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Radiation transport in an optically thick medium where the natural

ABSTRACT

wings of the lines are important is discussed in connection with the

130k OI triplet observed in the upper atmosphere. Resonance scattering
of sunlight will lead to an altitude variation of the airglow lines like
the one observed but predicts only 2 kR peak intensity at 185 km for solar
lines 0.2 X wide. Similarly the intensity observed at 1356 A° in the |
forbidden oxygen transition (5 S - 3P) is far too great to he resonance

scattering of solar radiation. The question of the need for a source

of excitation at 200 km remmsins open. H uthn
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INTRODUCTION

By this time & number of observations have been made of the 1302-

L
1306 A triplet of atomic oxygen in the dayglow of the upper a.tnospherel’a’B’u’s.

The variation of intensity with altitude .has been measured from 100 km to
above 1000 km. A common feature of all of the profiles with one possible
exception is a steep rise in the flux of downward streaming resonance
photons between 100 km a.nd about 190 km followed by a monotonic decrease
to the highest altitude. The absolute intensity measurements vary quite
considerably. Values have been reported at the peak ranging from 2 to

7.7 kR even for the same solar zenith angle (60°). It is not clear whether

.this is a real variation or reflects the great calibration difficulties

attending these measurements and the pernicious effects of small amounts
of outgassing on the transmissivity near the spectrophotometers.

The radiation observed arises from the "resonance" transitions
2p)* 392,1,0-(21))3 35 7S,. The observations to be discussed here were
made in the direction of the zenith at a solar elongation of 60°. Direct
sunlight was excluded from the detectors.

There are three intense solar emission lines belonging to this
triplet. Their intensities at 140 km are 0.025 ergs/cm® sec (3Po-3sl),
0.020 ergs/cm2 sec (3Pl-5sl) and 0.013 ergs/cm2 sec (3]?2-3 Sl) and the
full width of these lines it not greater than 0.2 & *’T. It is naturel
to suppose that the dayglow observed rises entirely or in large measure
from resonance scattering of sunlight. There is even the possibility

that an important contribution to the scattered 1302-06 lines could
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be made by solar Lyman B which is absorbed by atomic oxygen in the
transition 2pu 3P2-(2p)3 3d 5D.8 The 7D state will feed the 38 JS state
efficiently by cascading.

However, Donahue and Fastiel

have shown that if the multiple
resonance scattering occurs incoherently with complete frequency redistri-
bution and the oxygen absorption lines have a pure Doppler shape no pronounced
maximum should occur between 160 km and about 4OO km. Furthermore, the
expected maximum dayglow intensity would be about 2 kR, even taking the
contribution of Ly B in the Bowen mechanism into effect. The pointed out
that if the assumption of a Doppler line shape is reasonably valid it is
necessary to assume the existence of an internal source of excitation near
180 km to account for the maximum. Subsequently excitation of atomic
oxygen by energetic photo-electrons has been proposed as the mechanism
for this excitation.g’lo
It is now evident that the oscillator strength of the 1302-06

transition is large.”

Its value appears to be at least 0.03, and perhaps
as large as O.Ohé15 in contrast with the value 0.0065 used in the calcu-
lation referred to. Thus scattering in the natural wings of the oxygen

lines is not negligible when such great optical depths as occur in this

problem are involved.
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RADIATIVE TRANSFER THEORY
1. The Atomic Oxygen

Following convention the frequency is measured in
units of the Poppler width

2+ = (V=% / &V (1)

AVp = x5 'YakTpmio) (@)

If absorption and reemission always were to occur at vo in the rest frame
of the atom the scattering cross section in the laboratory frame would

have the Doppler dependence on frequéncy

_x<

T(x)= T, (3)

where

To =(me*me) (z) / (T AVp) )

In the atomic rest frame, however, the absorption coefficient has a
dependence on frequency given by the natural resonance shape. When this
frequency dependence is smeared by the atomic motions the cross section (4)

becomes

Tex) = To & /exp(— Z)Jq_ (5)

at + (76-7)’-

= (pexp(-L) + @ Hi(x) + QuHy ()t --- (6)

were (%) = Ca/TIL-axFo)]¥ (rx?)”
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for a<0.01 and x®»2. The damping coefficient a is given by

a = JZ’ Aij /(445 ) (8)

where the sum is over all transitions down from the upper state. The

cross section will be represented here in its spproximate form
2
Te) = Gexp(-2)+ oa /(X)) (9

when x»2. Since, with f = 0.03, the sum of the transition probabilities

1l

ZALj is 3.86 x lO8 sec — and at 1000° the Doppler width is AvD=O.78 x 10%°

sec-l, the frequency dependence of the cross section becomes
sa7x1073/a> T= s0d°K
exp(- ) + 2. 43x 0 I T pSO°K (0
- _ o
2,24 x/os/%z T = 1000°K

The value of x for which the two terms in the cross section are equal is

2.86 at 1000°, 2.80 at 850° and 2.T4 at 500°. At x, = 2.86

T(we) = s 5x10 70 (1)

The cross section at the center of the line for T = 1000° is given

by

0ol = / 7;2></o"2;z74 (12)

Since measurement gives oscillator strengths of 0.1l7, 0.09 and 0.0303 the
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cross sections at the central frequency for the three lines are
- 2 C
Tos = 300x/0 " Fem? (PR-7S1) (3
Toz= 173x 073 em ™ (3R-351)  am)

-/3 1,303
VB/-‘- 0,582 X 10 Cm (/2 cj/) (13c)
1415~
The density of atomic oxygen measured mass spectrometrically at

various altitudes in May, 1963 is given in Table 1 along with the residual

le
abundance in atoms/cm® above those altitudes and the gas temperature. At

1000°K the relative populations ps, Pz and 1 of the 3P2’ 3Pl and 3]E’o
levels is 0.4, 0.315 and 0.285.

