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I. INTRODUCTION

The sodiwn doublet emissions of 5890-58962 have been known to be
part of the airglow since 1929 when Slipher first reported measurements
of a 5892 emission from the night sky (Slipher, 1929). In 1937
Cherniasev and Vuks first reported a twilight enhancement in this wave-
length (Chernisev and Vuks, 1937). T. M. Donahue, in 1956, first calcula-
ted a sodium dayglow intensity (Donahue, 1956). Reviews of the sodium
airglov literature are provided in Chamberlain (1961), Hunten (1964),
and Donahue (1965).

During the day free atomic sodium emitting the yellow doublet was
shown to be marrowly layered in a 5 km wide region centered at 92.4 km by
a sodiun vapor scattering chamber detector flown in & rocket from Waliops
Island, Virginia (Donahue and Meier, 1967). During the twilight the
sodium doublet has been investigated by means of a chopping wheel-wedge
photemeter and diffraction grating. While the sun slips below the
horizon, the earth's shadow progressively sweeps from below the emitting
sodium atoms through and sbove the emitting atoms. The sodium resonance
signal measured by a detector during this time is proportional to the
integral number of sodium atdns above the shadow. By differentiating
thig signal, the altitude profile of free atomic sodium during the twilight
can ﬁe‘obtained, This twilight experiment shows the sodium also in a
narrow layer, but indicates the twilight layer is several kilcmeters lower
than the dayglow layer of Donahue and Meier., Several layering mechanisms
have been suggested but none of them seem satisfactory. The layering

mechanism is beyond the scope of this paper.



This paper will present a new method for measuring dayglow
atmospheric sodium emissions with a ground based device called a
Zeeman photometer. As this detector currently is used, a direct measure-
ment of the polarization of the sodiuvm doublet and Rayleigh scattered
background is taken by placing a polaroid filter in front of the input
optics into ?he photometer. Since both the Rayleigh scattered surface
brightness and the D, sodium component, the 2P3/2 - ES% transition which
radiates at 58903, are polarized, and since the plane of polarization,
which is perpendicular to the plame including the sun, the detector, and
the observed sky, changes throughout the day as the position of the sun
in the sky changes, the polarization of the signals to be measured
changes throughout the day., A previous method of using the Zeeman
photoneter to deduce atmospheric sodium emissions which did not include
a direct measurement of the polarization will be discusBed here; and a
comparison will be made with_the new method,

The solar Fraunhofer iines contain an sbsorption profile such
that the full width at half depth of the sbsorption well is about 1400

mK in both the D; and D, lines, where a mK is a milli-Kayser or 10'3

mn'l, The intensity at the bottom of the Fraunhofer lines is about 5%
the intensity which the solar spectrum would be in the absence of the
Fraunhofer lines. The emissions from free atomic sodium in the earth's
atmosphere will be an enhancement to the underlying Fraunhofer continuim
at the center of the absorption feature, and will have a bimodal shape
due to the large hfs splitting of the 28% energy levels with respect

2
to the splitting of the energy levels of the 2P or P,. The Dy

3/2 % .

emission is the Doppler broadened profile of 4 hfs transitions, with a



Doppler width AvD = 23 mK for T = 200°K, the temperature of the
atmospheric free sodium. \The D2 emission is the swma of 6 hfs
transitions.,

The Zeeman photcometer utilizes a sodium vapor scattering chamber
between the poles of a magnet. The sodium vapor sbsorption cross-section
strengly-overlaps the emission profile of the atmospherit sodium for zero
field applied across the chamber. The temperature of the v&por is main-
tained near 438°K so that the Doppler width of the vapor in the cell is
about Jﬁ'larger than the Doppler width of the atmospheric sodium
emissions. When & magnetic field is applied to the chamber, Paschen-
Back effect splitting will alter the energy levels of the sodium atom so
that the strong overlap of the scattering chember zero field absorption
cross-sections and the atmospheric emission cross.sections will be
destroyed. At 5000 Gauss, the strongest field used for this study, the

Dl line will sbsorb 10~ the signal it would absorb at zero field, while

the D2 line will have 1/3 the cross-sectbion overlap which exists for the
zero field. By comparing the zero field and 5000 Gauss signals measured
by the Zeeman photometer, the surface brightness of the sodium emissions
and Rayleigh scattered background csn be determined.

When a magnetic field is applied across the vapor in the
scattering chamber and a polarized beam enters the chamber, the transi-
tion probabilities for absorption are not given by the Einstein coeffi-
cients alone, but include a dependence on the angle between the axis
of polarization and the axis of the applied field., Instead of calculating
explicitly the transition probebilities for all angles, the method

presented here assumes that all light transmitted into the scattering



chamber through the polarcid will be polarized either parallel or

perpendicular to the axis of the polaroid. In that the angular

dependence of the transition probabilities is 00326 or sin?& for por s

transitions, that is with dm = O and & = %1 between the initial and

final hfs level, the polaroid is oriented at 45° with respect to the

axis of the field. In this manner all changes in the degree of polariza-

tion and the plane of polarization will mean a change in the signal

attenuation in the polaroid but no change in the transition probebilities.
For the calculations included in this study, a high speed

digital computer (the University of Pittsburgh's IBM T090) wase used

extensively.



II. INSTRWMENTATION

The Zeeman photometer used in this study to measure resonately
scattered atmosﬁheric sodivm emissions basically is composed of an
optical system, a scattering chamber embedded between the pole pieces
of a magnet, and the supporting electronics. The scattering chember and
the electronics will be discussed later in this section.

The relation between the optical amm signal input to the
scattering chamber and the optical arm signal output from the chamber
$o the photomultiplier tube is shown in Figure I. Although Figure I is
not a scaled diagram, the input and output ams are given to scale as
Figures II and III respectively.

Each optical arm includes two lenses. In the optical input am
lens B is placed at the focal point of lens A, and a solenoid actuated
shutter can close onto lens B, closing the scattering system to light.
All light entering the scattering chamber must pass through lens A first,
and then lens B. Light baffles between the lenses are used to reduce
light scatter off the walls of the cylinder supporting the input optics.
When the experiment is operated with a polaréid filter, the filter is
placed in front of lens A. |

In the optical output am from the scattering chamber to the M
tube, an interference filter with a 203 band pass at 50% peak transmission
and centered at 58933 is situated between the two lenses. A glass blank
adjacent to the scattering chamber on the output arm is used to guard
against excessive heat diffusion onto the first lens and the interference

filter. All the components of the output optics except the glass blank,



and including the photamultiplier tube viewing the scattering chamber,
are mounted by means of & long aluminum cylinder, without any baffles.

Mounted on the long cylinder containing the output optics is an
additional photomultiplier tube with a broad band transmission filter,
with a full band pass at half intensity of 1003. With a broad band
filter, this PM tube monitors the white light or background intensity.

The scattering cell is a transparent plastic in the shape of a
Wood's Horn. The front section of the cell is in a rectangular shape
and is called the head or head section. The rear or tail section is
shaped as a horn so that all reflections off the walls of the tail are
trapped in the tail. The scattering chamber, which is injected with
free atomic sodium and sealed, can be seen in Figure I. With the
exception of the foremost portion of the head, the entire scattering
chamber is coated with a black paint to improve the stray light
scattering characteristics.

The head and tall sections of the cell are wrapped independently
with heating wire. The heating wire in the head section of the cell
maintains the walls of the chamber at 438°K throughout the entire opera-
tion of the Zeeman photometer. The heating coil is controlled by a
themister temperature sensing device capable of maintaining the tempera-
ture within a degree of the required value. The tail heating also
controlled by a thermister temperature sensing device is alternately on
and off in periods of about 15 minutes each, g%ming alternately periods
when the scattering chamber is filled with vapor amd periods when the
sodium vapor is condensed in the tail section. When the tail section is

being heated, the temperature in the tail is maintained 15°K below the



head section to aveid condensation of the sodium vapor on the front
windows. Sodium vapor condensed on the front window would destroy the
scattering characteristics of the chamber. When the tail section is

not being heated, a fan mounted outside the aluminum housing containing
the scattering chamber blows air onto the tail section, while the heating
is maintained in the head section, to quicken the condensation of the
vapor iﬁ the tail section. The scattering properties of the vapor cell
are regularly monitored without any vapor in the chamber because the
scattering chember inevitably passes a stray or parasitic light signal
which changes throughout the day., This parasitic signal, or IP’ is then
effectively treated as an instrumental background .and must be distin-
guished from the signal measured when the shutter is closed.

