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ABSTRACT. The paper first surveys the available data for ‘he sodinm phenomena in
?he nppen: ?tmosphere, namely, 1ntensity variations of the D-lines in the night air-glow and
in the twilight ﬂ'aSh. the height of the emitting layers, ihe distribution of sodium in the
atm?sphere and its prot?ablc source. The various cxcitation proceesses, both regarding the
twilight flash and the night air-glow cradssion are closely cxamined It is shown that the
most probable mode of production of the' twilight flash is resonance excitation of neutral
sodium atoms in 35-65 km. region by solar radiation As803, there being no significant effect
of ozone screening, The possible excitation processes in the night air-glow are cxa-
nmined critically on the assumption that the height of the cmitting layver is 250 km. (as
obtained by Barbier and Roach) and that above 100 km. sodium cxists wholly in the ionized
state (as shown by Bates). Two possible cxcitation processes are examined: (1; Radiative
recombination of Na* ions and (2) mmutual neuntralization of Na* and O~ 1ons.  Of these two
processes the latter seems more probable as the former requires impossibly high concentra-
tion of Na* ions. But the latter process cannot maintain the observed intensity of the
radiation throughout the dark hours of the night. Hence it i~ conclnded that extra terres-
trial particles must be bombarding the upper atmospheric regions, 1onizing and/or exciting
the neutralized Na*ions. Alternatively, it may be aseumed tnat sodimm atoms arc entering

the atmosphere from interplanetary space

INTRODUCTION

The presence of the element sodium in the upper atinospheric regions
has been proved beyond doubt by the identification of the yellow D-lines in
the night air glow spectrum. A large pumber of workers have made observa-
tions on the intensity variation of these lines both in the night air-glow and
in the twilight flash, with a view to determine the height of the cmitting
layer, the distribution of the sodium content with lieight and also the total
number of sodium atoms. Unfortunately, the results obtained are not con-
cordant. For example, while according to some obscrvers the sodium is
concentrated in a comparatively thin layer between 70 and 110 km., others
estimate the height of emission of the D-lines to be 250 km., i.e., in the
region of the F-layer of the jonosphere. Further, the modes of excitation of
the sodium D-lines, both in the night air-glow and also during the
twilight flash, are still insufficiently understood. ‘T'he purpose of the present
paper is, firstly, to give a connected account of our present state of know-
ledge of upper atmospheric sodium, and secondly, to examine and extend the
theories of the excitation of the D-lines, and to deduce therefrom the

probable distribution and source of sodium in the upper atmosphere.
* Communicated by Prof. 8, K. Mitra
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PRESENT STATE OF KNOWLEDGE OF UPPER
ATMOSPHERIC SODIUM

Sodium gives one of the most prominent and easily observed lines in the
spectrum of the night air-glow. 1t was first identified by Bernard (1938)
by accurate measurcment of wavelength with Fabty-Perot interferometer.

Intensity and its variations.—I'he absolute intensity of the radiation has
been measured by several authors (Cabinnes, Dufay and Gauzit, 1938;
Barbier and Roach, 1g50a; Bates and Nicolet, 1950} and has been found to
correspond to 2 X 10® to 8 X 10’ transitions per sec. per cm® column of atmos-
phere.

The intensity of the D-emission remains fairly constant throughout the
night \Elvey and Farnsworth, 1942). During the morning and evening
twilights, however, the sodium light is enhanced in the illuminated upper
atmosphere to 50 to 100 times the night air-glow intensity. This enhancement
is generally referred to as the twilight flash of sodium.

The intensity is, however, subject to considerable fluctuations from
night to night. There may be nights when under the most favourable
conditions the lines are absent from the twilight spectrogram (Vegard and
T'6nsberg, 1941), Further, the emission is not uniforin from all parts of the
sky.

There is also a seasonal varfation in the intensity with a maximum in
winter and a minimum n summer.

Height of the emitting layer—Many attempts have been made to deter-
mine the height of the layer emitting the D-lines in the night air-glow by the
well known van Rhijn technique. The results obtained, however, are widely
divergent amongst themselves as will be seen trom Table I.

