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Equilibrium concentration of froe Na atoms in the atmosphere has
beon calculated from photo-chemical reactions, diffusion and assum-
ing that thero is a constant influx of Na atoms from either the
top or bottom side of the atmosphere. The analysis roveals the
direction and magnitude of the flux of Na atoms in the atmosphere
and hence sottles the question whether these atoms have terrestrial
or extraterrestrial origin.

1. INTRODUCTION

Certain metallic atoms and ions have heen obseived in the atmosphere. For
oxamplo, the spoctroscopic studios of the night and twilight airglows revealed
tho presence of Na, K, Li atoms (Blamont & Donahue 1964, Sullivan & Hunten
1964, Delannoy & Woeill 1958). Mass spectrometors carried in rockets showed
the prosence of Na*, Car, Mg® and probably Fo* (Istomin 1963, Narcisi & Bailey
1965). The twilight of Na. which is comparatively richer in the atmosphore,
has been extensively studied (Hunten 1967).

Many attempts huve beon made to interprot the sodium distribution in terms
of the photochemical reactions in the upper atmosphere. In these investigations
(Blamont & Donahue 1964, Sullivan & Hunton 1964, Gadsden 1964, Junge et al
1962), it is assumed that thore is a constant mixing ratio of sodium (free, com-
bined and ionized) to other constituents of the atmosphere. and that the con-
contration of free Na atoms ix modified to differont extent at different altitudes
by oxidation and ionization procossos. According to this assumption, one would
oxpeot soale height on the top side of the sodium layer noarly equal to that of
the atmosphere. This is, however, in disagreement with recent obsorvations
(Donahue 1966, Hunter & Wallace 1967, Donahue & Meier 1967) of height dis-
tribution of sodium obtained by rocket measurements. The scalo hoight of
sodium on the topside of tho layer is observed to ho about 3 km. whereas the
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atmospheric sealo lwight at tho sameoe altitude ranze is about 6 km. Rooontly,

it. has boon suggosted (Donahue 1968, Hunton & Wallaco 1967, Donahue & Moier

1967. Hunton & Godson 1967) that sodiun is roleasod from d 15t particos. Gadsdon
(1967) pointed out cortain implications in the d st hypothosis and suggoestod an
alternative explanation on the basis of miteor ablation. Thus. the origin of

sodium in tho atmosphere is still a subjoct of controversy.

The height distributions of all motallic atoms and ions (Jonog 1966) in the
atmosphoro roveal maxima approximately in the altitud s rango 90-100 k.
This indicates that there is cortain common process effoctive in produeing  these
maxima. Sinee tho vertical diffusion of freo motallic atoms having a  constant
influx in the atmosphero can produce a maxima at a cortain altituds, the diffusion

process soems to play a role in ostablishing their oquilibrium concontrations.

In tho prosent paper, tho equilibriun conceniration of freo Na atoms has
beon caleulated from photochemical roactions, ditfusion and assuming a constant
influx of Na atoms from either top or bottom side of the atmosphere.  Such an
analysis will reveal the direction and muzaitudo of tho flus of Na atoms in the
atmosphore and henee will settlo thoir origin from terrestrial or oxtra-torrestrial

source.

2. EQUILIBRIUM PROCESSES

In considering the equilibrium procosses, the following chemical reactions

hotwoen sodium and oxyvgen atoms are considored .

k/

Na--0,+ M -— NuO),-| M, eo (la)
' /‘.31

Na+0y -—= NaO+Q),, .. (1b)
k”

NaO, -0 -— NaO+0,, .. (o)
I‘JII

NaO+0  -— Na+-0,. ... (1d)

In addition to these, the ionization (Bates & Soaton 1950) of Na atomg and their
recombinations (Bates & Boyd 1956) aro also ~onsidered. namelv

. th
Na +4hv - Na- -r | (2a)
Nat | 0= = NaO-/r (2b)

whore &', k.1, k", k' . . v .
o ky', ke, K, K, Q and @, are the rato coofficients of the various roactions

Tho equilibrium conco i ’ N
. ) t P T - ” " g
1 1tration #” of Na atoms, »” of NaQ, moleculos, »’”" of

NaO moleoulos and %' of Na' jons
nd @’ of Na* ions (all these concontrations corrospond to an
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average atmosphere) are produced by tho joint effect of the reactions (la. b, c.d)
and (2a.b) and diffusion of various sodium products.