When the shutter is closed, the chember is light tight, and there
can be no scattering out of the chamber. Any signal measured when the
shutter is closed must be a residual sigpal in the electronics of the
detecting system. When the shutter is closed, we get a signal which we
call the dark current. The parasitic light signal is an enlancement
above the dark current when the shutter is open, but the chamber is
without sodiuwm vapor,

The séattering chamber photamultiplier tube used in this experi-
ment is an RCA C70038D side window tube operated at a voltage of -1250 v,
which is supplied by a Fluke High Voltage Power Supply. The monitor BM
tube is an RCA tube operated at -850 V supplied by the same power supply.
This power supply has two parallel outputs, #6 that the monitor voltage
is supplied through a simple voltage dividing network. The signals from
the PM tubes are conidected to separate Keithley Electrometers which in

turn drive a two channel Texas Instrument strip chart recorder. The



temperatures of the head and tail sections of the scattering chamber are
monitored by Dohrmann temperature controls and two variacs supply the
voltage to the heating coils., The power supply for the magnet is an
Alphe Power Supply. The temporal relationships between the heating and
cooling cycles of the tail, the various magnetic field settings used in
this study, and the operation of the shutter are maintained by & motor
driven éeries of cams and microswitches. A complete ¢ycle of the cam
drive includes two complete 30 minute cycles of the scattering chember.

A complete 30 minute cycle of the scattering chamber will begin
and end with the shutter closed and without any vapor in the chamber,
When the shutter is opened, the wire in the tail section will begin to
h?at; it takes several minutes before any sodium is vaporized. Before
any sodium is vaporized, the parasitic light scattering properties of
the cell are monitored and the signal above the dark current counting
rate is identified as Ip, When all the vapor is condensed in the tail,
the cell is referred to as a cold cell.

About 13 minutes after the heating coils are turned on in the
tail, an equilibrium is reached in the chamber between the evaporation
and condensation of the sodium in the cell. The cell is then referred
to as a hot cell. All signals measured during the hot cell configura-
tion are measured as enhancements above thé parasitic light signal. When
the sodiun is vaporized, magnetic filelds of 1000, 3000, and 5000 Gauss
are applied across the hot cell. 'The amplitude regorded for the zero,
1000, 3000, and 5000 G field settings give respectively Iy Il’ 13, and

IS' Typical responses for a cycle would include a dark current of



several 10”11 amps, I, ~ 10710

amps, Io aboul; the magnitude of IP, and 15
about three times as large as I

The ordering of cycling is given in Figure IV, which indicates
that each of the three non-zero field settings is used twice in a
complete cycle. In the middle of the hot cell portion of the cycle, the
shutter is closed for another dark current reading. Because of the
symietry present in the ecycling, data can be taken nearly simultaneously
with and without a polaroid by alternating the polaroid on and off with
each successive closing of the shutter.

The phototubes are placed‘about four feet away from the scattering
chamber and magnet on the light output supporting cylinder so that the
magnetic field generatéd at the chamber will not alter the amplification
characteristics of the photanultiplier. The monitor and light input
optics are pointed to the nofth pole, along the earth's axis, at an
elevation of 45°,

The measurements taken for this paper were takep at the
University of Pittsburgh's Airglow Observatory in Lynn Run State Park
(~79.185° long, 40.185° lat) on 21 July 1968, 27 Jamyary 1969, and
26 July 1969.



ITI. RADIATIVE TRANSFER

The sodium doublet is composed of transmissions to the 3828%
ground state of free atomic sodiun from the 3132P95 and 3p2P3 /2 states
for the Dy and Da emissions respectively. The hyperfine structure
splitting of the gromﬁd state, an interaction between the magnetic
field generated at the nucleus by the elctron cloud and the nuclear
spin I = 3/2, is large with respect to the hfs splitting of the EP%

)
and 2P Using the total atomic angular momentun, F, where F=J + I

3/2°
and J is the total anguler momentum of the electron cloud, the hfs
splitting for the ES% results in energy levels -36.9341 mK for F = 1 and
+22,160 mK for F = 2 relative to the centroid, where this energy unit,
the milli-Kayser, is 1073 =t (Kusch and Taub, 1949). The 2Pk state
has two hfs components at -4.0 mK for F = 1 and +2.4 mK for F = 2

21’3 /2 splits into four components at

(Jackson and Kuhn, 1938), and
2. 43 mK (F=0), -1l.7T6 mK (F = 1), <0.50 mK (F = 2), and +L.49 mK
(F = 30) (Sagalyn, 1954) measured reldtive to their respecﬁive centroids.

The Zeeman diagram for free atomic sodiwm is the following:
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The centroids are at 16956 cm™t for the D, and 16973 an~t
for the D?_ components. Designating transitions with +the less
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energetic F = 2 level of the 28% as Dla and D2a respectively for the Dl

and D, lines, and likewise D b and D, for the F = 1 level of the 2S

2 1 2b ¥’
the relative transition probabilities at the centroid of these components
are to be adjusted to give the experimentally obtained values for the

absorption coefficients at 200°K of

- -2 2 _ 12 2
ao(Dza) = 8,94 * 10 cm oo(Dla) = U7 % 10 cm

(1)
0 (Dy,) = 5.53 * 10712 n® 0, (Dyp) = 2,72 * 10712 ? |

The shape of the absorption cross-sections for the Dl and D2
lines can be obtained by summing the four or six Doppler temperature
broadened hfs componehts shown in the Zeeman diagram, The Doppler width
AvD relates Boltzman's constant, the temperature, and mass of the
absorbing atom by AvD = (2kT/m)%, and has the value AvD = 23 mK for
sodiun at 200°K. Figure V gives the shape of the Doppler profile for a
Doppler width of 23 mK, calculated from e-x2 where x = AVD/23 mK is
the displacement from the centroid.

The following radiative transfer calculations are handled in
much the same manner as in Donahue and Meier (1967). The sodium rate
of emission of photons per unit volume, called the source function, is

S(z) at an altitude z, and the apparent surface brightness observed at a

direction is given by

ni(z) = I;S(z')dz'/cose (2)

vhere the integration is from z to the upper boundary of the medium,
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We are assuming here that the sodium emission rate is produced by
scattering from a beam of solar photons incident on the topside of the
layer from outside the layer. For a density of scatters, p(z), we

introduce the optical depth, a distance scale called T, defined as

T =0, Im p{z)az’ (3)
z

which can be evaluated between any level z and infinity. The optical
depth is the absorption cross-section evaluated at the centroid
multiplied by the column abundance. For atmospheric sodivm the optical
depth is small, which means we expect an insignificant amount of multiple
scattering. We will also treat the radiative transfer calculations as
if the scattering is incoherent, i.e, a photon absorbed, either in the
core or the wings of the absorption cross-section, can be reemitted
anywhere in the emission cross-section independent of the frequency of
absorption, and that the scattering is isotropic. That the re-emission
will be incoherent and isotropic in the observers reference frame is
referred to as complete frequency redistribution. A complete discussion
of the accuracy of complete frequency redistribution (CFR) is given in
a thesis by George Doschek, (1968), in which it is shown that CFR is an
accurate approximation for problems dealing with small optical depths.
For an initial intensity (an)o solar photons a2 sec™t in a
unit frequency incident on the top of the layer at an angle whose cosine
is (198 the initial source function So’ the initial rate of excitation,

will be given by
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2
© 2 _Te-x /H
= ; X o
5, = (TF,) vy Lo e* e dx (%)

for x = (v - vo)/ﬁvD where v is the centroid of the emission cross-
section.

Introducing the Holstein radiative transfer T function
(Holstein, 1947)

© 2 2
o) = 2 [ ™ exp(-1 e ax (5)

J’_w

we get for the source function

3

5, = (MRy)y V7 av T(1/u) (6)

T(T) is the probability that a photon emitted in the medium will travel s
depth T without being absorbed. T(7) is catalogued in Teble I, and
shown in Pigure VIII.

