
atmosphere. Electronic systems emission of NO, is also possible because of a reaction between ozone and
nitrie oxide.

A reaction leading to an excitation of the O, red atmospheric band system with its peculiar emissions
is also discussed.

Since these various processes causing day, twilight, and night airglow oceur in the mesosphere and at
the mesopause level, dynamic effects may lead to strong variations in the airglow,

1. INTRODUCTION

THE study of the identification of the airglow radiations suggests that additional
processes are required to explain ultraviolet and visible features. Using results
obtained in a preceding paper (NIcOLET, 1955), we discuss various possibilities
here that may be of importance in the airglow. Before accepting a high-altitude
origin for all of the emissions of the airglow, it is necessary to assess the likelihood
of occurrence of some chemical reactions; and, in particular, the contributions
of the nitrogen oxides have to be studied. An initial study, made by Bares (1952,
1954) and Bartes and WITHERSPOON (1952), has led to our brief analysis of the
aeronomic problem of nitrogen oxides (NICOLET, 1955) in which several reactions
involving atomic oxygen and ozone were discussed. It appears that the main
processes thus far discussed can provide possible mechanisms of excitation for
the airglow.

2. Nitric OXIDE FORMATION AND THE VEGARD-KAPLAN SysTEM

It does not appear possible to accept the previous identifications of night-airglow
radiations with the Vegard-Kaplan intercombination system of N,. However,
bands which seem to show a degradation toward the red lead, as may be expected
from synthetic spectra, to the possibility that some night-airglow emissions would
be due to a relatively small number of these N, bands.

In the thermosphere, the presence of nitrogen and oxygen atoms results in
the formation of nitric oxide. It is interesting to consider the following mechanism:

(0O + N)(Y) + N (X1Z,7) > NO(X?II) + Ny(4°%,*) (1
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instead of the reaction usually invoked:
(N + N)(Y) +Ny - No(1Z,%) + No(43Z,%) (2)
for the excitation of the Vegard-Kaplan bands.

Bares (1952) has discussed the process of type (2) and shown that it is not
able to give an observable intensity of Vegard-Kaplan band-system emission
unless the nitrogen-atom concentration is considerable.

With (1), the presence of oxygen atoms is of interest, since it increases the
the rate of the process. Nevertheless, other objections can be made, such as
those BaTes (1952) has indicated. It seems, however, that the conditions are
less severe with (1) than with (2); and a limited excitation is to be expected.

If an effort is made toward finding a possible mechanism for the excitation of
Vegard-Kaplan bands in the night airglow, attention may be drawn to the fact
that (1) is energetically possible. The dissociation energy of nitric oxide is about
150 kecal (Gaypon, 1947; Brix and HERZBERG, 1954), while the excitation energies
of N,(A43X) are as follows:

» =0 1422 keal
v’ =1 146-3 keal
v’ =2 1503 keal
Adopting the conditions BaTes (1952) has chosen for (2), #(N) would have
smaller values using (1). Instead of 10! cm~3, for example, about 6 x 108 nitrogen
atoms would be needed.
For the formation of NO we may write
dn(NO)
dt

=5 X 10~37V2%(M)n(0)n(N) (3)

in which the rate coefficient has chosen to be the same as for the formation of
O, by three-body collisions {Bares and NicorLer, 1950).

The excitation from 12 to 43%(v" < 2) of N, will be
dn(N,,43%)

> =4 x 10-33TV25(N,)n(0)n(N)py, (4)

in which p,, denotes the probability factor for the excitation, and n(N,) = fn(M).

The emission from 43X to A'X will be

VK] popar & X 10-35T V(N n(O)n(N) (5)

in which p,, denotes the probability factor for the deactivation.