3. EqQuiriBium EQUATIONS

Suppose on the average S, metallic atoms are continuously dsposited por
unit area per socond from a certain agoney (torrestrial or oxtra-torrostrial) in
somo layer of the atmosphoere remote from the region of maximum sodium con-
centration. At the stoady stato of diffusion, the net current of the combined
sodiwn products should he constant in vach layor of the atmosphore and he equal
to the flux S,. Thus

atbyeld=a-+4b4-c'+4d -8, e (3
or
a‘biyefjd—=N,= 0. e (4)

Here the sign of S; has been sot such that if S is positive, tho net flow of tho
combined sodium products is in the upward direction and the metallic atoms
havo thoir origin from the earthuide 1 on the other hand S, is negative, such
atoms havo their origin from the outsido of the earth. During motion Na atoms
may und srgo any of the reactions —(1a, b, ¢, d) and (2a, b) but since all sodium
products involve only onoe Na atom, the validity of equation (4) is always main-
tained.

A number of effo-ts other than those considored in the present study, may
modify the net stoady current §; of sodium products due to diffusion from one
layer to another.  For example, the d'wst particlos or moteors carrying Na atoms
may rotain somo of thoir initial velocity in addition to the diffusive velocity.
The dust particlos or moteors may eontinue to travol up to a considerable distance
hoforo thoy reloase Na atoms. Henco these atoms may ho deposited diroctly
in difforont amounts in different layers. Eddy diffusion dte to vertical veloeity
of wind muy also he effe:tive.  But all such processes are likely to subside before
Na atoms reach the region of maxinnun coneontration.  Formation of a region
of maximum concentration indicates accumulation of Na atoms due to slow
movements indicating absence of all rapidly changing processes mentioned
above. Tho assumed procosses should. therefore, be applicable at least in a
region close to the layor of maximum conecentration.

If w', w”, @' and @’ be the upward vortical diffusion velocities of Na. NaO,,.
NaO and Nat, respoctivoly, in any layoer of altitude Z then.

a = n'u'
b =n"w"
¢ = n""w"
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Kquation (4) then becomes
n’w’+7c”‘u~"+n"’u""+1’l’€5’ = N, ... (B)
. . . . . ,
The vertical velocity of diffusion w’ of any minor constituent of concentration n
through a stablo main atmospherc at an altitude Z is given by

, Hinn')  gm’ l]' . (B
- -0 | S (0 s f-/faz) 0 (6)

where different symbols used in the oquation aro as follows :
1) — coefficient of diffusion
m'— molecular mass of diffusing constituent
w -— mean molecular mass of the main gas
H — scale hoight of the atmosphere
B — gradient of the atmospheric sealo height

2 — thermal diffusion factor.

Equation 6 shows that w’ can bo cithor noegativo, zoro or positive. If the consti-
tuont concontration dncreasos slowly with altitud», the sccond torm in tho equa-
tion outweights tho first and the transport is in the downward direction. If on
the other hand tho constituent concentration falls off rapidly with altitude, the
first term predominates and the transport is upward.

Tho continuity equation under the steady stato of diffusion of all the godium
products togethor is given by

dnw)y  dm"w"y |, dn""w") AW
e+ L) B AT < S

Each torm in equation (7) represents the rate of chango of conceontration of cettain
sodium products due to diffusive velocity in a givon layor. Each term is small
compared to such rate of the product by photochemical reactions particularly
in a rogion close to the maximum of godium concontration. Therofore, it ca;x
he approximately assumed that th - equilibrium in a layer among various products
of sodinm is proposed by photochemical reactions (la, h.c, d) and (2a.b) Thus

Ry 0 nn(Og) ey n'n(Og) +-Qyn” - k0" n(0) -+ Qi 'n(0"), ... (8a)
and

k,/n'n(0y) == k"n"n(0)). w. (8b)

Since on the average the concontration of Na and Na* remain constant in any
layer we have also '

' = Qui'n(0-). ... (80)
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The concentration of various products of sodium in any layer can, thereforo.
he represented in terms of the concentration of Na atoms of the same layer.

Thus
v s [y nn(Oy)
o o) | (9)
W) Icl'llll(02) IF?:[i(Ua)
o [76'—"71(0) + Ir"'n'(n)]’ (9b)
I .
" " [ Qn(07) ] . (9¢)

In the absonco of any reliable measurement of the coneentration of (- another
simplifying assumption may be made. The assumption is that

n o= a .. (9d)
Thus each product of Na atoms should satisfy equations (9a. b, ¢, d) as well as
oquation (5) under the joint effect of the chemical and diffusive oquilibrium of
the atmosphere. Substituting in equation (5) the values of ', w". w’’ and @’
wo have

,§0'n’ o On” o' o 0R' D'm'ym’ ,
0z T g Uy R Sy (A

Dn", m'

f/{ ;'/ia") -+ H ( —"’-—- +/f+/)’al" \}

]'"’l ” "l ”
H ( m

2D'w’ n’ , .
: { o= +B+ B ) +8, = 0. ... (10)