We see then that

= J‘l T(AT/u)dp (7)
by o)
e(AT) .
_ 1 1 = ~-X -.x2
b =4, e exp(AT e Ju)axdp (8)

is the probability that a resonance photon emitted is somewhere in the
layer and crosses a plane AT away, measured vertically. Figure IX gives
¢ for T less than 2,000. The probability that a photon is emitted at v’

and absorbed T away in a layer of width dt will be

H(t', ) = - 2& (9)
ot



1k

H(r’,7) is readily evaluated to give

2 2

1@ 2% x
S )axdw. (10)

H(|7'-1]) = - -]f/-:: ' , £ m exp(-|7-7'|

2471 o =%

For small optical thicknesses, the functions, T, ¢, and H are most

easily generated in the following manner,

If we define
(1) = % [ &) By(re(x))ax (11)
k() = [ olx) Ep(ro(x))ax (12)
My (1) = % |” ¢°(x) exp(-m9(x))ax (13)
M) = [ olx) exp(-1(x))ax (14)

-0

with @(x) the line shape, here the Doppler line shape

© -TX
Ei(1) = [ S ax (15)
1
and
o =TX
E (1) = { exa dx (16)
then

Ky (m) = % [ o2(x) J'm e(-T9(0)1) g
P - l T
= - f 'fwcpa(x) exp(-7/p @(x)) au/p
- l

K, (1) = 7 H(T) (a7)
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() = | {“ o(x) e:;;(-ﬂp(:c)T) a

= <[ [o(x) exp(-n/u o(x))axay
-1
Ky(7) = - 247 ¢(7) (18)
My(1) = /7 (1) (19)

(Avrett and Hummer, 1965)

From the tables of mathematical functions. tebulated by Abramowitz

and Stegun. (1966); we £ihd By(z) = e”?

(~ z By(z) by recurrence relation
\
5.1.1% or!

E, +2 Ey = e™? (20)
sO
M, = 7 o(x) exp(-ro(x))ax

- §: 9(x)[E(19(x)) + To(x)E, (rp(x))]ax

Mg(;r),as Kp(T) + o1 Kl('r) . (21)

And by 5.1.11

o n_n
Ey(2) = -y - Z - E E-Z-—.—%- (22)
n=1 n n.
and 5.1,12
a— = "g—_l—'-z m
Ee(z) = <Z(-0Z + §(2))- mgo (m-1)m? (23)
mFEL

with $(2) = -y + 1, where y = 5772, Euler's constant, we get
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n
1 -
1/;?K1(T) = %~i%§ (-y - o7 + %) - %ngl 3‘;%‘2%555 (2k)
T . . 5 ., @ (-1)"
%{: Ko(T) = % + o0z (fa7 + v - 1) %nfe (a)at vorT (25)
(1) = - 2 [Ky(7) + 27K, (1)] (26)
v
e(r) = - -é—l;/-;r.: Ko(7) (27)
() -f/-;_-. Ky (1) (28)

The requirement of radiative equilibrium gives us an integral

equation for the source function
8(1) = 8,(7) + [ s(+")u(r,x")ar’ . (29)

The surface brightness of apparent emission rate will be given by
'
T-T
WnI(T,p) = IT s(t”)r 1~E—~L ar'/u . (30)
If we call the probability that a photon is emitted at level T
and escape the medium E(T), then

E(7) = e(1) + (7, - 7) (31)

which can also be expressed as unity less the probability a photon is

emitted at T and absorbed elsewhere in the layer, visibly
E(T) = 1 - [ 8(r,7’)ar’ (32)

integrated over the entire layer,
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Mutiplying Eq. (32) by S(7) gives
S(TE(r) = 8(1) - [ s(m)B(1,7")ar’ (33)

which, when combined with Eq. (29) leads to
_ 55(m ’ H(r,1!) .+
s(r) = —-E':—(-'-r-)- + ‘f [S(‘l’ ) - 8(1)] (1) ar” . (34)

The integral will give a neg_ligi’t&};e contribution except where 8(T) varies
rapidly near small E(T). With small optical thickness, less than one,
E(T) will always be large and the contribution of &%‘(—%ﬂ- will be
small. Also it was shown in Donahue and Meier, (1967), that S,/E crosses
over S near T = 'ro/ 2. This, with the additional knowledge that T changes
slowly through the interval of interest, makes SO/E a very good epproxi-
mation to S for the intensity integral (30).

We must also consider the contribution to the source fumction of
the incident radistion which is scattered back into the layer, the
scattering albedo. The geometry for the albedo problem is given in Pigure
X.

The flux of photons into dA at frequency x will be

('an)o VT by e-[TO%(X)/“o] cosep, dAdx (35)

for the incident radiation after passage through the medium striking

the element dA of a spherical surface at an angle @ with respect to the
surface lnomal. 9o(x) is the line shape. If ve assune a Lambert's Law
diffusing surface, for an albedo A,\/2m cosg,d will be reflected into a

solid angle dQ at a distance s away. The contribution to the source
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function may then be obtained from the product of the excitation
probability times the photon flow back into the layer as a result of the

scattering albedo from the earth’s surface.

‘To%(x) / o av

- X
[(an)D VT Avy e costp, dA] = cosp, =

~1eo(x 36
x [e o)/ k(x) Jax (36)

gives the excitation rate at frequency x in dV a distance s from the
Lambert's Law surfaé@,for an absorption coefficient k(x),
\
The contribution to the primary source function will be the

integration over the frequency and all surface elements, so

n/2 0
8, (Ts5) = (nFy) V7 &vy, %‘ 5, dp feoT(To/uo-+ /W)
2 (37
X coscplcos:pesinn&n/s .
If we measure this contribution in units of (ﬂFV)o NG Avp, we have
= A L 2
R(T,u) = & J 8, ap _fe’lc:( 5: + E> coscplcoscpasin'ndn/s (38)

During daytime conditions B 1= 0= eo, and we can represent R in the

following manner

2
Ar A T
R(Tu,) = =<1 2+1)> (39)
/2 ) 5
where A= j' /o cosep, dp j‘ cos(e + 1) sinTdl/s (kO)
n )

by using the average value of the transmission fumction,
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A= .21_:3312.2 [(2 + 3@ - vAE - (2 +b3)] (b1)
3b” »

vith b = cos® = ro/r. A is explicitly evaluated in Appendix A,
This then adds to the source function giving the initial source

function the form
8o = T/uy + R(TH,) (b2)
We get H’ the same way as H, neamely
’ "o de’ L
2 (r,¢’) = - 25 . (43)
ar

By the additive property of R and T, we see that

e'(1,7") = e(r,7") + Ae(t - T+ T, - !y (bb)
so that B'(m,7") = B(7,7’) + AE(2T - 7T - T') (45)
E(1) = B(1) + (L-N)e(r,-T) + Ae(27,- T) (46)

We now have S(t) for values of A\ and u, the observation angle.
We can then compute the surface brightness
\J
bI(T,m) = [ ° s(r)yr(r’/u)ar’ .
o
One plot of 4nI vs T with A as a parameter, is given in Figure XI.
The effect of scme of the parameters can be seen by comparing
Figures X-XII. In Figure X for a solar zenith angle of 24° the relative
enhancement of the intensity as viewed at the bottom of the layer, for
any gliven albedo, compared with the case of no albedo, is independent of

the optical depth. Figure XI shows the same situation as a function of
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solar zenith angle, and Figure XII converts solar zenith angle to local

time, Figure XIII is for the equinoxes at Laurel Mountain,

Some other important features of these curves are the linear
relationship for small T of 4nI on r, and the flat shape of Figure XI
for small solar zenith angles. Figure XII then predicts only a slight
change in intensity around local noon for a fixed sodium number density.
When the linearity of I(¥) is considered, we can readily get the change
in time of T around local noon because then I(t) and T(t), where t is
the time near local noon, will have essentially the sesme shape., Also,
gince the rate of change of the solar zenith angle is smaller around

local noon in the summer than in the winter,

bmi(t)) | w(ty)
ML(s,)  T(t,)

is a good approximation for more hours sbout local noon in the summer
than in the winter.

The parsmeter least certain in this calculation is the aibedo
A; however, a paper is soon to be published giving a complete mapping
of the albedo at several wavelengths, incluﬂing 58933 (private
comunication, W. Fowler and E. Reed, 1969). This paper will be based
on an optical experiment on the Polar Orbiting Geophysical Observatory
IV where the optical axis is in the Nadir (pointing toward the earth).

For a continuum solar flux of m x 205 photons/cms2 sec per sec™t
near the D lines (Allen, 1955) with a residual percentage of flux at the
center of the D lines of 5.0% and 4.4% for D, and D, (MeNutt and Mack,

1962), we get input fluxes of



Lo x 109 photons e 2sec™t Dy

(nFy) o, VT Ay = (¥7)

9

35 x 10” photons an~2sec™t D2 .