From the cross sections (13) and the relative populations of the

three levels the vertical optical thickness at the center of each line is

computed as a function of altitude (Table 1).

Ti = P fm(a’) dz’ (14)

The vertical optical thickness at frequencies 2.85, 3.55 and 4.26 Doppler
units are tabulated in Table 2. The wings become important in the
imprisonment problem only deep in the layer below 150 km for the strongest
line. However, absorption of the solar lines will be much more effective
than for the pure Doppler case. The question is whether the additional
photons, captured in the wings, will be efficiently fed into the Doppler
core where they can be trapped or rapidly leak out of the atmosphere
after a few scatteripgs. In the latter case they will contribute little
to the scattered radiation field inside the scattering medium

The accumulated number of photons scattered from the solar lines

at any level well within the medium is somewhat smaller than the observed
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Table 1
Atitde a(0) k) a(0) Ts 75 Ty

cm cm™ 3P2--3Sl 3Pl-5sl 3P0-3Sl
110 1.8 2k0° | 1.8(17)| 2.26(4) | 9.5(3) 2.9(3)
120 k(10) 300° 9(16) | 1.15(k) | 4.9(3) 1.47(3)
1ho 1.1(0) | h20° | 3.5(16) | %.69(3) | 1.96(3) | 5.97(2)
160 k.5(9) 600° | 1.8(16) | 2.34(3) | 9.8(2) 3.0 (2)
180 2 (9) 780° | 1 (16)| 1.22(3) | 5.55(2) | 1.69(2)
200 1.2(9) 1000° | 6.4(15) | 8.05(2) | 3.38(2) 1.03(2)
220 5 (8) 1000° | & (15)] 5.2(2) 2.18(2) 6.65(1)
300 1.7(8) 1000° | 7.8(14) | 1.0(2) 3.9 (1) 1.2 (1)
350 T (7) | 1000° | 2.8(1k) | 3.6(1) | 1.h5(1) | k.4(0)
500 5.5(6) 1000° | 1.4(23) | 1.75(0) | 0.73(0) 0.22(0)
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dovnward travelling flux. Insofar as the solar lines may be treated as
continua of intensity 7TFo/AvS , where Avs is the solar line width, the
number of photons scattered from one line down to an optical depth

is given by
404
(77 Fo/BYs) AVD/[l—exp(— 'th)&«)]d% (15)

where p is the cosine of the solar zenith angle. The integral in (15) is
plotted in Fig. 1 as a function of optical thickness with u = 0.5 for the
two cross sections (3) and (9). The ratio of the atmospheric Doppler line
width to the solar line width is 1/22 and the factor 7rFo AvD/AvS is
3.8 x 102 kR, 5.9 x 102 kR and 7.3 x 10™2 kR for the three lines. Hence
at 180 km 0.34 kR, 0.43 kR and 0.42 kR, or 1.2 kR in all have been scattered
from the solar lines as primary photons. Of these 0.1l kR, 0.ll kR and
0.045 kR, or about 0.3 kR in all are scattered in the wings. The integrated
primrsr scattering for the three lines is compared with the observed dayglow
as a tunctipn of altitude in Fig. 2.

The photons which are observed deep in the medium are photons
which have been ceptured from the solar beam somewhere in the medium and
have undergone repeated scatterings on their way to escape back into space
or to be absorbed by other atmospheric gases lower in the atmosphere. The
number of photons absorbed from the solar beam per unit optical thickness
decreases steadily with optical depth. However, the mumber of scatterings
a photon must make to escape increases in a fashion almost inverse to the
capture rate so that the actual excitation rate remains high down to the |

level at which escape to the absorbing medium below begins to be effective.
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2. General Theory With Complete Redistribution

The theory of multiple scattering or imprisonment for the case of
& pure Doppler line with complete frequency redistribution was developed
following the methods of Holstein'z.'rlxg Bibemn' 9in the paper by Donahue
and Fa.stie'. It has also ‘r;een discussed recently by Tomats&.o The model
is a plane payallel one with the plane T =Tv being perfectly absorbing.
A continuum of intensity 77 Fo/Avs is incident at 7 = O at an angle cos_lu

with the vertical. The excitation rate j(T) at T is given by
' ' , /
F(7) = fo(T) 4 fﬁ(f) Hzt' dz (16)

where H( T, 'tl) d't/ is the probability that a photon emitted in the layer
between ’t' and 'Z:,+ J'Z/is captured at the level T . Jo("c’) is the
rate of primary excitation, in the present case by solar photons. The
transfer function H(Z , "c’ ) is related to the probability 8 (A ) that

@& photon emitted at some level will cross a plane at a level AT away.