TAaBLE I
Observer Height obtained Remarks
Cabannes, Dufay and Gauzit 130 km. Based on observations by Gat-
(1938) rigue at Pic-du-Midi, France
in 1936.
Dufay and Tcheng Mao-Lin 8o km. Used only two zenith distances.
(1948)
Barbier and Roach ‘19304, 250 km. Used interference type filters to
Roach and Pitit, 1951). transmit narrow bands, in con-
junction with a photo-eleetric
photometer

Observations on the twilight flash.—Bernard (1938) was the first to
make systematic observations on the twilight flash. He found that the flash
disappeared when the edge of the shadow cast by the earth passed at a hexght
°f about 60 km.
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. Vegard and.’ljénsberg (1940; 1941) found that the upper limit to the
height of the emitting layer as deduced from observations of the twilight

flash made near the horizon always gave a much larger value than those

deduced from similar observations made near the zenith. This discrepancy
they explained by asuming that the excitation of the D-lines was caused by

ultraviolet light in a wave-length range that is absorbed by ozone. When
calculating the height of the upper limit they, therefore, took into account

the effective increase in the radius of the carth shadow by the ozone screening.

From a large number of observations made at Oslo and Tromsd Vegard and

Toénsberzg determined the value of the screening height and also the upper
limit of the height at which the flash disappeared. The mean value of the

former (screening height) was found to be 49 km.

and of the latter
110 kin.

Cario and Stilie (1950) made similar experiments over northern
Germany in 1041. ‘They measured the upper limit of the height of emission
to be 118+ 2.5 km and the screening to be 54+ 3 km.

Barbier (1948) from twilight observations in Haute-Provence (France)
estitnated the basec of the sodium layer at 70 km.

In addition to the ordinary twilight flash, as described above, a late
twilight effect consisting of a slow steady decreasc of the intensity for an
hour or so after the astronomical twilight has also been obscrved by Barbier
and Roach (1950b). Identical observations have been recorded for both
evening and morning twilights. The measurements indicated the rcgion
of emission in the range 200 to 6ov km. (However, in a private communica-
tion Roach states that the late twilight flash was not observed again and
that he is inclined to believe that it is a sporadic phenomenon).

Distribulion of sadium in lhe upper atmospherc.—Attempts have becen
made to determine the location and distribution of sodium in the upper
atmosphere from observations on the night air-glow emission as also
from those on the twilight flash. 'The results obtained by ‘the different
workers are as follows:

An estimate _of the total aumber of sodium atoms in the upper
atmosphere has been made by Bates and Masscy (1946) from the obserYed
intensity of the twilight emission and the flux of solar quanta (taku}g
account of Fraunhofer absorption), and using the known probability
of tranmsitions yielding the D-lines. The estimated number of s;)dium atoms
above 70 km., was found to be of the order 10° per cm® column of
atmosphere. ‘ . N

Barbier (1048) has also given a similar. estimate from twﬂl.ght
observations, namely, that in the 7o to 100 km region the number .oi sodiuimn
gx1o0®. It will be seen that according to both

atoms per cm® column is 12y o

the estimates the total sodium content is only a minute frattion (10
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the total atmospheric constituents. If it is assumed that sodium in the above
proportion is distributed over the whole atmosphere then the nnmber per
cm? coluinn would be 2 X 10*®.

In view of its minute proportion, the interesting suggestion has been
made by Bates (1950) that it can be increased by a significant amount by
ejecting sodium wvapour in, say, 70 km. region from a rocket. ‘This would
enable controlled experimental observation on sodium emissions to be
carried out.

An estimate of the thickness of the sodium layer was made by Vegard
and T'Onsberg (1940; 1041) by observing the time at which the intensity
of the twilight flash bcgan to drop rapidly (as the sun sank more and more
helow the horizon) and the timme at which it vanished i.e., fell to the night-
time value, ‘The former gave the time at which the shadow formed by the
ozone screening sphere passed the lower border and the latter the time at
which it passed the upper limit of the sodium layer. The thickness of the
layer was obtained from a knowledge of this time interval and the height
of the ozonc screcning sphere (vide supra). The thickness was found to
vary between 8.4 and 27 km (with a mean value of 16.2 km). Hence it
was concluded that the sodium producing the twilight flash was situated
in a comparatively thin layer between the heights 85 km. and 110 km

Elvey and Farnsworth (1942) put a different interpretation to the
phenomenon of sudden disappearance of the twilight flash. ‘This, according
to the authors, was not due to the edge of the shadow having passed above
the sodium layer, but was merely an effect of the sodium content falling
cxponentially to a low value. According to the observations of thesc
authors, the decrease of intensity with height followed a logarithmic law and
ran parallel to the decrcase of number density of atmospheric molecules
with height.