For a scattering albedo A = 0.15, and ¥ = .23 in the D2 channel,

we have -

7‘6 Dl
nt = X 10° photons e~ 2sec™t (48)

13 D,

in the sodium channels for the surface brightness from the sodium
resonance scattering.

To get a measure of the surface brightness for the Rayleigh
scattered background light, we wish to calculate the brightness of a point,
B,

The brightness can be resolved into two components, the primary
scattered light, By, and the multiply scattered light, By (Tousey and

Halburt, 1947).

B=B + R (%9)

These are evaluated as the following

1-8
1+ 178 coszw

3+~3-"—:-§-

1+8

B, = h13_r I’ exp(-B’ secf)

(50)
exp(-Pxisecl) - exp(-Pxjyseck)

1 - secfcosf




and

where the parsmeters are the following,

the illumination of the sun Io’ = 13,600 foot-
candles

the polarization defect of air 8§ = 0.0k

the angle between the vector to the sun and
the vector to the place of observation

0 = cos'l(cochos§ + sin{sin€cosz)

where z is the bearing of the sun with
respect to the point of observation, { the
sun's zenith angle, and § the zenith angle of
the part of the sky under observation

X. = 8.00 km is the thickness of the atmosphere
above the viewing instrument

g = 0.023 the absorption coefficient of ozone

B = 0.0126/km attenuation coefficient of air

t is the total thickness of the atmosphere

Extra parsmeters are present here so that this
calculation can be made for the situation when

the viewing instrument is not on the earth's
surface,

The multiple scattered .component is given as

B

o
L}

o’
#

o0
I}

Q
i
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= g%-(al + Dby + ao)(l - exp(-Bx,seck)) (52)
Io' cos{
L= {((1 + gt)(C-cx) - gx(C-CT+T)} (53)
1’ cos{
e (1 + gt)(C-CX+X) ~ (gx+ler)(C-CT+T)) (5h4)
1+ gt
(L-r)(1-M)8 X = exp(-Bx secf)
N+ (1-N)cosl T = exp(~Bt secg)
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vhere
a, = a(xaxl)
by = b(x=x,)
b, = b(x=0)

r = 1,5 the earth s reflectivity
N = % which means that % of the
radiation streems downward in
a layer .
It is worth noting here that as the zenith angle
of the sun becomes greater than 90°, this analysis for the Rayleigh
scaftered background fails. The qn conponent then goes negative and the
%n contribution predicted by this theory cannot be understood. It is

also important to realize that a singularity exists in Bp where

B, ~ exp(fa*ll/cqsﬁ) - exp(-f*x,/cosk)
1 - cosf/cosl

where again § is the zenith angle of observation and { is the zenith
angle of the sun, The computer solution to this singularity, properly
an indeterminate point, is very sensitive to ({ -£) and will give
problems only where this difference is smaller than 10"3 rad, Yet the
surface brightness is a smoothly varying function and we can let
Cp = Ep + ¢ where ¢ ~ ,1° or 1,7 X 103 rad, the surface brightness
would not be expected to change apprecisbly over this interval, but
the solution would no longer be indeterminate.

Figures XIII, XIV, and XV give the surface brightness of the

Rayleigh scattered background for Laurel Mountain for a subsolar local
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noon latitude of 23.5°, 8.9°, and -5.2° respectively, where North
latitudes are positive. Notice that all these figures predict a
relatively constant surface brightness around locsl noon, although both
the intensities and the shapes for times greater than 3 hours from local

noon differ,



IV. POLARIZATION

The treatment of the polarization of the Na emission is scmewhat

complicated, The Zeeman fine structure components are given below to

help us in this calculation.

m
- m , _* 3
2 ) 2 - +'/g
3 ?\1’{ —~\/y 3 ?3 - : -\
/2- _3/
' S

Toon ocTrone

328 \/z( , L ¥y

L vy,
I 22 2 2 3"""*3

From the equal mixing of the upper and lower states in the Dl

line it is apparent that this line will be ﬁ;npolarized, and will not be

affected by a magnetic field. That this line is unpolarized has been

experimentally verified (Pringsheim and Gaviola, 1924). The mixing of

the D2 line is somewhat more complicated, and we wish to get an analytic

expression for the polarization ss a function of the scattering angle.

25



For scattering l_to the beam

26

scatt ered
~ l\g ht

mo;deﬁt

lngl\t

> ,
(]

where l_and I‘ refer to.the orientation of the electric field of the light

with respect to the plane of scattering.

If the incident light has a flux of nSl end is continuous in

wavelength.

Moo=
1

ey

o(3s) m

eJ)

®(%s)

FM’
% Ay AdFﬁw

(55)

‘ (56)

®(°s) is the statistical weight of the ground state,

The total transition probability is not a function of M’ or F’, &I‘ is

F'm’ Fm’
A = A" +A°,

(57)

corrected to account for the ¢ component radiating with half the



27

efficiency which the m component radiates, when the transition probabili-
ties are used.

If we define the auxiliary quantities

AF') = —= ™ AT e (a4 1)/3 42 (58)
L®(“s)
c 3 FuM' F F'vl 2
4 = -
BE) = o (2l Ay - o &) (59)
If the emitted light is to be unpolarized when we observe the
radiation, perpendicular to the field,
FIMI FIMI
Zar =5I A (60)
Fm’ Fiu’
5' (A, + Ag )= (2F’ +1) 4 . (61)
We can then rewrite the following
r?rJ_ = g,(a(F’) + 28(F’)) (62)
,&” = Bzg,(az(F') - 2B(F")) (63)

(Chamberlain, 1961),

The degree of polarization for light with incident polarization _L

to the plane of scattering, scattered through an angle /2, is given by



B - dy, I, BED
P(je) = bl T (6h)
%J_'*«“PH 2% ofF')
F

If we consider also the case for the electric field of the incident
light along the y exis, then

c&l‘ FIMI

L4

w
= g,[a(F’) - 2e(F’)]é}i| ()

If 3 |- 3-”, the incident light is unpolarized,
(D) e il I (66)

_szﬂnuwn=e-P(ﬂa
yold 1

Now looking at scattering in an arbitrary direction,

3

3 y
3 o[
' \V\C\dev\* Sca'ttal"e&

¢ \\3}\‘* n lljht



ve get

bll{ L8(F") e (F7) (F'D o } i!éj-“!!

=2’{BF"’ + [@(F') - 2B(F’

~ F [l © 1] 1] I

L| 1 I EEIRIAES
(Chandrasekar, 1950) (67)

for an incident flux of‘n;a . This gives the generalization of Po(ﬂ/a)

for any angle %o
%‘,, B(F’)sin®8

P (8
ol®) = [a(F’) - B(F’)sin®0]
P

[1/((g, «(F") cscge/§, B(F)) - 1)) . (68)

For I = 3/2, Heydemburg, Larrick, and Ellett, (1932) have

calculated

2z, B(F')

m
3) = ————— | =0.186 .
?lfnale) e - 0.186
F' 1132

Putting this into Eq. (68), we get the expression

P, (Dy]8) = (69)

cse -1

.093

giving the polarization of D2 for scattering throﬁgh an arbitrary angle 9,

which is the angle between the vector from the observing point to %ho
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point of observation and the vector from the sun to the point of
observation. Figure XVII gives the geometry for this scattering problem.
B is the inclination of the viewing instrument. The dashed lines
in Figure XVI are coplanar and define the plane of scattering. From the
law of sines, for this planar triangle, we see o = a!. We get o from the

following equation
-1 ) ’ ¢ 2
o = Ccos (cosescosema + SinGSSineNaG05A¢ ) (70)

where ¢is toe azimuth, @5 the angle of the sun, and.GNa the angle of ob-
servation, and the primes tell us to measure these angles at the point of

observation. Bubt ¢ = O, for viewing to the north, which reduces Eq. (70)
to the following
o = cos'l(cos(el)cos 45° + sin(el)sin 45° cosZ)

or
cosy = Aéé (cos(el) + sin(el)cosZ) (71)

where the angles el and Z are the elevation and bearing of the sun from
the point of observation. Appendix B gives two ways to calculate these
angles, It is this angle in Eq. (71) which we must evaluate and use
in  the -~=xpression for the polarization of the D2 line.