Ht) = - %—% (17)
and amr W/‘L
E(a): (f/qﬂ)ﬁ;tfﬁmue)me 46 (18)

where

[ () = \/PN) exp (- W))aN

(19)
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is the probability that a photon emitted with the frequency spectrum P(v)
will travel & distance 7 without being absorbed.
The probability that a photon will escape from the level 7T is

E(y) where

E) =1 - fh’(’(,‘c’) drl= Emy+Ey-r) @)

Because of this relationship the transport equation (16) may be written
0= oo [E) 7 [ [jes'-fTH e o) e

From the ccmpﬁtational point of view this is a very useful form of (16).
Jo( T)/E(T) is a good first approximation to j('Z). The integral is a
correction with the help of which j_(T°) /E€7 ) can quickly be adjusted
to yield a very close approximation to j(7U). In particular it can be
noticed at once that if j( 7 ) bas a maximum at some ’Z'm then §(T,) is
less than J (Tm)/E(T ;) there and ’Em cannot be far removed in T from
the value of 2~ at which j/E has its maximm.

The rate of absorption of beam photons per unit length Jo( g) is

given by

Fo@ =(TFo /295 )/ﬁmexp [anpl 49 2

and k(v) is the absorption coefficient. From (19) this is seen to be

Jjust

do ) <(nFof &V ) Mo £o T (x/p) @)

or J»O (T) =<';TF°/A"/S) YT A})D T(T//A ) (21)

perunit'f .
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For the case of a pure Doppler line Holstein has shown that asymp-

totically

_ By
__/_ZT) ~ (’T )}TL\«/T )

(25)
-
E(r)~ (4 VTt ) (26)
/

H(T)N [/-— //(2@7)3[4”5?'?5;44«? J-(27)

It is because Jo("t)/E(’C) varies as T(’t/u)/E('t)_ from T = 0 almost to
T = ’Cv/2 and because both numerator and denominator have the same
dependence on T apart from a logarithmic factor that there is almost

uniform excitation deep in the medium for a pure Doppler line case. At
T

"C'v/2)E(’1:) = 2&(T) and E(7T) increases thereafter as the plane

<z = T, 1s approached so that J o/E drops to half its plateau value at
“Tv/2 and rapidly approaches zero at Ty
From the excitation function j(T) the intensity of scattered

photons arriving in any direction at the level T is given by

ynd(T) * f?'(r’)Wr,r’) At’ (28)

vhere the integration is along the line of sight. Although the most
important contributions to this integral are obtained within some 10
optical thicknesses there are non trivial numbers of photons arriving

from very distant ranges of T if T is large because of the slow decrease

with Tof T(T ). These photons are of course predominantly in the wings

of the line and the spectrum of the line is broad and reversed.
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Holstein bas shown that this treatment takes into account all

important effects arising from frequency redistribution on scattering
for the pure Doppler case. The very strong imprisonment is & consequence
of the fact that & photon absorbed at some frequency x' hes equal
probability of being scattered to any frequency in the range - | x*| ¢ x <
l x'l, but the probability of larger shifts decreases exponentially with
[x'] -|x| . In the rest frame of the atom each absorption and
emission is at the natural frequency. A photon far off resonance in the
observer's frame may be captured only by an atom in the tail of the
Mexwell distribution with a large velocity component in the direction of
photon travel. Since reemission is isotropic the scattered photon as
seen by the observer tends to be at a frequency closer to the matural
frequency. Photons which are absorbed in the wings of the natural line
in the atom's rest frame on the other hand may be far off the center of
the line in the laboratory frame without depending on capture by a high
vel&ity atom. Thus, although redistribution strictly speaking occurs
for them also, the relative probability that they are sent back into
the Doppler core is reduced even though there is always a bias in that
direction. The asymmetry in the redistribution function decreases with
increasing x as Uzm;2 ‘has showm. Thus, to follow a discussion by Oster-
brookz,ait can be seen that the escape problem is severely modified if a

photon starts so deep in the medium that the optical depth is large

compared to unity at X, where the natural wings begin to dominate. A photon

which by chance is emitted at a frequency in the wings has a good chance
after a few scatterings of being shifted back into the core. However,
the spatial diffusion during the scatterings in the wings where the free

paths are long can carry it close to the boundary. There it may escape
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more readily especielly on a later excursion in frequency into the wings.

The escape probability instead of varying as ( © YV 77 Zoo = )%
varies more rapidly with “Z when 77 is large enough that the wings become
important.

In the present problem the optical thickness for the strongest
line becomes unity at the transition frequency between the Doppler core
and the wings at about 160 km (Table 2). It is only below that level that
the treatment outlined above begins to become questionable. In fact only
at about the 130 km level does escape in the wings seriously begin to
alter the dependence of E(7Z") on Z . Since this is about half way through
the medium (measured in units of “Z° ) the pure Doppler approach can be
used over most of the region of interest in the problem once jo is deter-
mined. It should be noted, however, that in a region where T is of the
order of unity at xc for the 1302 line it is only 0.4 for the 1304 line
and 0.13 for the 1306 line. Thus a photon which happens to be absorbed
well in the natural wings of the 1302 line has four chances in nine of
being emitted in the wings of the other two lines where it can readily
escape. On the other hand, somewhat deeper in the medium where a photon
can be absorbed in the wings of the other two lines with a reasonable
probability the emitted photon has a chance of 5/9 to be emitted in the
1302 line where it has a small chance of going far without being reabsorbed.