Barbier and Roach (1950a; also Roach and Pettit, 1951) have estimated
the height of the emitting layer (sece Table 1) to be around 250 km. i.e., in
the F-region of the ionosphere. In view of the many precautions taken
by these authors the results obtained appear to be more reliable than those
obtained by previous workers. ‘This observalion together with those on
the twilight flash leads one to conclude that sodium is not confined within
a narrow layer (as had been supposed by some authors), but is distributed
in two layers: one in the 8o or 85 to 110 km. region, and another in the
region of the F-layer of the ionosphere. Or, it may be that sodium in the
atmosphere extends from a level of about 8o km. upto the F-region. (See
however, discussion in the next section. The base of the sodium layer is
taken at 35 km. and not at 80 km.).

Source of the upper atmospheric sodium.—Nothing definite is known
about the source of the upper atmospheric sodium. The sodium may be
of terrestrial origin, but there are strong reasons to believe that at least a
part of the sodium comes into the atmosphere from outer space.
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In favour of the terrestrial origin it has been suggested that ascending
air currents ay carry sodium salt from ocean sprays. Volcanic dust
containing sodium compounds have also been known to shoot up to great
heights—30 km. (Bernard, 1939).

Cabannes, Dufay and Gauzit (1038) and others attribute the origin of
the atmospheric sodium to mectcorites. The D-lines have been detected in
meteoric spectra. But, it has been argued that the lines may be due to
excitation of atmospheric sodium atoms (Roach, 1949).

Bates (1947) favours a cosmic origin from considcration of the density
gradient of atmospheric sodium obtained from twilight investigations.
Vegard (1940) suggests that sodium comes into the atmosphere from the sun
along with the solar corpuscular strecams that produce auroral and magnetic
disturbance phenomena.

It has also been suggested that the carth is sweeping through inter-
planetary sodium clouds and the sodium is swept into the carth’s atmosphere
as the latter moves through space (Barbier and Roach, 1950b). This hypo-
thesis promises an explanation of the seasonal variation of intensity of
nocturnal D-lines.

It is difficult to judgc the reclative merits of the different hypotheses
because we do not know how and at what rate the sodium is disappearing
from the regions from which it emits light.

EXCITATION PROCESSES

(a) Twilight flash.—There have been two views regarding cxcitation of
the sodium atom in the twilight flash.

According to Vcgard and ‘I'dmnsherg (1940, 1941) the exciting radiation
is in the ultraviolet lying between 19008 to 29003. They arrive at this
conclusion from the fact that according to their observations the cxciting
radiation has to pass above the ozone layer (vide supra). Also the cxciting
radiation cannot be less than 1900A because such radiation will be absorbed
by the overlying mass of air. The wavclength, also, cannot be longer than
2000& as otherwise ozone screening (Hartley bands) will not have any effect.

According to Barbier and Roach f1gsob), however, the twilight flash
is simply a case of resonance cxcitation, the active wavelength being. 58034.
They take into account the effect of ozome scrcening, but this effect
is assumed to be due to the feeble absorption in the region of Chappuis
bands and not to the strong Hartley bands. ) .

A close examination of the two hypotheses shows that neither is wholly
correct. ‘The twilight flash is due to resonance excitation as proposed by
Barbier and Roach, but the exciting radiation (.58933_) need not pass above
the ozone layer. This will be clear from the consxfleratxon o.f the m‘axlmux.n
possible absorption which can be effected by ozone in the region ’of Lhal?puxs
bands. Barbier, Chalonge and Vigroux (1942) made observations during a
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lunar eclipse when they followed spectroscopically the sunlight passing
obliquely through the earth’s atmosphere on the darkening moon. Using
absorption in the region of Chappuis bands they determined ‘the ozone
masses for the different ray paths which passed over the earth’s surface
within 4 to 17 km. They found that the maximum value of the ozone mass
traversed was 11 cm. and that this occurred when the distance of the ray
from the earth’s surface was 12 km. Since the maximum absorption co-
efficient in the Chappuis bands is 0.05 at 61004, the maximum reduction in
intensity of solar radiation may be 40%. If the solar ray passes by the top
of the ozone laycr (40 to 50 km.) the absorption will be insignificant. It
is, therefore, difficult to see how the resonance excitation process of sodium
atoms by A5893 can be significantly affected by the ozone absorption in the
region of Chappuis bands.