Figure XVI also allows us to evaluate the angle of observation as

measured at the bottom of the sodium layer.

sin 135° sinBobs
6.
Izwa! 36(3)

But |z | = 0.09(3)
6.36 < |z, | < 6.45 x 103

so that Oobs = L45° is a good approximation.
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The polarization of the Rayleigh scattered background is easily
handled. The background was calculated in terms of the primary scattered
light and the multiple scattered light, Bp and B . If we define the

quantity v,

Y = (D+B,/2B, (1+D))/(1+R,/28, (1+D)) (72)
vhere D = 8§ + (1-8) cosect

then we get B = B_L + BH

where the J_ and H refer to the orientation of the electric vectors with

respect to the plane of polarization. o is given by Eq. (71).



V. TREATMENT OF THE SCATTERING CELL

Before we can handle data we must understand what happens to
radiation entering the vapor cell. It is assumed that the ¢ and m
components will be rescattered into the phototube with the same
efficiency, even though we know we have an optically thick vapor where
multiple scatterings will occur, and that m components are not allowed
to scatter in the direction of the magnetic field. There is evidence
that tends to support this approximation. That both components scatter
into the PM tube with equal efficiency does not mean that the ratic of n
and ¢ components entering the PM tube be the same as the ratio of these
components entering the scattering chamber. From the Zeeman fine
structure diagrams we see that no upper state can decay to the ground
state by only a m transition. All states which can emit a w7 photon also
can emit a ¢ photon in decaying to the spin complemented ground level.
This means then that in the multiple scattering process, the scattering
of ¢ components is preferred. This will not mean necessarily that we
will record more counts for every kilorayleigh* of ¢ photons entering the
vapor cell than for 1 photons coming into thé cell,

If this reasoning is in error, then for thicker vapor, viz. more
multiple scattering, this approximation gets worse., Gadsden et al,
(1966) have shown data where the error between calculated and observed
intensities at LOOO G measured as a function of zero G intensities drops

by only about a factor of 2 when the sodium vapor pressure drops by &

*A kilorayleigh is an apparent column emission rate of 109 photons/cm2
sec.

32
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factor of 10. In addition to the above argument this experimental
evidence indicates this assumption does not introduce significant errors.

The monitor and the sodium light inputs are equipped with polar-
0id transmission filters usually aligned with their axis at 45° with
respect to +the direction of the field. With these polaroids we consider
that gll photons transmitted through the filter have their electric
vectors aligned at U5° with respect to the field, Since the p and s
transition probsbilities have an angular dependence of cos®0 and sinae,
we expect that the total absorption profiles simply will be given‘b& the
relative absorption profiles of the p and s components. Thus, by putting
polaro;ds over the light inputs in this analysis, we reduce the depengence
of the changing plane of polarization to just the relative transmissions
through the . polaroid.

For the atmospheric sodium emissions we have the same situation.
The relative D, transmissions will be unchanged, because they are

1
unpolarized. The D. relative transmissions will depend on the degree of

2
polarization, which depends on the scattering angle "alone", it being a
function of the time of day and the date. The treatment of the absorp-
tion will be invariant with respect to the felative intensities trans-
mitted through the polaroid.

Table II, IITI, and IV give the relative transmission for
Rayleigh scattered brightness for 3 dates throughout the Year. These
tables also give the azimuth and elevation of the sunm, the scattering
angle, the brightness of the Rayleigh scattered light, and the relative

brightness of the primary scattered component.
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The sbsorption cross-sections for the sodium vapor are obtained
by integrating over the four hyperfine structure components for the Dl
line and the six hyperfine components for the D2 line, Doppler broadened
by & temperature of T = h38°K. Once again the line ihape is given by
exp(-x2) where x =-(v-vo)/AvD with Avp = 23 m&(T%QdO K):and (v-v,) is
the displacement from the centroid in,mil;iKQ$%ér§. These 'zero field
absorption coefficients for the absorption iﬁ:the?celi are the séme as
the atmospheric sodium emissions except that these are for a higher
temperature. These profiles are given in Figures XVII and XVIII.

For the absorption cross-sections as a function of the field
strength, we use the Back-Goudsmit calculations., Jackson and Kuhn (1938)
ghowed that a complete Back-Goudsmit patiern is obtained for the sodium
vapor with a field of 2000 G.

For an applied field Hb, the condition that strong field Back-
Goudsmit interaction correctly predicts the absorption cross-section is

given by

H, >> 1073 H(O) (73)

where H(O) is the field induced at the nucleus by the orbiting electrons
of the atom, evaluated in some appropriate time averaged method. The
strong field case will effectively decouple the nuclear moment and the
extranuclear moment. It is important to realize that a complete Paschen-
Back pattern can be realized without a complete decoupling of these
moments. The complete decoupling will result, incidentally, in a
symmetric pattern about the centroid. A complete Paschen-Back pattern,
vithout a complete spin-spin decoupling for an intemmediate field will not

generally result in a symmetric pattern.
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For sodiwm,

()] 2P3/2 2.5 x 10" @

i{(6)) 2P1/2 = .o x 10% @ (T4)
H(0) 281/2 = 1,3 x 10° @ (Kopfermann, 1958)
80 that
2
> F3/p
-3 2
1072 H(O) = Lo Pl/2
2
103 81/ .

Based on this we choose to use strong field calculations for

2

P and 2Pl/2’ but will use the intermediate field calculations for the

3/2
1/2°
For strong field calculations

where Mg = 0.927 x 10720 ergs/gauss, is the Bohr magneton and

W3 %y,
g7 = 2/3%) (76)
2 251/2
we then get for 5000 G
2P3/2 my = #3/2 AWy = 2468 mK -
m = &1/2 AW = #157 mK
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2

Pl/a my = *1/2 Ay = 78 mK (78)

displacement from the centroid.

For the intermediate field case for 281 /2

A -
AWy = 3 I& ng.BHO FI gfuBHO m=% (I +.52)
or
8 ,
AWH =T "a‘f-;z:k (% g5 - IgI)uBHO (79)
for W= 2 (21+1)
o~ 2
¢ Dg .
where g_ = — g_ and g_ = 1,48 (Millman, 1940 ) A is given by
I my I T
a o P EO) kg HO) (80)
IdJ J

where M is the nuclear magnetic moment, Hopy is the nuclear magneton,
By = 5.0493 x 10'2‘* ergs/gauss = 25,5 x 1073 mK/1000 G. J is the quantum

nunber of the Zeemen fine structure being split, % for 281 /2,
A=10mK .

For all other wvalues we must use

8w v
Ny = - -mg"p,BH  —2 (. . N~
2(2I+1) Iso o 2I+1
with

4
£€.-8
d T

X = H

o

form = ((I-%), -+(I+%)).
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For 5 kG, we then get 8 components at the following displacements

from centroid; in mK, for 2S

%
255.9 -211.6
2h2,5 -208,1
228.4 -243.2
212.8 -257.6 .

" Figure XIX gives the qualitative behavior of the hyperfine levels,
and shows that each Zeeman fine structure component for 5000 G is
composed of 4 hyperfine lipes. Since sodium has a nuclear spin of
1 = 3/2, we expect each fine structure line to be composed of L hyper-
fine lines, equally intense. Two ways then are suggested to calculate
the relative intensities of the 16 hfs Dl components and the ol hfs D,
- components,
| One way to calculate these cross-sections would be to assign
relative intensities for each hfs emission from the zero field case, and
then keep track of each line as it shifts in the magnetic field, The
cross-sections will be the sums from 16 and 24 transition probabilities.,
Another way to calculate these cross-sections would be to look at the
5000 G pattern and recognize that these are four and six Zeeman fine
structure transitions, each split into four equally intense hyperfine
structure lines. The relative intensities of each transition then can
be determined by the relative intensity of each fine structure component.
We can get the Zeeman fine structure relative intensities from the usual
Zeeman intensity rules:

— J = J transition

dn = 0 I=bh m®

(82)
dn = &1 T = WA[(J+1)T - m(m £ 1)]
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Jd=J + 1 transitions
YB[(J + 1)° - u?) (83)

B(Jkm+2){(T&m +2)] .

& = O I

i

m:*l I

The good quantum nunbers for the asbove is mj, because the
grouping of the Zeeman hfs lines into Zeeman fine structure lines is by
means of my as in Figure XIX. With these relative intensities for the
transitions in hand for 5000 G we can then work backwards for the 1000 G
and 3000 G field situations. For the 1000 G case we dc not expect that
this profile obtained in the above manner will be completely accurate, in
that at 1000 G a Paschen-Back pattern is not obtained completely.