Thus although the wings will have little influence on the imprison-
ment problem once & photon is absorbed in the Doppler core the principal
question is to determine at what rate photons captured from the solar
beam in the natural wings are fed into the core. There is a supply of
photons here which becomes more and more important relative to the direct

absorption in the core as the beam progresses into the medium. If a
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Table 2
A e 7‘5(2.86) A;;(;.;?é 7, (2.86)
1o 2.4 5.33 1.60
120 6.35 2.70 0.81
140 2.58 1.08 0.33
160 1.29 .5k 0.17
180 0.73 .31 0.09
200 0.4k .19 0.06
220 0.28 A2 0.0k4
At x = 3.55
e 7’;(3.55) Z,(5.55) 2,(3.55)
110 8.1 3.3 1.0
120 4,1 1.7 .52
ko 1.7 .69 .21
160 .81 .34 .10
180 A7 .20 .06
200 .28 12 .0k
220 .18 .07 .02




Table 2 - cont'd.

Altitude At x = 4.26

km ’Z’s(u.as) ’2’3(u.26) T (.26)
110 5.6 2.k 0.7

120 2.8 1.2 0.23
140 1.2 31 0.09
160 .58 .15 0.05
180 .32 .09 0.03
200 2 .05 0.02
220 12 .03 0.01

' -‘ - - - -
- N
.




s

' ' -
i .

1

sizeable fraction of these photons can be shifted into the core then there
is & possibility of producing an increesing imprisoned excitation with
increasing T and the observed increase in brightness down to 180 km may
be realized.

In this case, however, a difficulty will be to account for the
decrease in intensity from 180 km down to 110 km. The 180 km level is
only about 1/20 of the way to 110 km in units of optical thickness. It
is only at 110 km that the number of scatterings suffered by an imprisoned
photon before escape becomes so large that its total path length in the
atmosphere becomes comparable to the mean free path for absorption in 02.
The cross section for absorption of & 1300 photon by 02 is of the order
of 10718 cn2. The absorption coefficient gzn(0,) 1s tabulated at various
altitudes in Table 3. It becomes about 2 x 107! cm™t at 110 km. Taking
the average cross section for resonance scattering to be lO']'3 cm2 the
scattering coefficient a'ﬁ n(O) can be calculated. This is 1.5 x lO‘l
at 110 km.” Thus a photon can on the average suffer s n(0)/ ain(.oa)
scatterings before absorption. At 110 km (Table 3) this number is
8.5 x loh. On the other hand, the optical thickness to infinity for the
strongest line there is about 2.3 x 101‘ and 47 Y771n 7° which is
l/E(’Z’) and hence measures the number of scatterings before escape is
5 x 10°. At 120 km the same two quantities are 1.3 x 10° and 2.5 x 107,
This is for the strongest line. Because the photon spends half of its
life in the other two lines and in fact the imprisonment is weakened by
escape in the wings absorption begins to be effective somewhere between
110 and 120 km. In this paper the absorbing lower boundary has been put

at 110 km.

*It is interesting that the photon mean free path is small compared to the
dimensions of & rocket below 14#0 km. This should affect the measured
intensities in that the rocket creates a sheath of low excitation about
itself.
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Table 3
Altitud (0,,)=k(0,) Ko (0)

S| 2 ;‘ 5 K(0 )/K(0,) | 1/E( )
km cm P2- Sl 13024
110 1.75 (-7) 1.5(-2) 8.5 (%) 5 (5)
120 3.8 (-8) 5 (-3) 1.3 (5) 2.5 (5)
140 k.9 (-9) 1.4(-3) 2.9 (5) 1.1 (5)
160 9 (-10) 5.4(-k) 6 (5) 5.1 (&)
180 2.3 (-10) 2.8(-4) 1.2 (6) 2.5 (&)
200 7.5 (-11) 1.2(-k) 1.6 (6) 1.1 (&)

15
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To calculate j, it is necessary to evaluate the function
400
éoCT) {W]:D/AVS) AVp f(k’(fx,)//-(o ) exP[-— 'Z'(x,)/,u] dx (29)

The integrand on the right hand side of (29) for small values of T” is
dominated by the Doppler core and has the form

5

e-xzc;cp [- ('t/u)e-x'_? (30)

But for sufficiently large T the wings predominate and the integrand

may be approximated by

(a/mxr) exp[- @a)/(mpxt)] . (31)

Hence for ¢ small enough that 'Z'(xc)<<l

+oo 2
400 T (T Fo/aYs) AV i —Y%fe-xexp[—- (c/ﬂ)e"'j&x

= (T Fo/aVs) fr AVp —7—(”6//*)

-1
~ (1 Fo/avs )T AYVp [(tfp) T batm) ] )

and this gives the rate per unit T” that solar photons are absorbed. On
the other hand for 7 so large that Z(x,) >> 1 - or in general for the
rate at which photons are absorbed in the natural wings it is necessary

to evaluate

o
(TTFD/AVS) AVp _%J-i—,_ eXP[—(a'Z)/(ﬁ:X}/A)] &;(,' (33)

2
~8
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This is practically

(T fo | a¥s) fr AVo Vaufim ) (34)
The ﬁmctiOﬂB[(iT/lN 71n(Z/ u_)_l ! ana (wa V7T 2’)1/ ? for the value a V7T

relevant to this problem are plotted in Fig. 3. For values of “Z/u less
than 100 the first of these functions accurately gives the rate of
absorption and for values of 'Z7u larger than about 1000 the second is a
good approximation the rate of absorption in the core being small compared
to that in the wings.