At 120 km, a yield for the total emission in the Vegard-Kaplan bands of
the order of 10 cm™2 sec~! requires a concentration of nitrogen atoms of about
2 x 10%em—3 if pyop,, =1,

With the same conditions {p,,p,; = 1), and keeping the day concentration
of oxygen atoms, it is possible to reach the same yield with 2 > 108 nitrogen
atoms em~-3 at 50 km and 2 x 107 cm~2 at 80 km.
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In other words, the presence of Vegard-Kaplan bands would be detected
in airglow spectra if p,;,ps; =1 and, therefore, the emission would be more
important at mesospheric levels than in the thermosphere. However, as deactiva-

tion must occur,
<kl (6)

and p,, increases towards low altitudes. From 120 km to 50 km, the variation
of the factor p,; should be more than 10%; for example,

2,)21(1201(m) . ankm) . p21(55km) —=1:10-2-: 104 (7)
The detection of Vegard-Kaplan bands in airglow spectra requires:

(i) an atomic nitrogen concentration not less than 10% cm—3;
(ii) a complete excitation in the association process (1); and
(iii) no deactivation effect.

Therefore, there is maximum probability of the emission in the thermosphere
where n(0)n(N) is maximum. However, the exact rate of such an emission
cannot be determined without knowledge of the deactivation factor. In any
case, the emission rate should be less than 10 cm~3 sec—!, and the observation
of Vegard-Kaplan bands, even if possible, should be difficult. Because of a
deactivation effect, the final possibility is the emission of bands from 43X (v' = 0).

3. NITROGEN PEROXIDE AND THE ATMOSPHERIC OXYGEN SYSTEM

If the concentration of NO, is sufficiently large, the following process may be
considered for an excitation of O,,

NO, + 0 - NO + 0,, (8)

for which the rate coefficient b, is not well known at mesospheric temperatures
(N1CcoLET, 1955).

According to data deduced from the chemical equilibrium, NO, = NO + 10,,
the dissociation energy of NO, is about 72 kcal. The data of BopENSTEIN and
LINDNER (1922), considered by Zr1se (1936), lead to

E,° = —25:55 keal = 2D %(NO) + D°(0,) — 2D, %NO,) (9)

in which £° is the heat of reaction at 0°K and D,°® the atomic heats of formation
(or the heat of dissociation for diatomic molecules).

Since the heat of dissociation of O, is 117-96 kcal (Brix and HERZBERG, 1954),
the following equation can be written,

NO, =NO + O + 71-75 keal. (10)

The photochemical decomposition is complete at 13650 A (Hg line), while
at 14050 A (Hg line) the efficiency is not complete (predissociation?), and at
14360 A no detectable effect was found (NogrisH, 1929; HoLMEs and DANIELS,
1934). According to Noyes and LEIGHTON (1941), excited molecules are produced
by 2 > 3700 A, and a few of these may be expected to dissociate by acquisition
of thermal energy. The predissociation has been considered (HErzBERG, 1931;
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Noyes and HENRIQUES, 1939); however, it is difficult to determine a precise value
of the dissociation energy of NO,, since that for thermal decomposition is only
an average value. It may be pointed out that HarL and BracerT (1952), having
separated the absorption spectra of NO, and N,O,, indicate an effect of the
NO, spectrum at 3900 A which could alter the photochemistry of the system.

In any case, it appears that the energy of dissociation of NO, into NO + O
cannot be greater than 77 kecal, and is probably near 72 kecal. Considering (8),
the excitation of O, may correspond to

NO, + 0 > NO + 0,(IZ, v’ < 2) (11)

i.e., to an excitation at v’ < 2 for the lowest value of the NO, dissociation energy
and v’ = 0 for the largest value.

In order to explain an emission from O,(!Z, v' = 0) alone, as is observed in
the airglow, when D(NO,) = 72 kecal, it is necessary to suppose that resonance
is not effective or to introduce BATES’S process (1954), in which the vibrational
energy is transformed by collision to the zeroth vibrational level of the excited
electronic state.