H

In case an ion-oloctron plasma diffuses through a neutral gas, ambipolar diffusion
coefficient (which is double of the diffusion coofficient of Na‘) is used in the ex-
pression of @' Also for the mass of Na+ the mean molecular mass of ion-clectron
e, (m’[2) is to bo used. Because below F layer of the atmosphere any ion will
suffor collisions mainly with the noutral particles. the diffusion coofficient of Na-
can be caleulated with the help of the same formula which is used for the noutral
particles. Again substituting the values of »”. »'” and @’ in terms of »’ and
neglocting the effect of thermal diffusion in equation (10).

j

on’ [ Do ( D"k, +'D"'k,’)nn(02) D’""ky'n(0Oy)

9z k" 7(0) £"'n(V) +2D ]

(5P ) ()
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- .l__

D'm"ky i (Qy) ] KA n{Qy) l"z_’__._..-"'(o") +D'm’
D 4 = 1 RN L DM <
mH ' K n(0)

+ v oa0) T RTRO)

Y2 N k! O,) . k‘.""(()~) .'”/}.I = Q.
f]{]),_l_l_) ky k) |y (B 20O __7_7__3_)4_31) 48, =0

k" a(0) V(O (V)
. (1D
! N aine { "nny
The maximum concentration of sodium 0 (max) is obtaine d from the following
equation

woomp - L " A.q'”(() ) — -,
1 . l) m ln 7“1(()2) 1713 III(L] n"(().) ] -;’_, \""3/_ D m }
7"maa[ by {D n' - ———-—Z—,-ll-l'(‘(—))“" +D""m K" n(0) Tk r(0) )

£),) l k._,_ll?(ou) ) ._2/)'}

"Iy’ ky'n
1 {D" e H”(()--')}—lT l)"'{ E ' n0)

n(6dy
“n *n(0) VR H(0)

Pk Y @09y DU (M0 )] s, 0
*( ’\'”J - 'k;ll ) ( )-! [

oz \Unoy )T K Az \ ()

4. Vapuks AND COMPUTATION

From the observed height distribution of Na stoms, the maximum concon-
tration of sodium »’paer and its altitude are known. From oquation (12) S, can
he determined if other quantities belonging to this altitude are hnown.  Vahios
of S, ahtained from oruation (12) can he wsod in oquation (17) for computing the
hoight distribution of N atoms in the atmosphere in a region of maximum sodium
sonoontration viz.. 80 to 120 km

At Saskatoon the averago valie of #’mer may ho taken about O ) atoms/em3
and it is a! an altitude of about 93 km (Sullivan & Huuten 1964).  Valuos of
n, n(0L). w(0), m. T I and f at different altitud s ar: available at an interval
of one kilometer from COSPAR International Reference Atmosphore (Champion
1965). Such values for n(0,) are also available (1754 Airforce Handbook of
Ceopbysies 1961). ATl these atmospherie data helons to an average atmosphore
The values of 1’ maz and its altitude which are mentioned above helong to Saska-
toon (52°N), thorofore all the data of the atmosphere should have also beon taken
at the same latitude. In the lack of such precise latitudowise data, the average
atmospheric data is being used hoere.  In the absenco of known values of the rate
coofficiont of reactions between sodiwin and oxygen, tho values of the corres-
ponding reactions betweon hydrogen and oxygon may ho used as was dono by
B]amon.t & Donahue (1964). Present authors (1966) havoe also used rate coefficient
of refcffor’lfill:;t’\:;oar; (?;'dmgon a.r?d oxygon .for those between lithium and oxygen.

3 ) has applied correction to tho rate coefficients of hydrogen
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and oxygoen reactions to obtain best guesses for the rato coefficient of sodium-
oxygen rcactions. His values are

ky = 210~ em® goc—!

o by s 6255010712 em3 soc !

k7 > 1011 ¢m? soc-!

k" —= 4>10"1 cm3 soc !
Troating tho moloculvs 1o be rigid olastic sphores. thoir diffusion coefficionts can
he caleulatod by tho following formula (Chapman & Cowing 1952)

I 3 kT(mny mz)]é : (13
Buer,* \_ 2mmym, B

Oyt Oy

where oy, —

i
D
&

variows svinbols usod are as follows -

oy oy, — molocular diamotor of tho minor und main gases
k -— Boltzman constant
T — absoluto temperature

my, my — masses of tho two kinds of molecules

" -— molocular donsity of tho main gas.

It hus been shown (Golomb & Mclood 1966) that tho vahies of the diffusion
cootticionts estimatod by using the above formmula are in good agreement with
those measured from the radial growth of chemiluminous trials deposited in the
upper atmosphere.