However, for our purposes only the photons absorbed in the wings
not too far in frequency from xc have a reasonable chance of shifting into
the core before they scatter out of the medium. Unno has shown that the
frequency redistribution function for scattering in the wings is asymmetrical.
There is always a larger probability that the photon will have its frequency
shifted back toward the center of the line than that it will be shifted
toward the wings. This bias decreases, however, with increasing frequency
defect. Osterbrook has demonstrated that it is possible to approximate
the exact diffusion history by requiring the photon to suffer a discrete
frequency shift of 1/1_2' upon scattering at x'> xc. The probability of a
shift by l/\/-a— to a frequency x closer to the center of the line is
(L +V2/[x'|)/2 while the probsbility of a shift by 142 away from the
center is (1 V2] lx' l) /2. Thus, for photons in the wings a d{ffusion
treatment may be used in frequency and in space but, except far in the
wings, the bias tending to send the photon back to |x ]= x_ must be taken
into account. In our problem x_ is 2.85, x_ + 1//2 is 3.56 and the next
jump is to 4.26 Doppler units. At an x of 3.56 the probability of

scattering back into the core is 0.6. At 4.26 it is 0.58.
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This scheme permits an evaluation of the rate at which solar photons in

the wings are shifted into the Doppler core and become trapped. Thus in
the 1302 solar line about 60 per cent of the photons absorbed per unit
optical thickness between x = 2.85 and x = 3.56 are assumed to find them~
selves after scattering in the core of one of the three lines, 5/9 in the
1302 line, 1/3 in the 1304 and 1/9 in the 1306. In the case of the latter
two lines the rate of injection per unit optica;l thickness for each of
them must be obtained. This entails transforming the rates in terms of
1302 optical thickness by factors of 1/0.42 and 1/0.128, the ratios of the
cross sections times the effective abundance. Similarly in the other two
solar lines photons at frequencies 2.85 to 3.56 Doppler units from the

line center will feed the Doppler mechanism in all three airglow lines.
Because of the small opacities in the wings and the presence of probability
factors of the order of 0.4k x 0.6 x 0.6 compared to 0.6 it is safe except
deep in the medium to neglect those photons which in their first scattering
shift away from the core. These photons which scatter more than once in
the wings before reaching the core undergo their first scattering far

away from the level at which they finally reach the core. In calculating
jo(’l’) at large 2 it is necessary in principle to consider photons which
are scattered first at small values of ¢ and continue to travel downward
in the wings until they finally shift into the core. This is because the
rate of primary scattering is so much larger at small 7 than it is at
large 7 (Fig. 3). However, the fact that only half of the photons scattered
at any level continue downward and the fact that the chance of & shift

to a frequency further in the wings is not negligible cut down seriously
on the multiple scattering contribution by wing photons to J o('Z') . In
addition there is another effect associated with the decrease in temperature

between 200 km and 100 Ilm to be discussed later which minimizes this
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contribution. On the other hand there is a non negligible contribution
to J_(7) from photons scattered beyond |x | = 3.56 below 140 km which
shift into the range of x between 2.85 and 3.56, travel upward as 1302
photons, and scatter again near 200 km into the core. From Table 2 which
gives the optical thickness in the three lines at x velues of 2.85, 3.56
and 4.26 1t can be seen that this effect is negligible in the 1306 line
and effective in the 1304 line only below 150 km because the mean free
path in 7 1s 142 vhich is greater than the distance to the top of the
atmosphere. |

It is necessary to know therefore the rate of absorption of solar
photons in the wings for the renge 2.85 € x € 3.56 and also for the range
3.56 < x € k.26. These are given by‘,j;("Z')v and §3''(7) vhere

o 3.56 |

jo"('f) (rFs /8%) AV, (2a /%) f Crexpl-aryfFmprt)]dz  (s5)

2,35

o0 (/o) @ 2 o [ | BT s~ Bl os

vwhere ‘5 (y) is the error integra N

. ~t
@(7)= e &t (37)

The factor

Fiegn) - 2 (22 | B(BF 50)-D (g )] o




. 1 1
' -

20

along with the similar quantity for the range 3.56-4.26 are plotted in
Fig. 3 for comparison with[(T /QW 1 vhich measures in e similar
way the direct absorption per wmit Z in the Doppler line. Above a Z7p
of about 2500 (180 km for 1302) the two are comparable in size.