Because of the uncertainty of the coefficient values, it is not possible to
determine the exact rate of (11). However, by using extreme values for (11)
(N1coLET, 1955), we may obtain estimates as follows:

At 200°K, with n(NO,) = 107 cm~3, a yield of 50 photons cm—2 sec~! in the
atmospheric bands of O, requires an atomic oxygen concentration between
101! and 4 x 10}° em~—3, At mesospheric levels, the reaction rates of (11) would
be of the order of 103 cm=23sec~1 to 5 X 10~° cm—3sec—* between 80 km and 90 km.
Therefore a total rate of 2-5 x 108 photons cm~2 sec~! needs only an average
concentration #(NO,) = 107 em—3. Since such a value can be reached after
twilight (N1cOLET, 1955), process (11) does exist, and leads to an emission which
must be variable according to the mesospheric conditions.

Finally, it is interesting to notice that KarLax (1952) was the first to observe
the atmospheric bands in oxygen afterglows containing small amounts of nitrogen.
These afterglows are much more intense than those observed in pure oxygen.
There is strong emission in the visible and in the photographic infrared due to NO,.

4. NITROGEN PEROXIDE AND AFTERGLOW

The radiative process
O + NO - NO, + h» (12)

has been studied in the laboratory by a number of investigators (RayLEIGH, 1910;
SToDDARD, 1934; NEwMAN, 1935; SPEALMAN and RopEBUSH, 1935; GAYDON,
1944; Tanaka and SHiMazU, 1948). Other investigations are those of NorrIsH
(1929) and BAXTER (1930) pertaining to fluorescence, and of KoNDRATIEW (1937)
concerning the thermal radiation of nitrogen peroxide. They also show that the
general spectrum may be considered as a continuous spectrum with a possible
banded structure.

Let us first discuss the bimolecular association (12), which corresponds to the
continuous afterglow found by RavyLEicH (1910) from about 4200 A to 6700 A,
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and observed in more detail by STopDARD (1934) and NEwWMAN (1935) in a discharge
through air or through oxygen with traces of nitrogen. The similarity of the
colours of this afterglow and the emission of flames containing oxides of nitrogen
(GaypoN, 1944) indicate that process (12) is an important one.

Taxaka and SHIMAZU (1948) have observed the chemiluminescence in the
reactions between nitric oxide and oxygen and ozone, using discharges through
air, NO, NO,, and mixed gas. They have found various afterglows indicating
that NO is necessary, and O, is perhaps not essential.

Adopting the value of 1017 em—3 sec~! for the rate coefficient of (12) (BaTEs,
1954), a yield of 103 photons em~3 sec~! at 2 > 3900 A would result from only
2 > 101! oxygen atoms if we adopt 5 x 10%® NO molecules per cm?.

Considering the possible values of n(NO) > 108 cm~3 (NIcoLET, 1955), there
is no doubt that (12) may produce a continuous airglow spectrum, for the rate
of (12) between $0-90 km is of the order of 2 x 10-% n(NO) em~3 sec~l. A total
continuous emission of more than 10° photons (1> 3900 A) per cm? and sec
can be obtained in the night airglow.

As has been shown (NI1COLET, 1955), the bimolecular reaction involving ozone
molecules leads to the excitation of NO,,

0, + NO - 0, + NO,, (13)

which corresponds to an energy of not less than 48 kcal. In other words, the
energy released by this reaction is used for an excitation of NO, in an electronic
level leading most certainly to an emission of bands at 4 > 5950 A. Since we
know that the visible oxygen afterglow also consists of bands, for example at
}A5980-6320-6400 A, it is possible to consider an airglow spectrum having such
a behaviour. This conclusion can be used to explain the experimental results
of Taxaka and SHimazu (1948). Furthermore, it is interesting to note that
the observed airglow seems to show a diffuse spectrum in the region of the sodium
and red oxygen lines.

The activation energy of (13) being very low, the rate coefficient is large.
In the mesosphere, at 65 km for example, where a value of more than 10° O,
molecules cm~3 and a temperature of the order of 250°K may be adopted, the
rate of formation of NO, by (13) would be of the order of

d?%,,(l;to,?) > 10-3(NQ) cm—3-sec1. (14)

Considering a possible concentration for n(NO) of 10° cm~3 sec~!, the rate
of excitation in (14) would be of the order of 104 cm—2 sec™1.

This process will be efficient during twilight, and it must therefore be considered
as playing a disturbing role in the twilight emissions as observed in the red lines
of atomic oxygen and even, perhaps, for the sodium line.