The relative transition strengths A and B can then be evaluated
in the following manner. From the zero field case we already have
evaluated the value of the constant which takes the zerp field relative
intensities to the actual cross-sections, and we also have evaluated the
total area under the cross-section curve, The appropriate constant which
takes the relative intensities for the Paschen-Back case into the cross-
section can be obtained by requiring the total area under this curve
equal the total cross-section for the zero field case. Each of these
integrations are performed on the Dy and D, components separately, These
cross-sections are shown in Figures XX-XXV. The width of each transition
is for a temperature of 438°K.

Although we now know how the surface brightness of the Rayleigh
scattered background changes throughout the day, and how the transmission
through the polaroid of the background changes due to the changing plane
of polarization, we must also investigate the profile for this source %o

find the amount of background absorbed at various phases of the operation.
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To take into account the profile for the Fraunhofer lines, we use
I, = Io(a + p(av)?) (8k)

where Iv then is the spectral radiance at wave number v, I, is the
continuum spectral radiance, without the Fraunhofer lines, and Av is the
distance from the centroid of the atmospheric resonance line.
Donahue and Stull (1959) give weighted averages of
-6 -2
p. = 1.72x 10 (mK)
1 {85)

d, = 0,063 b

Dy

taken from Priestley's data.

The same source gives expressions for the shift of centroid of the
Freunhofer lines with respect to the lab frame., These show at the ;
latitude of Laurel Mounkain, that the centroid will be displaced upward
in energy by 25-20 mK under daytime conditions during the year by virtue
of the earth's orbital motion, and the Fraunhofer lines will be decreased
by no more than 2 mK due to the earth’'s rotational motion.

Since the transmission of radiation through a distance p is given
by exp(-kvp) where k,, is the absorption coefficient at v, then
I- exb(-k\p) must be the radiation sbsorbed at v. For any given considera-

tion, the total radiation absorbed will be
[ ATyav = [ avIy(1 - exp(-kvp))

where I, will be the atmospheric sodium emission or Rayleigh background,
and ky will be the absorbing profile. AI was evaluated in intervals of

one mK, and was numerically integrated by Simpson's rule.



First for the daytime sky, the following absorptions were

calculated, per unit Io‘ Table V gives these values as a function of

the parameter Q, which is the displacement of the Fraunhofer centroid,

For the sodium absorption,

AL, = Iv(l - exp(-kvd))

was approximated by
AIv = Ivkvd

With the use of (86), we get

H Dy
0 9.14(-10)
1 5.01(-10)
3 4. 49(-10)
5 2.18(-13)

D
2

3.68(- 9)
2.70(~ 9)
1.08(- 9)
3.89(-10)

(86)

The actual depth of the sodium vapor used for this calcwlation is

not important, but the value 2 cm was used.

It is important to realize

that for the sodium signal absorption the two channels are nomalized

separately to the number of photons in each channel,

scattered background brightness Dl and

For the Rayleigh

D are both nomalized to the

continuum background brightness Io‘ They need not be handled separately

for the background.



VI. DATA ANALYSIS AND RESULTS

When the polarization is measured directly with a polaroid over
the light input amm, the data is decomposed according to the following.

o o o
Ip, = In, (Dy) + Iz (D)

-

o o ‘o
I = T D + I D
D2 N, ( 2) R ( 2)

vhere 1 l) is the counting rate in the Dl channel at &« field configura-

N(
tion from the sodium signal snd IR (Dl) the counting rate from the Reyleigh
scattered background into the D, chennel at o field configuration.

$he contribution to the counting rate equals the product of the

relative absorption coefficient times the emitted signal from the sodium

atons and the scattered background, that is:

la oY &
INa(Dl) = A (Dl)INa(Dl) = AlINa(Dl)
LY o o
.LN:(DQ) = A (DE)INa(Da) = AZINa(Da)
1.¥(D.) = BY(D;)Io(D,) = BI_(D.)

-3 KA 1/4R\P1s = Bigtyy

’

¥ o (+4
Ip (Dy) = B(Dp)Ig(D,) = BiIg(Dy)

The relative absorption coefficients are calculated directly from
o - o
A %(y) = [Javts(i-exp(-x,” a1
1
where the /43‘5 are the A's when Iv's are the sodium emission profiles,
and the ,/éa's are the B's when Iv's correspond to the Rayleigh scattering.

The ,jy's are calculated per unit intensity of the incoming signal,

Ly



In detail the counting rate equations for the four field

configurations of 0,1,3, and 5 thousand Gauss are

° o o

I, = AllNa(Dl) + AQINa(DE) + B, Ip(D))
1 1 1

Il = AlINa(Dl) + AQINa(DQ) + BlIR(Dl)
3 3 3

I3 = Ay (D)) + ATy (D) + B To(Dy)

5 5 5
15 = AlxNa(Dl) + AQINa(Dz) + BlIR(Da)

¥
and A = [ aviv(z

+ BoL (Dp)
+ B1(D,)

3
+ ngR(DE)

5
+ BQIR(DE)

exy(—ksd))

where Iv is the sodium profile for T = 200°K in the Dl channel

)
and k  is the sodium profile for T = k38°K, H = 0, in the D,

channel, glven respectively in Figures XVIII and XIX.

These relative coefficients, evaluated by a Simpson integra-

tion with an integration of 1 mK, are as follows

A A,
0 156.3 321.2
1 161.2 159.3
3 17.0 290.6

5 1.32(-2) 122.7

9.18
18,9k
37.17
66.62

.38
14.8
h3.8k
ol 84

Lo
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For Bl and B, the shift of the Fraunhofer solar lines relative to the

2
terrestrial sodium lines as a result of the earth's revolution and

rotation used here was 2k mK, and the orientation of the electric field

of the incoming light was taken as 45° with respect to the axis of the
megnetic field.

It is desirdble to use additional information, all of which has
been discussed before, to simplify this set of equations. For the
Rayleigh scattered‘iight we gesume that the spectral radianéé Ié"In the
neighborhood of the D lines is constant, and that the polarization of
these scatterings is the same for both channels, This allows us" to say
Ix(Dy) = IR(De) =I.

For the sodium signals we can write INa(Da) = fINa(Dl) where we can
explicitly calculate f. For small optical depths, that is for sodium
number densities around 30 x 109 which give * = .15 at the Dl line and
T = .30 at the D, line, the source function‘hnl/(an)o\/F Avy
is essentially linear with 7. PFor this case, which will hold for cases
where the sun's path through the sodium is not too long, f = ;ﬁgégg%
Evaluated without the polaroid, we get f = 3.6. Far trananiss?gn gf
the unpolarized Dy line through ocur model polaroid we get 65%, independent
of the orientation of the plane of polarization. The D2 line is polarized
as a function of the scattering angle, and will have a transmission through
the polaroid dependent on the scattering angle and the orientation of the
plane of polarization.

The polarization of the D2 line measures the excess number of
photons with the electric field in the plane of polarization. Thus for a

polarization ¥, we can consider the D2 line as a superposition of o

beams, an unpolarized beam of strength (1-y), and a besm of strength ¥



by

with the ele¢tric field in the plane of polarization. The transmission
through the polaroid of the (1-%) is 65%, however the transmission of the y
beam will be a function of the orientation of the plane of scattering

with respect to the axis of the polaroid. The axis of the polaroid

is inclined 45° to the east of the north. when the Zeeman photometer is
looking to the north. Thus, for a scattering plane inclined 1 to the

east of north, the projection onto the axis of the polaroid will be

cos(g-- M), Our model calls for the transmission through the polarcid along
the axis of 9 and a transmission of J through the pdlarcid perpendiculsr to the
polaroid axis. Since the plane of polarization is 90° from the plane

of scattering, and the plane of polarization is to the west in the AM and

to the east in the PM, the transmission in the AM will
b cos(T - M) + .9lsin(f - M)

and in the FM we have
9 cos(%’- ny o+ .h!sin(g~- mnl .