The rate of excitation of the 3 Sl level by solar photons close
enough to resonance that the reemitted photons will be in the Doppler
core must now be computed. Expressed in units of optical thickness for
the 1302 line this is made up of contributions from the solar 1302, 1304

and 1306 lines. At a given altitude it consists of

(7T ¥ (1302) /avg )V TTavy

times the contribution of

e [( T Tlnteep) ]
+ 0,65 [ (Tsk)

and that of

-l
ok TR | 49 {[(73//‘)\}1“»{‘3//‘ Jrous (Ts//‘)j

T Fo(1302)

plus that of

1306 TrF°('3°") X0 /28?[(’[. p)\) bu(rfp) _-f-r 0. 6€F(z//«j

Th(3a)

At 180 km the ratio of direct excitation in the core to the contri-

bution from the wings by the 1302 solar line is 0.8/0.33, by the 1304 line,
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1.30/0.33 and by the 1306 line, 1.75/0.2. The ratio of the excitation
rate derived in this way to direct excitation in the core is 1.22. In
contrast the ratio at 220 km is 1.13.

At 160 km excitation in the core via the wings relative to that
in the core directly would be 5.7/19.6 and the ratio of total excitation
to direct core excitation would be 1.29 if AvD were independent of altitude.
However, below 200 km the temperature begins to decrease rapidly from 1000°
to about 500° at 500 km and 300° at 120 km. This causes AvD to decrease
considerably. X, is reduced to 2.7k at 500°. The supply of solar photons
for direct excitation in the core as well as for absorption in the nearby
vings (which now reach only to |x| = 3.45) 1s drestically reduced.- The
eligible photons have been absorbed already by atoms higher up in the
atmosphere. This is & very serious effect and excitation by direct
absorption in the wings decreases sharply below the thermopause. Further-
more, the frequencies in the wings at which solar photons are being actively
absorbed are now considerably farther removed from the boundary between
core and wings so that more scatterings are required to shift their
frequencies into the core.

In the imprisonment problem it is the ratio of Jo to the escape
probability E which determines the first approximation to the excitation
function. It is true that for & pure Doppler line the escape probability
in the upward direction is reduced in the same way as the primary
excitation function -Jo if the temperature decreases downward. This is
not the case where the wings have also been effective in removing photons
which could get into the Doppler core. Furthermore the escape probability

dovnward from a certain level - say near 150 km is vastly increased because
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of the shrinking Doppler width below that level which mekes the gas trans-
pgrent in the wings of the Doppler line. Hence the direct comtribution
to j, is taken to vanish at 140 lom and decrease monotonically between 180 knm
and 140 km. Furthermore the region in the wings from which photons can
reach the core is shifted from 2.85¢ |x|< 3.56 to 2.74{]x [¢3.45 (Fig. 3)
&t 150 km and continues to shift as the altitude decreases. At 140 km the
ratio of the excitation rate by frequency shift in the wings to the pure
Doppler, constant temperature, excitation rate is 2.4/10.

The ratio of the excitation rate obtalned in this way to that
which would occur for a pure Doppler line is shown as a function of T
in Fig. 4. There remein to be counted those photons which are extracted
from the solar beam at frequencies between 0.707 and 1.41k Doppler units
frdm X5 suffering a shift of 0.707 units toward x, upon scattering.
After travelling through an optical thickness of 0.707 at their frequency
they will be scattered again and some of them will find themselves after-
ward in the Doppler core. For example, at 205 km the absorption factor
(38) for x between 3.55 and .26 is 1.1 x 10°¥ in the 1302 line, 1.9 x

-k in the 1304 and 2.2 x 107% in the 1304 line per unit optical thickness

10
in each of these lines (Fig. 3). A fraction 5/9 of these 1302 photons are
shifted to an x less than 3.56 with a probability of 0.6 and one half
travel downward to 155 km, (a distance AZ(1302) of 0.70T at x = 3.55
according to Table 2). The 1304 contribution is similarly determined
except that it is weighted by 1.55 to take into account the higher solar
intensity and also by 0.42 to put it in terms of unit optical thickness

at 1302. The same weighting factors for 1306 are 1.9 and 0.128. In all
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1.45 x 10”2 1s the sum of the three absorption factors representing photons
vhich arrive at 155 km in the 1302 line where 60% then have frequencies

shifted into the core. This contribution of 2.76 x 10'5 compares with the
single scattered contributien of 2.k x 107 and the sum is 0.52 times what

would have been the Doppler line contribution alone 1n an isothermal layer.

3. Final Evaluation of the Source Function

The initial rate of excitation of the JS level in the Doppler core,
'jo , relative to o for the pure Doppler shape model including the multiple
scattering contributions is shown in Fig. 4.

For the pure Doppler line case j (7) /E(T) is proportional to
T('Z“/n)/x('l'). With u = 0.5 this 1s asyntotically hTEﬁg?’ JE_a’z‘-)
and the relative rates just calculated my be converted to an absolute

scale by multiplying them by

L‘//"/To(/aoz.p 7 A*’D]‘ 2 4

Avs CaaT

The result, jo('l")/E('Z") is shown in Fig. 5. From j, it is next necessary
to obtain the steady state excitation rate J(7Z°) by solving the trensfer
equation (16) in the form

. , | ’ /
40x) = fal®) + fZ;z('c’) Hz7) dT (%0)
where the sum is over the three fine structure components
and ‘T >
(D) = 5 3D )
- 5
35(T) = 3 (D) ete..
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Using the relationships
EF. = |- fr-!z('r') Az’

the treansfer equation (40) may be written

A (]

JQ(T) = }'o(t) + ;5(1') “?{(’l’) E;(T)—fé:(’t) H‘(’Z','C’)dt’//
+ }3('1) - 33(’() Ea(r) - f{s (T) /"/3 (T,'Z’) dt
_ ' ey,

pip) - i) E1@ = Jgi@ A twe) AT

+f‘2 3'.'(’6/) H(T,’C/)d’ft/
(k2)

or

é':('c) E;('r)-f-»ﬁ('t) E3(z)+ J:l(t)El (t) = 7}'0 ('t)
+ fZ’ [jm’)- 10 (0] H: @) dz’

which may also be written
iwl§Esm) + B3 E @I = o (¢)

+f[3'(t’)— JOI§ AL +3 Hawt) + 4 i) 1!