As was shown in a preceding paper (NICOLET, 1955), all the reactions discussed
here are very sensitive to the concentrations adopted, and depend on the activation
energy chosen for (11). 1f chemical data were more precise, it would be possible
to discuss in a more quantitative manner the diurnal variation of nitrogen oxide
concentrations.
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These various results on the possible effects of nitrogen oxides in the night
airglow may be related with observational data. For example, the continuum
of the airglow spectrum, starting at about 3900 A, should be affected by these
reactions even if the major part is due to a stellar continuum (CHAMBERLAIN
and OLIVER, 1953; MEINEL, 1953).

5. DAYy AIRGLOW

Observational data obtained by rocketborne photoelectric photometers (MILEY,
CuLLINGTON, and BEDINGER, 1952) have been discussed recently by BaTEs and
Davrcarno (1954). After this analysis, it is interesting to make an attempt to
describe the behaviour of nitrogen oxides in the day airglow.
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Fig. 1. Concentrations of ozone and atomic oxygen in an atmosphere in which the effect of
minor constituents is neglected.

To make the position clear, the vertical distributions of ozone and atomic
oxygen between 50 km and 90 km are given in Fig. 1. The atomic oxygen concentra-
tion is greater than the ozone concentration under daytime photoequilibrium
conditions. At any time during the day, the photoequilibrium does exist for
ozone. During dark hours, the problem is entirely different, and is not studied
here. It must be pointed out that the night-time distribution shown in Fig. 1
deals with night-time equilibrium values in an oxygen atmosphere. Insofar as
atomic oxygen is concerned, the problem of photoequilibrium is different. In
Fig. 2 various states of recombination are shown. The upper curve corresponds
to the loss-rate coefficient of oxygen atoms by association with O,. The lower
curve corresponds to a recombination effect by reaction between O and O, in a
sunlit atmosphere. The right heavy curve represents the same process with the
maximum possibility during hours of darkness. The heavy curve in the left
part of that figure shows the effect of the recombination of two oxygen atoms.
This effect becomes preponderant above 85 km. Furthermore, the surface limited
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by the heavy curves shows the possible limits for the recombination of oxygen
atoms in an oxygen atmosphere. It indicates that below 60 km the time of
recombination is less than one day. At 75 km the minimum time is obtained
during dark hours and is of the order of twenty-four hours. At 80 km, this minimum
time is of the order of three days.

In view of the above, we cannot increase the oxygen concentration below
65 km by vertical transport. for the recombination by collision between O; and O
is effective in less than one hour for n,{0) =3 x 1011 em~3 But from 65 to 75 km
the concentration of 2 x 101! cm~3 may have a lifetime of not less than three
hours. Thus, it may be concluded that the vertical transport of oxygen atoms
to lower heights is possible. Above 80 km. we may have a concentration of oxygen
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Fig. 2. Recombination rate coefficients of oxygen atoms versus height or lifetimes of
oxygen atoms.

atoms larger than the photochemical value, because the time of dissociation
is longer than two days.

At 90 km, the process which plays an effective role in the recombination
of oxygen is the normal association of oxygen by a three-body collision.

The aeronomic problem is more complicated than the problem in an oxygen
atmosphere. It was shown by BatTes and Nicorer (1950) that the presence
of hydrogen may affect the general behaviour. However. the aeronomic study
of nitrogen oxides (N1cOoLET. 1955) shows difficulties such that preliminary
conclusions are hardly changed by use of an oxygen atmosphere.

In any case, the assignment of a night-airglow spectrum to reactions between
nitric oxide and atomic oxygen or ozone, and between nitrogen peroxide and
oxygen, suggests possible effects resulting in an important day airglow.