In tho absenco of known valuos of collisional diamoeters of atoms, molecules
and ions (to be used in oquation (13)), their sizo is obtainod from the knowledge
of their chemical bond and valency. Tho diamotors of tho sphore which eir-
cumscribe thoir chemically dotermined structure have been tontatively taken
oequal to their collisional diametors.

The radii of Na and Na' arc, respoctivoly, known to be 1:572 A and 095 A,
Their collisional diametoers may bo taken oqual to 3:14 & and 1-90 A respectively.
The 0-0 distanco in the molecule of NaU, has beon repotted to ho 1:2840-01 &
(Pauling 1960). The oxygen atom (I1s* 2s* 2p') has two unpaired p electrons
which are oriented at right anglos and thorefore one might oxpoet Na-O-O angle
to be nearly 90° (Stater 1931). Tho approximate shape of NaO, moleculo can
be obtained by drawing two sphoros (0%~ molooulos) oach of radius 1-4 & with
» distanco 1:28 A betwoon their centros and ono of which is touched in a per-
pondioular direotion by another sphere (Na+- moleocule) of radius 0:95 . Such
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u molecule will be ciroumscribed by a sphere of radius 2-54 A. Therefore the
collisional diamoter of NaO, molocule may be taken equal to 562 &. In a com-
pletely ionic linkage NaO molocule would contain Na* and O- ions. The radius
of Na* is 0-95 A and in the absence of exact radius of O - the radius of 02- (1-4 &)
can he approximatoly taken. A sphore circumscribing two touching spheros
of those radii would give the diameter of NaO moleculo equal to 542 & for the
complotely ionic linkage. For a single bond covalent linkage the diameter of
NaO moleculo would be the sum of tho diumeters of Na atom (3-144 &) and O
atom (1-48 &) and is equal to 4624 . As the linkage of NaO is 82 per cent
ionic, the diamoter of NaO would be oqual to about 5276 &. Moan collisional
diametors of air molocules at different altitudes hotween 80 and 120 km are
obtained by taking tho collisional diameters of N,, 0, and O equal to 3-15 A.
298 & and 149 & rospoctively.

L0G ©

3 i 1 1 1l
80 90 100 10 120KM

ALTITUDE
Fig. 1. Diffusion Coefficients of Na, Na+, Na0, and Na0Q, at different altitudes.

Diffusion coefficients of Na, NaQ,, NaO and Na as calculated with the help
of the above values are plotted in figure 1 botween altitude range 80 to 120 km.

5. RESULTS aAND Discussions

From equation (12) the values of S, comes out to bo—~pdd atoms/sec om?.
The negative sign indicates that the influx of Na atoms is from outside the earth
Using this valuo of 8, in equation (11), the height distribution of Na atoms
hetwoen the altitade range 80-120 km is computed and is plotted in figure 2.
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Rig. 2. Tho hoight distribution of Na atoms obtained from cquation (11).

The extra-torrostrial source of Na atoms, as revealod in the prosent study,
may be cither the interstollar dust or meteors. 1t is assumed that thore is a
constant current of sodium flowing through all layers hetweon 80 and 120 km.
This assumption is truc only when all Na atoms aro released from the dust or
meteors soon after their entry into tho atmosphere. If metcors are the source
of tho atmospheric sodium, following Gadsden’s suggostion, the releaso of Na
atoms will not be complete until considerablo depth of the atmosphere is peno-
trated. The assumption of constant vertical current of sodium produets flowing
through all layors, as assumed in our analysis, will not bo true. However at,
03 km which is tho altitude of maximum sodium concentration tho release of
Na atoms should be nearly completo. Hence tho topside of tho computed curve
of sodium distribution curvo has a steeper riso compared to that of the observed
curve. 1t is, therofore likely that the atmospheric sodium is of meteoric origin.

In any caso, the arguments and assumptions of the present study are valid
for the region of maximum sodium concentration and therefore, of the equations
(11) and (12), at least the latter is valid. Moreovor, substitutions of various
quantities in oquations (11) and (12) show, that very few terms namely

(1)’+2D’),m-}~l- (D'n 4-D'w’)  and I/;(I) | 2D’)
have significant contributions. It may be pointed out that all the quantitios
involved in these torms are known. Quantities having uncertain values, c.g.,
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reaction coetticient, dilfusion coofficients of NaQ, and NaO) molocules are avoidoed.
Therefore from these arguments. there is no uncortainty in the diroction of the
flux of Na atomws in the atmosphero as obtamed from equation (12)  The present
study, inspite of having a limited and restricted use at all altitudes due to moeteor
ablation, definitely indicates the origin of atmospherie sodium to he from extra

terrestrial source and most likely from moetoeors
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