(43)
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Finally with

E(t)_—?iéi'é-('c)+g£'3(z)+ ;7LE,(Z) (b)

and

H(L;L )= é’:H (T,'l') 3 H3('E,T)+—7‘-/~/:(t,L (45)

or » ' /

E(t)= I— f/—/(T,z’) Az

the transport equation is found to be identical in form with (21) which

was developed for & two level model. By means of this integral equation

(21) the source function j,(T”) may easily be trensformed into the excitation
function J(Z°). In Fig. 5 J(7T) 1s shown as the rate of excitation of the

33 state per unit optical thickness in the 1302 (3 P, - 3sl) trensition.

., Intensities

From j(T°) the intensities may then be obtained. Since J(7T) is
already expressed as a function of ’D’S for the 1302 line the 1302 intemsity
at 7 is glven by

/
4mls(T) = f? <y Tez,!y dT , (46)

Since to obtain the other components j(C') should be expressed in units
of the appropriate optical thickness it is necessary to make use of the

fact that

F(t3) = (1fes2) 41(7) o)
}'(’C.)= (l/o.:zg) a(’c;)

(48)
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The number of excited atoms per unit optical depth in the weaker lines is

much larger than the number per unit T in 1302. Then

¢MI3(t) = ‘é’f;'(tgl)T(T,‘c') d’ (49)
‘/TTI,(?) = ;fi'('t./) T(T')"c') c(z/ (50)

where the excitation functions in each integrel are those appropriate to
each transition. If the number of atoms in each absorbing level 3}.'-“?_,
3Pl, 3Po were equal the intemsities of the three components would be
nearly equal deep in the medium since the ratios of the optical thicknesses
would be just 5/3/1.

Important contributions to these integrals come from very large
distances. For example at 180 km they give QﬁOkR, 0.63 kR and 0.62 kR

for the 1302, 1304 and 1306 lines respectively. Of these intensities

0.40 kR of 1302 radiation comes from 1320 » 7 )>1220 or 180-184 km
0.09 kR 1220 )7 » 320 or 184-240 km
0.15 kR 320)>72°>0  or 240~ 00

0.57 kR of 130k radiation comes from 555 >Z > 455 in Z or 180-188 km

0.07 kR 455 >’V 0 188-00
0.45 kR of 1306 radiation comes from 170 > 77 ) 160 180-183 xm
0.17 kR 160 >T > 170 183-218 km
0.015 xR 7 >CT)> O 218-00
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The calculated intensities for the three components are given in
Table 4. To these must be added a not completely insignificant contribu-
tion in the wings. This scattering was discuesed in section 1 . Its
magnitude is indicated also in Table 4 and the sum of the imprisoned or
multiply scattered component and the (prectically) single scattered
component in the wings gives the final overhead intemsity. 'The maximum
occurs at 180 km and is about 2 kR. There is a monotonic decrease above
and below that altitude. The result 1s compared with the observations in
Fig. 6. Apart from the fact that the measured ihtensities have varied by
a factor of 4 the agreement is excellent. Since there are large uncertainties
in the absolute values for the measured dayglow intensities and the measured
solar intensities this comparison cannot yet be considered definitive.

The solar line width used is a lower limit determined by the slit width
of the RRL spectrometer. Obviously if the widths &f the s6iar line are
one fourth the slit width agreement with the May 1963 flight of Fastie
would be perfect.

As Donahue and Fastie' have shown & weak source of excitation within
the optically thick part of the oxygen atmosphere (below about 300 km)
would produce an intense glow if its contribution to Jo were large compared
to the solar scattering. They argued for such a source not only on the
grounds that the airglow intensity was larger than expected but also
because of the existence of the sharp msximm. Thisr second argument is
no longer compelling and the first one never was. Nevertheless the present
comparison of theory and observation cannot be taken as demonstrating the
absence of such a source. It no longer is clearly necessary but it still

might be present. Until precise information is on hand about the intensity
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Table &
Single Scattering
Altlimtzud © W 1302 wl 12 1302 ?i%% 1306