In a sunlit atmosphere. process (12) attains its maximum rate. since n(NO)
and n(0) certainly have their maximum values under these conditions. When
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NO, is produced by (12), this molecule emits its continuous spectrum and,
afterwards, is dissociated after a mean lifetime of 200 seconds (BatrEs, 1954). But
before dissociating, NO, can be excited to an excited electronic level from which
fluorescence occurs. This last process was observed in the laboratory (NORRISH,
1929; BAXTER, 1930) when there were recognized two characteristic bands lying
in the red-orange and yellow-green regions, namely broad bands between 6200-6500
A and 5600-6050 A. BAXTER (1930) has assumed a mean lifetime of the electronic
state of the order of 10-7 sec, and HEIL (1932) has obtained a time of about 10-3 sec
by a diffusion method. Since the absorption coefficient of NO, has a peak near
4000 A (Harr and BLaceTT, 1952) of the order of 10-18 ¢cm2, and is still about
7 x 10-1% ¢m? at 5000 A, in a spectral region where the solar emission is most
important, it seems, therefore, that an absorption process leading to an exeitation
giving fluorescence is not less effective than a photodissociation process due to
the ultraviolet radiation. In other words, during its lifetime of 200 seconds,
nitrogen peroxide can be excited to an electronic level to emit a fluorescence
spectrum. Unfortunately, the experimental data are not suitable for theoretical
determinations. The recent analysis of NEUBERGER and DuNcan (1954) shows
that the fluorescence spectrum of NO, excited by 24358 A is apparently continuous
at low dispersion, and extends from the exciting line to the limit of observation
at about 8000 A. The fluorescence spectrum excited by a radiation of longer
wavelength, namely 25461 A, shows relatively sharp emission bands superimposed
on an apparently continuous emission. Since the interpretation of such experi-
mental data is difficult (the knowledge of the electronic levels of NO, being very
poor), no simple suggestion can be offered; the fluorescence spectrum due to
relatively short wavelengths must be ascribed to a series of different levels which
partly overlap. However, the narrow bands obtained by the excitation of 15461 A
may be of importance in the day airglow. These bands have the following
approximate wavelengths: 115890, 6160, 6385, 6460, 6540, and 6700 A. They come
from electronic levels having a very short lifetime (~10-7 sec), and cannot be
excluded from twilight phenomena. A certain number of features observed
in twilight spectra which are not due to OH emissions may belong to NO,. As
far as the apparently continuous spectrum is concerned, its lifetime is relatively
long and is of the order of 44 X 10-%sec, according to NEUBERGER and Duncax
(1954). Without any additional contribution toward the interpretation of this
spectrum it is not possible to reach a more precise conclusion concerning the
fluorescence of the day or twilight airglow.

The whole problem is complicated, for it is a problem of radiation transfer
involving absorption of solar radiation by NO,, eventual fluorescence after
collisions at low height, photodissociation, and, perhaps, subsequent absorption.
Nevertheless, the way in which nitrogen oxides and their various reactions may
behave in the day airglow must be shown.

Let us consider the photoequilibrium which does exist between NO, and NO.
The equation of photoequilibrium is (see N1coLET 1955, equation(18)),

n(NO,) _ b,n(0) .+ byn(03) - (15)
n(NO) ~ Jo, +b5n(0)+byn(N)
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in which the rate coefficients correspond to the following reactions

0 4+ NO - NO, + A (by)
0O; + NO - NO, + 0, (by)
NO, + v - NO 4+ O “/xo,)
0+ NO, - NO + 0, (bs)
N + NO, - NO + NO (bs)

Inserting numerical values in (15), the ratio n(NO,)/n(NO) for day equilibrium
has been found and is shown in Fig. 3. It is less than unity in the atmospheric
region which was analyzed, and decreases with increasing heights.
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Fig. 3. Photoequilibrium conditions. n(NO,)/n(NO) corresponding to real conditions,
n(NO)/n(N) for a limiting case, since departure from photoequilibrium conditions does exist.

Using the complete set of reactions, the equation governing the rate of change
of »n(NO) is (see NICOLET, 1952, equation (32)).

