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ABSTRACT 

A low-resolution Fabry-Perot spectrometer was used in 

conjunction with a sodium vapour cell to observe the ter

restrial absorption by sodium. By observing the variation 

of absorption with the solar elevation, the sodium abundance 

was determined. The abundances of sodium obtained were in 

the range between 16 X 109 and 20 X 109 atoms/cm2 column. 

Recent dayglow results obtained by Blamont and Donahue (1961) 

have indicated that the sodium abundance in the daytime is 

three to four times higher than during twilight. The present 

results tend to support the dayglow observation by Blamont 

and Donahue (1961). However, previous work by Zwick and 

Shepherd (1961) and McNutt and Mack (1963) have both indi

cated no enhancement of sodium during the daytime as compared 

to twilight. The apparent contradiction between these sets 

of results has not yet been resolved. 

As an additional result, the residual intensities at 

the bottom of the Fraunhofer D-lines were found to be 

6.37 ~ 0.19% and 5.41 ! 0.25% for the Dl and 02 lines 

respectively. 
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I. INTRODUCTION 

The earth's upper atmosphere has attracted the atten

tion of many research workers and considerable effort has 

been directed toward revealing the secrets that lie within 

it. Various measuring devices including the spectrometer 

and the photometer have been used in an attempt to study the 

behaviour of the atmospheric constituents. Although theo

retical and experimental advancement haw been made, many 

problems still remain unsolved and many experimental facts 

unexplained. 

Among the various atmospheric c;procesaes studied, 

the emission of the sodium D-lines during twilight is a 

problem that has engaged the attention of many workers. This 

is probably due to the fact that sodium is one of the few 

atmospheric constituents that is amenable to a fairly com

plete theoretical and observational analysis. Chamberlain, 

Hunten, and Mack (1958) and Chamberlain (1961) have given a 

comprehensive treatment of the theoretical aspects of the 

problem. 

One quantity of great interest to geophysicists is the 
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abundance of free sodium atoms (atoms/cm2 column) present in 

the atmosphere during the day and during twilight. Bullock 

and Hunten (1961) have observed the seasonal variation of the 

twilight sodium in Saskatoon with a birefringent photometer. 

They have established that the abundance of free sodium atoms 

is usually between 4.7 X 109 and 1.0 X 109 atoms/cm2 column 

and that it can be as large as 7.0 X 109 atoms/cm2 column. 

According to measurements made during twilight by Blamont and 

Donahue (1958) and Donahue and Blamont (1960), the number of 

free sodium atoms can be as high as 30 X 109 atoms/cm2 col

umn. This disagreement is yet to be resolved and probably 

lies in the fact that the abundance of sodium might vary with 

the geographical situations. 

Although the twilight sodium abundance has been fairly 

thoroughly measured (Bullock and Hunten, 1961; Zwick and 

Shepherd, 1962), the problem of the sodium dayglow is hardly 

touched upon. Until recently, the measurement of the sodium 

dayglow has not been attempted, mainly because of the dif

ficulty in contending with the strong background of white 

light scattered in the troposphere. It was pointed out a 

long time ago by Bricard and Kastler (1944) that the sodium 

emission under the most favourable condition might not be 

weak compared to that scattered by the lower atmosphere in 

the same wavelength interval. 
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Thus far, only two attempts have been made at cal

culating the sodium dayglow intensity, one by Donahue (l956) 

and one by Brandt and Chamberlain (1958). As far as the 

experimental work is concerned, the only earlier observa

tions providing evidence of the amount of sodium in the day

time are those of Scrimger and Hunten (1957) and Blamont and 

Donahue (1961). The first of these authors observed the 

effect of absorption by atmospheric sodium on the Fraunhofer 

lines during the course of the day. Using sunlight as the 

source, the light was directed into a sodium vapour cell with 

low number density and the scattered light was recorded by a 

photoelectric spectrometer. By observing the variation of 

absorption with solar elevation, the sodium abundance was 

then deduced. Since the radiation detected was at the bottom 

of the Fraunhofer lines, the residual intensities there were 

measured as a by-product. The latter authors observed the 

sodium dayglow in the scattered sunlight using a Zeeman

modulated resonance scattering cell. The cell was temperature 

controlled, with provision for observation of the light 

scattered at right angles to the incident beam. A magnetic 

field of 4000 gauss was used to shift the passband into the 

continuum and the difference between field-on and field-off 

readings was reckoned to be the D-line intensity. The 

measured day emission was reported to be three to four times 
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as large as those observed during twilight. However, the 

above method required an accurate knowledge of the solar 

profile in addition to the fact that no atmospheric lines 

other than sodium must be present within the region swept by 

the magnetic field; i.e., 300 mK (1 mK = 10-3 em-I). 