The solar elevation is catalogued as a function of hours fro- loecal noon,
and is alweys positive,.
The point of this discussion is to investigate the transmission
" of the D2 line relative to the Dl line. The expression is given by
m . T
A ocos(T - M) + .9]sin(+ - M|
f=ﬁ*-—-l—~*[(l-y)*.65+y{ 5 b }]
65 ﬂ i
.9 cos(} - M) + .hlsin(E'q M|

#

) LnI(r 270)*13

‘To) 7!2

where The extra term 13/7.2 is the factor

i

LT (v
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which normmalizes the number of solar photons in the D2 channel. tc the
nunber of photons in the Dl channel,

These calculations of f can then be sunmarized in the following
manner. We are interested in writing INa(De) as a function of INa(Dl)’
transmitted through the polaroid. This is accomplished by defining an
effective transmission coefficient for an equivalent unpolarized D2

beam, defined in the following manner.

1
-

(1 - v)*%.65 + (k& cos(%‘— n + .9lsin(E‘— IE
i (L - y)*.65 + (.9 cos(E'- ) + .hlsin(%‘- ) | *y

for the actual INa(DZ) with a polarization defined by

9.3(-2)sin0
1-9.3(-2)sin? 6

Y = PO(Dele) =

with the sun at a solar elevation T and scattering angle 6. We can
. o o . o
then write I = (A, + ng) Ina(Dl) + g(By + 32) xm (87)

for our four-field configurations,

]

Ip = (156.3 + £*321.2)Iy (D;) + g*15.56L,

[
[}

, = (161.2 + f*159.3)INa(Dl) + g*33. 74T,

I

#

3= (17.0 + f*290.6)INa(Dl) + g*81.01T

I = (.0137 + f*lee.?)INa(Dl) + gx161. 461
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In these equations for Ia, the g for the Rayleigh scattered
background is analgous to the f for the resonately scattered sodium.
The g gives the percentage of Rayleigh scatbered background transmitted
through the polaroid.

Applying the new method to data from 21 July 1968 yields
Figure XXVIII. The calculated Iw obtained from 13 and I5 has been
suppreséed for all but one measurement because all calculated Tos showed
remarkable agreement. The calculated Iy, on the figure show a marked
decrease in the later after afternoon hours. Conparison with Figure
XXIX suggest a decrease in sodium atom density at six hours from local
noon to about 1/3 the number density at local noon. The abundance at
three hours from midday indicates no change from the midday value.

When the polarization is not directly measured, data is handled
in a manner described by Gadsden et al. (1966). At the top of Figure
XXVIT the calculated surface brightness and the measured surface
brightness are shown. The parasitic signal, Ip, as well as I, and 15000
also are shown with a calculated profile of INa obtained from this data.

The hot cell reading I, is decomposed in the following manner,
I, = INa + Iw where Im is the Rayleigh scattered contributiocn to the
zero field signal. Thls component is evaluated by measuring the
instrumental response to white light when there is an insignificant
contribution from INa at 5000G as a function of the response at zero
field. RO/R5000 can be evaluated by observing directly at the sun, The
relative absorption coefficients predict RO/RSQOO = .29, which compares

favorably with the measured value of .26. One then expects
Tw = Ba/B5000*T5000 (88)

Thus the calculated sodiun emission profile in Figure XXVI is given by



7

Ro
5000

INar'Io'IwnIo'R

Iso00 - (89)

Since Ip follows the expected I

Ip is nommalized to ISOOO at % 3 hours from local noon (where the plane

of polarization is at 45°) and replaces I5000 in Equation (88). Figure

w profiile more accurately through the day,

XXVIIT gives the apparent emission rate as a function of time from local
noon for 21 July for A = .15, T, = .115. This predicts that knT evaluated
6 hours from local noon will droo to 83% of 4wl at local noon, where

the data' show. a slight increase in INa' This increase may be caused
by data scatter or the smoothing profile applied to IP and I,. These

data indicate essentially a constant sodium column density throughout

this afternoon.

The analogous exercise for data from 27 January 19v9, Figures XXX
and XXI, using only the new method indicated that the free atomic sodium
number density at 3 hours after local noon has fallen to about 75% of its
value about local noon. For times greater than three hours after local
noon on this date the solar zenith angle gets relatively large and
increases rapidly. The shape of T(t) will not be the same as WnI(t)., On
this day data was taken only with 45° ﬁolarization 80 no direct compari-
s0n between old and new reduction methods can be made.

Figure XXXII shows the effect as a function of local time of
different B's, the coefficient of aerosol scattering, for 26 July 1969 on
the surface brightness and the transmission through & polaroid. Figure
XXXIII gives s third P as well as the measured values from the monitor for
that day. Figure XXXIII shows great similarity between the predicted and

measured values for the surface brightness from the Rayleigh background.
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Figure XXXIV shows the measured values for 26 Juiy 1969 needed to calculate
INa by the old method, and shows the calculated INa values.

Here the sodium abundance at three hours before local noon is 90% of its
value at local noon, and at six hours before local noon is 57% of its

local noon value. Thi; method also predicts a minimum abundance at 5%
hours before local noon of Lo% of its midday value.

Figure XXXV gives data taken on 26 July 1969 with a polaroid and
allows direct comparison with the old method. With the pelaroid abundance
at six hours before local noon is 67% the local noon value, compared with
a 57% value by the previous method. The three hour before local noon
value obtained was 92% compared with 90% of the midday value by the old
method. The absolute minimum abundance shown by the new method is much
less pronounced than indicated by the previous method, and the time of
that minimwn is moved about %-hour closer to local noon. The intensity
profiles from three hours previous to local noon through midday are quite
similar for both methods,

Before concluding more attention must be given to the purpose of
this study and what these conclusions imply aboait the published litera-
ture. Data analysis performed withouﬁ a direct measure of the polariza-

t ion is plagued by not knowing exactly how to handle a rotating plane of
polarization. Since the i and ¢ transition probsbilities contain c0529

and sinee temms, changes in € throughout the day can change the absorp-
tion coefficients for 15000, where @ is the angle between the plane of
polarization of the incident radistion and any magnetic field applied
across the vapor, The method of Gadsden et al. (1966) was to use I
rather than I5OOO because IP was shown to follow the expected Iw(t) more

accurately than I5gpp. Further by normalizing Ip to ISOOO for the plane
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of polarization at 45°, one expects fairly good results. For instance
this method was able to correct previous work which indicated an
anomalous midday minimum in sodium abundance. An interesting feature
predicted by that method was statistically a ratio of about 1.31 for the
abundance at three hours after local noon to three hours before local
noon,

This new method is designed to handle the polarization directly.,
The assumption used in this study was that all polarization effects could
be handled by simply varying the asmount of signal transmitted through the
polaroid as & function of the polarization of the incident beam. All the
light which was transmitted through the polaroid was considered to have
the electric field aligned at 45° with respect to the axis of the magnetic
field. With tﬁis method, Ip no longer traces the surface brightness
transmitted through the monitor polaroid.

By looking at the pair of equations I, and I o’ we see that

500
both methods should give nearly the same results.

B® o)
I l+321
( B + 5)*
l 2
A2 + £xA2 + BS y -1
o] - l
[(Al * f*AZ) {l B %+ :f‘*A‘% 5 + Bg }]
! 2
Bg + Bg
5 5 is simply the response at zerc field relative to the response
B + B
1 2

at 5000G, BSince the bracketed term is nothing more than a scale factor,
this is the same equation as Iy = I, - Iw’ except we do not make the
a

substitution of Ip for I5000- This method, hovwever, can yield an abundance
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ith only one compliete cycle; the old method requires several hours of
data, and should include data near three hours before or after local
noon.

| Further, by making a conposite of the three days for which data

are reported using the direct measure of the polarizetion, the sodium
colunn abundance appears to be essentially symaetric, at least for near
midsummer, about local noon when measured as a function of the midday
abundance. The value at six hours from midday is about 67% of its noon
value and this abundance grows to about 90% of its midday value three
hours from local noon, The one day in Januvary quoted here shows the
abundence as & function of midday ebundance to be much more active, the
value at three hours from midday being about 67% the midday value. If
the source function of free atamic sodium were dependent on the solar
zenith angle, this is what would be expected since the sclar zenith angle
of 68° for 27 January at three hours from midday is the same as the
solar zenith angle at about five hours from midday on 26 July.

What is indicated by this data, but not conclusively skown
because of the few days quoted, is that the abundance is symmetric
throughout the day about the midday, énd the rate of change of the
sbundance changes throughout the year. Although the old method again
shows an excess abundance at three hours after local noon compared to the
value three hours before local noon for the July data, the new method

shows no excess.