One has, however, to explain the observations of Vegard and T'6énsberg
namely, that there was a systematic difference between the height measure-
ments of the upper limit of the sodiumn flash when observed along the zenith
and when observed along a direction close to the horizon (and which was
interpreted as due to the exciting radiation having to pass above the ozone
layer). It should, however, be remembered that the results of height deter-
minations, as carried out by Vegard and Tonsberg, were not sufficiently
accurate. The spectrographs in the experiments were exposed for 3—6
minutes at the zenith and 6— 10 minutes and sometimmes 20—30 minutes at
the low angles. If the time of disappearance occurs within the exposure
interval it cannot be noted with accuracy ; and an inaccuracy of 5 minutes would
lead to an error in the height measurement of about 30 km. The conclusion
of Vegard and Tonsberg, therefore, that the exciting radiation has to pass
above the ozone screening height, is not fully warranted. It may, therefore,
be concluded that the twilight flash is caused by resonance absorption of
radiation A5893 and that any increcase in the screening radius of the earth is
only due to terrestrial absorption duc to haze etc. extending up § km. at a
liberal estimate.

A result of the above conclusion is that the height of the sodium layer
as measured from observations of twilight flash by Vegard and T9nsberg,
as also by Barbier will have to be reduced by about 45 km. This means that
the bottom of the sodium layer, as indicated by the lower limit of the flash
(corresponding to the time at which the intensity of the flash begins to drop
rapidly), is at 35 to 40 km. and the top, as indicated by the upper limit, is at
about 65 km. (of the same order as obtained by Bernard, who did not
consider ozome screeming). This result is more in conformity with the
findings of Bates (1947), according to whom, due to the ionizing action of
solar radiation, sodium above 80 or go Km. will almost wholly b2 in the
ionized state. And, in such case, in the absence of neutral sodium atoms, no
twilight enhancement is possible, though according to observations of
Vegard and TOnsberg and Barbier twilight flash is observed (assuming ozoneé
screening) even up to 110 k m.
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(8) Nocturnal emission.—To explain the nocturnal emission of the
D-lines the presence of neutral sodium atoms is generally assumed. According
to Chapman (1939) the energy of cxcitation of the sodium atom is derived
from the solar energy which has been spent in dissociating the O, molecules
in the upper atmosphere. Thus we may imagine the following reactions :

NaO+O—>Na*+ (O, o (1)
Na+Q+0O—>»Na*+ O, (23

In reaction (1) the presence of the compound NaO is assumed. ‘T'his may
be produced by the following processes :

Na+ QO+ M—>NaO+M e (3)
Na+ O),—>NaO+ ), e 1g)

In reaction (3) M is the third body which carries away the cxcess of energy
and momentum.

It may also be mentioned that Penndorf has sought to explain both the
night emission and the twilight flash by a process in which Na,O is produced
through the presence of N,O in the upper atmosphere (Penndorf, 1950),
The region of emission is assumed to be go to 105 km.

Bates and Nicolet (1g50) have inade a close examination of the various
processes that have so far bheen suggested and have come to the conclusion
that for any of these processes to be cffective, the cffective level of emission
connot be much above 70 km.

Now, as already mentioned, the mean height of the cmitting layer,
according to measurcments of Barbier and Roach is 250 km. Iln view of
the considerable care which these authors have taken in their measurcments,
the result cannot be seriously in error. It, therefore, appears that none of
the reactions proposed above can be responsible for the D-line emission.
Further, it has been shown by Bates (1o47) that at heights above 100 km.
sodium is present only in the iomized state (e is thus forced to the
conclusion that it is the Navions {and not ncutral sodium atoms) that take
part in the emission inechanism.

This conclusion raises the following problems regarding the D-line
emission.