500 | 0.17  -- i | - - -= | 0.17
380 0.27 0.29 0.20 | == -- == 0.2T 0.29 Q.20
250 | 0.37 0.38 O.44 |0.05 0.005 - | 0.M0 0.39 o0.i4
1Bo | 0o.k9 0.63 o0.62 0.1 0.1 B.05| 0.59 0.73 0.67
160 | o.bo o0.55 0.5% |0.15 O0.15 0.09| 0.55 0.70 0.6
o | 0.29 0.35 0.38 (0.2 0.2 0.15| 0.k9 0.55 0.53
120 | 0.10 0.15 0.16 0.26 0.3 0.25| 0.36 0.45 o0.41
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and shape of the solar lines at the time of an airglow observations and
the precision of the airglow intensity measurements is increased to the
degree that experiment and theory may be compared with confidence for
factors of 1.25 in agreement the question of & source remains open.
Kaplan, Katyushina and Kurtl*have measured the intensity of the
1302-06 airglow lines up to 500 km for very low sun angles, 5°, 3° and
-17°. Their results for the flight of October 25, 1963 (+3°) fit the
expected pattern quite well (Fig. 6). Because of the long slant path the
absorption inthe wings becomes effective about one third as far from
T = 0 as in the case discussed in detail in this paper. This puts their
maximm at about 250 km and mekes it rather broad. On the other hand the
results of their flight on Jumne 6, 1963 for +5° are altogether different
and very perplexing. They find a sharp rise in intensity (at least on
descent) between 100 and 120 km to & maximum at about 180 km then a very
slow decrease to & plateau from 340 to 500 km on which the intensity is

2/3 its peak value.

THE 1356 LINE
The forbidden Lines at 1356 A (%3, - 5P2’1) observed in the
airglow by Fastiel,;ay provide evidence on this question. Application of
the technique of radiative transfer calculation outlined in this paper
to the case of a medium of intermediate opacity predicts intensity as a
function of ~£ shown in Fig. 7. Detalls concerning these calculations
will be published separately. The shape of the intensity versus altitude
curve observed fits best to the theoretical model in which the absorbing

base is put effectively at 122 km and the opacity at the center of the
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line taken to be about 4 (Fig. 6). Higher opacity produces too sharp a
decrease below the peak and lower opacity will not permit a maximum above
the altitude at which true absorption becomes serious.

According to the NRL observationséthe solar flux (7TFo)v at 1356 II

4

is only about 4 x 108 J,Jhotcmts/cm2 sec A or 2.4 x 10 photons /caf per unit

frequency. Hence the factor

(77—5),) T AVo

is only 3.3 x 108 ana theory would predict only 4.8 Rayleighs scattered
solar light compared to 560 R observed. Increasing ¢ would increase the
scattered intensity very little and at 'ZJ = 4 the ratio of the opacity
to the 1302 line is & x 10~ which already seems rather high. Thus unless
there is an undetected strong but perhaps narrow solar line at 1356 with
peak intensity about AlOO times the continuum intensity it would appear to
be difficult to account for the 1356 line without assuming & local source

of excitation.

CONCLUSIONS
This discussion should not be taken for a theory. It is an attempt,
based on plausibility arguments, to isolate the moét inmportant factors .
that dete'rm:l.ne the scattered intensity and to make an estimate of their
contributions. The result should be reasonably close to what can be
expected from a rigorous treatment based on a wave-optical treatment and

exact transport equations. The machinery exists for handling this problem

adequately and it should be applied. Until then, however, this calculation

will serve to demonstrate that the main features of the 130k dayglow are
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possibly explicable in terms of resonance scattering of the #blar uv lines.
The main uncertainty 1s in the absolute intensity. There is uncertsinty
as to what value to use for the effective solar flux at the time of the
dayglow gbservations and there is uncertainty as to whether the spread in
reported dayglov intensities is real. This spread ranges from agreement
with the lower limit of intensity expected for fesom.nce scattering to
almost four times that intensity. Whether there is a contribution from
excitation by fast photo-electrons remrins a question to be settled.
Either it may be demonstrated that the excitation is as efficient as that
required by Donahue and Fastie or it may be shown that the dayglow peak
at 180 km is too large to be accounted for by resonance scattering of

sunlight. Neither has yet been conclusively done.
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Figure 1l.

Figure 2.

Figure 3.

Figure L.

Figure S5

Figure Se

Figure 6.

FIGURE CAPTIONS

Relative number of photons scattered from a continuum by a line
with a pure Doppler shape and by a line with combined Doppler and
resonance shape as a finction of optical depth along the light
path at the line center,

Relative rate of photon absorption per unit optical thickness
along the primary beam in the Doppler core for a pure Doppler line
shape (tg /;—35—?; )-1 vhere 1, = t/u , in the wings (=) and in
the region of the wings from x = 2,85 to x = 3.4k, x = 2,85 to

x = 3,55 and x = 2,85 to x = 4,26, The altitudes.at wvhich various
1/u values are reached are indicated for y = 0.5 in the 1306 line,
the 1304 line and the 1302 line,

Total number of photons scattered from the primary beam in kilo
Rayleighs for each line as # function of altitude, The observed
altitude profile is shown as a dashed curve scaled by a factor

of 20,

Primary eicitaxioh rate of the 35 level relative to the rate for
& pure Doppler line shape as a function of optical depth in the
1302A line, The altitude in km is also marked. | |

First approximation to the emission rate and final emission rate
multiplied by (v Fira v,/0 Avs)-l;;

Predicted overhead intensity in kilo-Rayleighs as a function of
altitude (solid line). Observed profiles normalized at 185 km,
Dots are observations by Fastie, Heath and Crosswhite in 1963,
circles same group in 1962 and dashed curve the results obtained
by Kaplan, Katyoshina and Kurt for a solar zenith angle of 87°,
Observed intensity of the 13563 line in Rayleighs., Theoretical

profiles are for two different opacties beginning at 118 km and 122 .Jm.
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