APPENDIX A

The evaluation of Eq. (41) in more detail follows below

o 0 :
R(T,H,) = -1?-r-— j‘ala ap jeo T C"‘% + -&) os'vlcosﬁasin’ﬂd'n/s2 .

The appropriate coordinate system is shown in the Figure X .

The -circle for which the plane perpendicular to the sun's rays
cuts the earth's surface is defined by tan, = tanfsinf.

We then want to evaluate

X2

/2
IB cosp, 4B J'g cos(Trer) sinman
o

where

cos@, = sinfisinBeos@, - cosTeiné

which determmines the projection of the element of ares in the direction
of the sun.
B ;18 the point at which the parailel of latitude defined by 4|

intersects the great circle defined by ..
in the daytime B, = -m/2, at noon,

which makes the integral

/2 8 cos(a+n) .
‘-{1\‘/2 cosep; df fo "—'f('é—‘" sinMdfn

*
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It is sufficient to consider the reflection for the noon case
because the scattering back into the layer in the daytime will be from
that part of the earth's surface which is at noon. As the lower
atmosphere begins to be screened by the earth's shadow, then this
approximation no longer holds; however, then the daytime analysis is

replaced by a twilight analysis, but

/2
f (sinﬂsinﬁcoseo - cosfsing,)ap = -m 8ind cos

-m/2 .
we have
TT\ sineq b{ coSET\ _ cosll 1d(cos'n)
r® 10 L2 Lo ocosm)I2 (1 + b2izb cosm)d/2

2m sind ~
) "3"'5—5 ((2 + 2% - 63)% - (2 + b))
b

o

R(T,uo) = o < T( v-—'I + E )> .




APPENDIX B

Two ways to calculate the azimuth and elevation of the sun as

measured at the point of observation.

if ry is the radius vector to the sun from the earth's center and ry

the radius vector to the point of observation,

The elevation will be given by

. e~k LB b g ]
£ = [ - tan™" (e (cot 5 )|+

where

-1
8 = cos” (cosB cosd  + sinﬁLsinescosAw)

and the azimuth of bearing

53



54

z = sin™t [ 5100 sines?
sin@ N

vhich is measured from the South, West being positive.
If we prefer to rotate coordinate systems, instead of doing solid

Geometry, we can use the following equivalent relations

8= cos"l(coseLcoses + 8inl; sind cosp)

R’ = Rs(coseLcosas + sinQLsinescos¢Lcos¢s
+ sineLsinstineSsinms) - RL(COSQQL

2 RU- PRS- I
+ sin BLcosawL + sin 6L31n w, = Rscose - Ry,

R_ = R (-cos sin@; + cosb;cosepsind cosy,
+ cos@LsinstinessinmS) - RL(sinGLcoseLcosawL
+ sinSLcoseLsinamL - sinBLcoseL)

= Ry(cos@sin@ coshw - cosbgsingy)

R = Rs(cosstinessinms - sinstinescosq%)
+ RL(sineLsinchoswL - cosmLsineLsinmL)

= Rysind sinAp

b

i
S
t
-8
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where R{, Ré, Ré are respectively the x,y,z components of the difference

vector measured in the rotated coordinate system where

Ry = RL(l,O,O).

2 2 _ Y
IB| = [Rl * Re 251 Rl

and then

a R'
Azimuth = tan™* _.%
B].
7
R
Elevation = cos 1 «i .

R



APPENDIX C.

The optical scattering coefficient o ‘9’\ is given by

i@k = G¢Xik
using the Rayleigh scattering cross section

%) = ._}:E (\‘\.;‘--l)2 (1 + cos®0) n and Wy are molecular density
n

and refractive index of the air.
Adjusting for the polarization defect (Dawson, 1941, yields

the correct cross-section

_1)2 6 l+6 (l 1-6

l+6 cos cp) .

2
2
Tepp = o (b

56
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10-2

10-1

2x1071

5%10~1

10°
2x10°

5*10O

2*10l

5*101

*W(T) = J::

T(%)
9.99 (-1)
9.92 (-1)
9.31 (-1)
8.68 (-1)
7.08 (-1)
5.13 (-1)
2.89 (-1)
8.94 (-2)
3.58 (-2)

1.56 (-2)

5,47 (-3)

2.64 (-3)
2.16 (-4)
1.86 (-5)

ar'm/x)

TABLE I.

e(r)
b,97 (-1)
4,81 (-1)
3.93 (-1)
3.33 (-1)
2.25 (-1)
1.36 (-1)
6.49 (-2)
1.95 (-2)
8.51 (-3)
k.15 (-3)
1.k (-3)
6.60 (-4)
5.10 (-4)
4,50 (-4)

5T

H(T)
2.33
1.52
T.27 (-1)
5.09 (-1)
2.61 (-1)
1.18 (-1)
3.99 (-2)
5.06 (-3)
1.07 (-3)
2.28 (-k)
2.89 (-5)
6.61 (-6)
5.42 (-8)
4,46 (-10)

W(T)*

9.70 (-2)
1.78 (-1)
h.22 (-1)
6.16 (-1)
8.65 (~1)
1.18
1.4%0
1.58
1.83
2.00
2,44

2,72



Lat. 23.5°N
June 19

June 26

Hours from
local noon

oAt O
[« AN N o

FoF
o W

Brightness

108.9
1141
119.7
126.7
135.2
137.8
139.2
1404

141.3

142.0
1k2.5
142.8
142.9

% Transmission

R

TABLE II.

B = 0.0126/km

B
£P

5
.T6L TL.7
.186  76.0
.806 80.3
8ok 84.8
839 89.k4
845 85.6
850  80.C
.853 13.5
856 65.6
.858 55.4
.859 k1.6
.860 23.0
.860

Elevation

Scattering
Angle

0
=
¥

L176
. 166
.185
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Lat. O°N
March 21

September 23

O Hours from
O local noon

= fr Ui
O W O o\

3.5

3.0
2.5
2.0
1.5
1,0
0,5

0.0

Brightness

118.5
119.5
120.2
120.7
121.0
121.2

121.3

Transmission

Blevation

Scattering
Angle

cglculation fails for this hour

.Lo8
k8
490
+530
.566

595
.619
. 637
.650
,658
.662
.663

TABLE III.
B = 0,0126/km
<
4+
o]
7 F
<t
. 653 85.1
736 80.2
172 75.0
.792 69.6
.80k 63.7
812 57.2
.818 50.0
.B22 k1.8
.825 32.7
.8e7 22.6
.828 11.5
° 828

84,3
18.6
73.0
67.5
62.3

57.3
s2.7

45,1
o,k
Lo.7

ho.2

89.4
88,8
88.2
87.6
87.1

86.6
86.2
85.8
85.5
85.3
85.2
85.2

.192
.169
L157

»150

RS
o 1hh
k2
J1hl
L3ho
. 140

140
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Lat, %.2°8
October 31

February 11

Hours from
local noon

(A N
o W 0O

FF
o w

3.5
3.0
2.5
2.0
1.5
1.0
0.5
0.0

Brightness

TT. 4
102.3
110.7
114,6
116.8
118.2

119.0

119.9
120.1

120.2

Transmission

TABLE IV.

B = 0.0126/km

]

Azimuth

Elevation

Calculation gives negative ﬁn

Calculation gives negative B

. 406
il
L1481
V517
549
575
. 596
612
.623
.629
.631

1633
728
. 766
187
800
.808
.813
817
.819
821
821

T2.7
67.6
62.2
56.5
50.2
43.3
35.9

27.7

18.9
9.6

85.2
79.8
4.6
69.7
65.1
€0.9
57.2
5h.2
52.0
50.5

50.1

Scattering
Angle

98.6
98.0
97.5
96.9
96.5
96.1
95.7
95.b
95.2
95.1
95.1



in lO3G

in 103G

9.89 (-8).

2,04 (-7)
4,70 (-7)
8.91 (-7)

8.55
1.98
5.10

10. 64

TAA.BIE V ?

TABLE V.,
25

9.99
2.06
ik, 70

8.90

25

8,65
2.01
5.14

1007 N

-25

9'99
2,06

h‘ r(o
8.90

-25

8.65

2,00

.13
10.7

10.0
2,06
k.71
8.92

28

8.¢8
2,01
5.15

10,7

-28

10.0
2,006
L. 70
8.91

8. 68
2.01
5.1k

10.7

in mk

xlO’8

x10~1
x10"7

x10~1
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