) = b MROMN) —[yo + ben() [nwO) (16)
in which the rate coefficients correspond to the following reactions:
O+N+M->NO+M (1)
NO+mw—->N-+O (/xo)
NO4+N-—->N,+O (bg)

It is not possible to find the variation of #(NO) from equation (16), because of
its dependence on the atomic nitrogen concentration. Furthermore, photo-
equilibrium cannot be accepted because of the long lifetime of NO and, since
in any case, the lifetime of atomic nitrogen is more than one day. Nevertheless,
by considering the ratio n(NO)/n(N), which under equilibrium conditions depends
on the association between oxygen and nitrogen atoms, it is possible to reach
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preliminary conclusions using (16) in which

dn(NO)
dt

means that the variation of NO due to photodissociation is less rapid than the
loss of nitrogen atoms entering into the formation of nitric oxide. We can assume

such a process, for the mean lifetime of a nitrogen atom is of the order of 1-5 x 10°
sec at 50 km and 1'3 x 108 sec at 75 km.

=0. Such a hypothesis
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50 G7 oL o

CONCENTRATION ¢m®

Fig. 4. Extreme cases of the vertical distribution of nitric oxide.

Since this behaviour implicitly assumes that n(NO) > n(N), which is correct
below 90 km, we can write the following condition

Jxo > bgn(N), (17)
and therefore
n(NO) _ byn(M)n(O) (18)
n(N) JIxo

corresponding to photochemical conditions. Using numerical values in (18), we
find approximate results which show (Fig. 3) a decrease of the ratio n(NO)/n(N)
from about 50 near 50 km to unity above 90 km.

It is not possible to deduce the vertical distribution of n(NO) from (16) or (18).
However, utilizing a chemical equilibrium by employing the condition,

Jno < ben(N), (19)
instead of (17), the following equation can be written,

n(NO) = %—1 n(M)n(O) (20)
8

which leads to the vertical distribution of nitric oxide concentration shown in
Fig. 4. Such a distribution ecorresponding to the limiting case of chemical equilib-
rium, does not correspond to aeronomic conditions, as has been shown (NICOLET,
1955); we must consider the problem of the departure from equilibrium conditions
so far as nitric oxide is concerned. Taking an average value of 5 X 108 cm—3
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for the nitric oxide concentration at 80 km, a value which may be used to interpret
the ionospheric behaviour of region D (NicoLET, 1955), it is possible to invoke
mixing (complete departure from photochemical conditions) in order to adopt
the atmospheric distribution for nitric oxide (Fig. 4).

In eonsidering the content of a column of about 30 km between 50—-90 km, one
is permitted to use the same total number of molecules accurate to within one

90
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2 L »
s NO,+ O ~=NO +Ch 7
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N \\
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10 o i0? o4 o ot 107
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Fig. 5. Rates of the principal reactions affecting nitrogen oxides and occurring in the day
airglow when nitric oxide follows the atmospheric distribution.

order of magnitude for any vertical distribution which is adopted. Owing to lack
of other basic data, we adopt nitric oxide concentrations following the atmospheric
distribution in order to compute the yields corresponding to processes (11), (12),
and (13). The results are plotted in Fig. 5.

The continuous spectrum at 1 > 3900 A due to the reaction

NO + O - NO, + h» (12)

leads to photon emission rates per cm?® sec not Iess than 10% photons in a layer
of 30 km. Therefore, the total yield due to the continuous-day-airglow spectrum
is not less than 2 x 10%° photons cm—2 sec.
The reaction between nitric oxide and ozone leading to an electronic excitation
of NO, according to
NO + 0, —~ 0, + NO, (13)

has a very strong rate at low altitudes. If the ozone and nitric oxide concentrations
are of the same order, as adopted here, 107 photons cm~—3 sec—! could be emitted
when there is no quenching of fluorescence by atmospheric gases.

Finally, the reaction between nitrogen peroxide and atomic oxygen which
leads to an excitation of the first atmospheric system according to

NO, + O — NO + O,* (11)

is very effective at low heights and should play a role which may be detected
in twilight spectra.
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6. CONCLUSIONS

The theoretical considerations regarding the possible effects of nitrogen oxides
in the airglow have revealed that these minor constituents cannot be neglected.