(i) What is the most likely process of neutralization of the Na¥ions by
which the Na atom produced is excited to the 2p level ?

(i) What is the concentration of the Na'ions necessary in order that

tire radiation may have the observed intensity, namely, that corresponding
to 8% 10" transitions per cin® column ? How far is this concentration

compatible with the observed jonization density in the F-region ?
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(iii) Is the initial concentration of Na*sufficiently high to maintain the
intensity of radiation throughout the dark hours of night with very little

decrease as observed ?

Let us discuss these problems as far as possible with the available data
and with the contemporary knowledge of the physical state of the upper

atmosphere.

Emission processes (with Na*ions).—In view of the height of emission
being 250 km., the region of emission may be identified with the F —layer of the
ionosphere. This region contains N, molecules and () atoms, positive ions N3
and O*, negative ion O~ and electrons. Tt also contains possibly N atoms.

We flrst consider the process of radiative electronic recombination,

Na* + e—>Na* + hv ... (5

The resulting sodium atom may be in the ground state or in any one of
the excited states from which transitions may occur (o the ground state
{dircctly or in successive steps). Apparently, in this process lines of sodium
other than As58)3 would also be present. The presence of these lines has
not yet been established, although detection of A3303 has been reported by
some workes.

We next consider the mutual nesutralization of O~ and Na*,

Na*+ O™—>Nal2p)+ 0O .. (6)

The process may be expected to have a high probability when the resonance
condition is satisfied, i.e., when the energy released on neutralization is taken
up wholly as energy of excitation of the reaction products. Since the ioniza-
tion potential of sodium is 5.1 eV and the electron affinity of oxygen is 3.0
eV (Vier and Mayer, 1944), the energy released on necutralization is 5.1 —3.0
=2.1 eV. Since this is also the energy of ¢xcitation of the sodium atom to
the 2p—state there is energy balance. Hence the mutual neutralization of
Na* and O™ ions may be regarded as a very likely process for the emission
of the D-lines.

Calculation of Na%ions mnecessary.—We now calculate the number
density of Na'ions necessary to produce the observed intensity of radiation
by the neutralization processes (5) and (6).

Let us consider first process {5). We assume that the height distribution
of elecrons follows a parabolic law in the region of maximnm number density
(as in a Chapman layer;j. The distribution of Na%*ions is not known with
any certainty. It may decrease exponentially following the decrease of
atomspheric density, or there may be region of maximum concentration as
in ionospheric layer formation. However, to simplify the calculation, we
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will assume a constant concentration with height for the Na'ions. We
shall presently see that so far as qualitative resuit is concerned, this
assumption does not lead to any erroncous conclusions.

With the above assumptions the numbet of transitions per cm® at height

h is given by
antn, th)

where @ is the cocfficient of rccombination and »' and n.{h) are the number
densities of sodium ions and clectrons respectively at the height concerned.
Bates (1947) has given a value 2x107"* cm® per second for the total
recombination coefficient i.e., for electrons captured in the ground state or
in any of the possible excited states. But the clectrons captured in the
ground state or in any of the p-states, other than the 2p-states, will not
contribute to the D-lines. Xence the value of the recombination cocficient

for only the states that are of interest to us will be somewhat lower. We
assume this value to be 1 x 107'* em” per sccond.

Since we have assumed that the variation of electron concentration with
height follows a parabolic law, we may wiite

w (i =n. o041 h? ')'
[t ¢ ) T T

e 4H‘ s
where n.(o) =number density of clectrons in the region of maximum ioniza-
tion=5 x 10" per ¢m”.

H =scale height in the I¥-region at night=350 km.

We assume that the bulk of the clectrons in the parabolic layer lies
within the heights + 2H, above and below the level of maximum concentration

Hence, since the number of transitions per cm® per sec. at height his
an*n.(h), we obtain by integrating over the whole layer the number of

transitions per sec. per cm? colummn,

+201 I
2

7:1‘»1,.'03[ (r— . )dh
Sy 411

=an*n, (o) x 871

Since this must be cqual to the obscrved number of transitions, namely,
. 4o
8 x 107 per sec. per cm? column we have for the concentration of Na* ions,