Since the presence of nitric oxide in the lower ionospheric region seems to be
justified in explaining its behaviour, it is conceivable that nitrogen oxides play
a role in the airglow. However, in order to make such an exploration it has been
necessary to assume values of the rate coefficients for various reactions in the
thermosphere.

In spite of the fact that tentative values have been used because of the lack
of basic laboratory data, it has been possible to draw attention to promising
sources of emission, and to show how the presence of nitrogen oxides appears
to offer attractive possibilities for the explanation of the airglow.

Acknowledgements—The author is indebted to Professor D. R. Bates for his
comments on the draft manuscript written at the Pennsylvania State University.

REFERENCES

Bares, D. R. 1952 Ann. Géophys. 8, 194

Bates, D. R. 1954 The Physics of the Upper Atmosphere,
Chap. 12 of The Solar System, Ed.
G. P. Kuiper, Vol. 2, University of
Chicago Press.

Batges, D. R., and Dargarno, A. 1954 J. Atmosph. Terr. Phys. 5, 329

BaTtes, D. R., and NicoLET, M. 1950 J. Geophys. Res. §5, 301

BaTtEes, D. R., and WITHERSPOON, A. E. 1952 Mon. Not. Roy. Astron. Soc. 112, 101

BAXTER, W. P, 1930 J. Amer. Chem. Soc. §2, 3920

BoDENSTEIN, M., and LINDNER, K. 1922 Z. Phys. Chem. 100, 82

Brix, P., and HERZBERG, G. 1954 Canadian J. Phys. 32, 110

CHAMBERLAIN, J. W,, and OLIVER, N. J. 1953 Astrophys. J. 118, 197

GAaYDON, A. G. 1944 Proc. Roy. Soc. A183, 111

GaYpoN, A. G. 1947 Dissociation Energies and Spectra of
Diatomic Molecules, Chapman Hall,
London

HauiL, T. C., and BracerT, F. E. 1952 J. Chem. Phys. 20, 1745

Hew, O. 1932 Z. Phys. 77, 563

HARTECK, P., and DoxpEs, J. 1954  J. Chem. Phys. 22, 758

HErzBERG, G. 1931 Ergb. der Naturuwiss. 10, 207

Hoimrs, H. H., and DaNiELS, F. 1934 J. Amer. Chem. Soc. 58, 630

JomwnsTon, H. S. 1951 J. Chem. Phys. 19, 663

KaPraN, J. 1952 “The Optical Study of the Earth’s
Atmosphere,” Mém. Soc. Roy. Se.
Liege, 12, 295

KONDRATIEW, V. 1937 Physik. Zeit. Sowjetunion, 11, 320

MEINEL, A. B. 1950 Astrophys. J. 112, 464

MmEY, H. A., CuLLiNgTON, E. H., and

BEDINGER, J. F. 1952 Trans. Amer. Geophys. Union 33, 321

NEUBERGER, D., and Duncan, A. B. F. 1954 J.Chem. Phys. 22, 1693

Newman, F. H. 1935 Phil. Mag. 20, 777

NicoLET, M. 1954 Dynamic Effects in the High Atmosphere,

Chap. 13 of The Solar System, Ed.
G. P. Kuiper, Vol. 2, University of
Chicago Press

308



Nitrogen oxides and the airglow

NicoreT, M.
Novrs, W. A,, and HeNriQuEs, F, C.
Novrs, W. A,, and LrreaTox, P, A.

Nogrrisy, R. W.

RavLEIGH, Lorp (R. J. STRUTT)
SprALMAN, M. L., and RopeBusx, W. H.
SToppART, E, M,

Taxaxa, Y., and Sgimazu, N,

Zrise, H.

1955
1939
1941

1929
1910
1953
1934
1948
1836

309

J. Atmosph. Terr, Phys.

J. Chem. Phys. 7, 767

The Photochemistry of Gases, Reinhold
Publ. Corp., New York

J. Chem. Soc. p. 1611

Proc. Phys. Soc. 23, 66

J. Amer. Chem. Soc. 57, 1474

Proc. Roy. Soc. Al47, 454

J. Sei. Res. Inst. 43, 241

Z. Elektrochem. 48, 785