,_ 8x10'%X3
"Taxn,. (o) x8H :
=71.2 X 10" per ecm®,
But this concentration is imptobably high because the electrons produced by

the ionization would raise the concentration of electrons also to the .same
order. We know, however, from radio measurements that the maximum

concentration of electrons in the F-region is of the order 10° to 10°® per cm?,
4—177P8—8.
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Calculations, exactly similar to the above, may also be carried out for
process (6). The coefficient for the process may be assumed to be of the
order 10”7 cm® per sec. (Mitra, 1947). Since the number density of O™ ions
(during night time) is 2x710™' times the electron density, the average con-
centration of Na* ions is 6 x 10* per cm®. This value of the concentration
of Na* ions is obviously morc acceptable than the one deduced above by the
process (5). 'T'he total number of ions within the layer of thickness 4H is
then 1.2 x 10'* ions per cm?® column.

Thus we arrive at the conclusion that the number density of Na' ions
in the F-region must be at least of the order 6 x 10* per cm®, in order that
the observed intensity of the D-lines in the night air-glow may be
produced. ‘T'his number constitutes about 107" of the total number of atmos-

pheric particles in the region concerned.

Intensily variation throughout the night.—The intensity
of the D-lines has heen found to remain fairly constant throughout
the dark hours of the night. Hence, if there be no means of
replenishing the Na” ions lost by ncutralization, the initial number of ions
has to be so high that the numter lost during the dark hours is but a small
fraction of the initial number. Now, thc total number of transitions per
cm?® column throughout the night fsay, 8 hrs.) is of the order 2.5 10'%.
But, the number of Na* ions per cm® column as deduced above is only
1.2%x10'%.  This number is obviously quite inadequate to maintain the
required constancy of the radiation intensity. Onec is thus forced to assume
that some process of re-ionization of the ncutralized Na-atoms must be
operative during the dark hours of the night. Such a process may be impact
of particles of some sort incident on the atmosphere from outer space.

CONCLUDING REMARKS

In the light of the discussions given above, we may now draw the
following conclusions regarding the distribution of sodium in the upper
atmosphere, and also on the possible processes of emission of the D-lines.

It appears that sodium is concentrated in two layers: one in the 35 to
65 km. region, and the other in the F-region of the ionospherc. The former
consists of neutral sodium atoms and the latter of ionized atoms (ionized
by solar ultra-violet radiation). Alternatively, we may imagine that sodium
in the upper atinosphere spreads from a height of 35 km to the F-region of
the ionosphere. At lower altitudes sodium exists in the neutral state. The
percentage of ionized sodium atoms increases with height and at altitudes
above 100 km, all the sodium atoms are ionized.

The twilight flash of the D-lines is due to resonance excitation of neutral
Na atoms by solar radiation A5893.
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The D-hnes mn the night air-glow are cmitted in  the process of
ncutralization of Na* jons in the I'-layer of the ionosphere. Of the two
possible piocesses of ncutralization—-radiative recombination with election
and mutual neutralization with )~ jon—the latter appears to be the more
likely process. ‘I'ius

Na'+0O~ »Naiap)- O,

The observed intensity of the nocturnal lines leads to the conclusion that
the average density of Na™ ions in the F-region is of the order 6 x10' per
cm®, cowstituting about 107’ of the total number of atmospheric particles
in the region. In the region of emission of the twilight flash the concen-
tration is much less (by several orders). It is clear that the sodium distii-
bution in the atmosphere does not follow the general exponential distribution
law of the atinospheric particles.

The concentration of 6xto* Na' ions per cm® as given above is suffi-
cient to produce the required rate of cmission initially. But, it is totally
inadequate to maintain the same (with only a small decrease in the rate)
throughout the dark hours of the night. ‘There must, therefore, be some
process by which the ncutral Na atoms, produced arce constantly re-ionized
during the night.  Such night time re-ionization may bhe imagined to be
produced by impact of extra-teirestiial particles. These particles may also
contribute partly to the D-line emission by cxciting the nceutralized Na atoms
to the 2p-states.

Aliternatively, one may imagine that sodium atoms arce entering the
upper atmospheric 1cgions from inter-stellar space and arc beng c¢xcited by
colitsion with atmosphetic particles. ‘I'his latter hypothesis has the advan-
tage that it can explain the high concentration of sodium f{high in rclation
to that expected from the exponential law) in the 250 ki, region.
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