Recently, measurements were made by McNutt (1962) of ter

restrial absorption of solar radiation using a high resolu

tion Fabry-Perot spectrometer coupled to a grating spec

trometer, and the results indicated the daytime sodium 

abundance to be the same as during twilight. Also, work by 

Zwick and Shepherd (1962) using a low-resolution scanning 

Fabry-Perot spectrometer in measuring the ratio and absolute 

brightness of the sodium D-lines in the twilight glow has 

inclirectly indicated lack of sodium enhancement during the 

day. 

The present thesis is devoted to the stUdy of the day

time sodium in the light of the recent results obtained by 

Blamont and Donahue (1961). As mentioned earlier, their 

results indicated daytime sodium abundance to be three to 

four times higher than those during twilight. Consequently, 

it was considered worthwhile to repeat the experiment of 

Scrimger and Hunten (1957) in the hope of obtaining more 

evidence as regards the sodium abundance during the day. 

However, the experimental arrangement differed slightly. In 
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and Bunten's 
Scrimger~ experiment, the sodium resonance cell was used to 

scatter the incident light into the photoelectric spectrometer, 

and each measurement required a period of about 20 minutes. 

A number of such measurements must be obtained during the day 

te determine the sodium abundance. In the present experiment, 

however, a low-resolution Fabry-Perot spectrometer was 

employed, and light was passed through the spectrometer before 

being scattered by the sodium cell. Moreover, the present 

instrument consisted of two channels, thus enabling each 

measurement to be made in two minutes, giving more data 

points per run. In this experiment, the residual intensities 

at the bottom of the Fraunhofer lines will be measured as a 

by-product. 

Chapter 2 describes the experimental aspects and the 

observational techniques. The theory of the sodium absorp

tion is presented in Chapter 3. The results obtained and the 

method of analysis are contained in Chapter 4. A summary and 

suggestions for further work are found in Chapter 5. 



2. EXPERIMENTAL 

2.1 Introduction 

As already mentioned, the abundance of free sodium 

atoms in the upper atmosphere is a quantity of importance to 

geophysicists. This quantity can be deduced from abso

lute brightness measurements of the sodium D-lines in twi

light. However, two s••Jo~sd~lf~tc.a.t~e.(::' are encountered 

when using this procedure. The first is due to self

absorption, which is caused by the sodium itself and which 

has the tendency to reduce the apparent brightness. Hence, 

correction must be allowed for this effect. Secondly, there 

is the uncertainty as regards the incident solar flux, which 

is not known accurately. This uncertainty arises mostly in 

the measurements of the residual intensities at the bottom of 

the Fraunhofer lines. 

Several attempts to determine the residual intensities 

at the bottom of the Fraunhofer lines have been made by solar 

physicists such as Allen (1939), Priester (1933), Shane 

(1941), and Waddel (1962). Two attempts to verify these 

values were made by Scrimger and Hunten (1955, 1957). The 

6 
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latter experiment made use of a sodium vapour cell, which 

scattered the incident sunlight into a photoelectric spec

trometer. The spectrometer resolved the two sodium D-lines 

and eliminated the effect of the parasitic scattered spec

trum. The principal result obtained was the sodium abundance 

in the daytime, and the residual intensities were measured as 

a by-product. 

In the present experiment, a Fabry-Perot spectrometer 

was used in conjunction with a sodium vapour cell. A block 

diagram of the Whole assembled apparatus is shown in Fig. 

2.1. The incident sunlight was first directed into a photo

electric Fabry-Perot spectrometer using an interference fil

ter as a low resolution monochromator. This effectively 

isolated a single etalon passband. The light was then 

scattered by the sodium vapour cell and recorded by a photo

multiplier. The recorded signal was that of the sodium D

lines denoted by ds in Fig. 2.2a. (The white light continuum 

is stray light.) This is a measure of the amount of sodium 

remaining at the bottom of the Fraunhofer lines after absorp

tion in the solar and terrestrial atmosphere. A beam

splitter was placed between the Fabry-Perot etalon and the 

resonance cell. The beam-splitter, which consisted of a 

glass plate, was mounted at an angle so as to reflect a small 

portion of the transmitted light into a photomultiplier in 
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another channel. This recorded the spectrum of the back

ground level Bs (Fig. 2.2~), indicating the continuum inten

sity on both sides of the O-lines. The Fraunhofer absorption 

lines can be seen; but because of the low resolution, they 

give no indication of the true depth of the absorption lines. 

The ratio of these two signals yields the intensity remaining 

at the bottom of O-lines after absorption by the sodium 

layer, expressed as a fraction of the continuum. This will 

be denoted by PI and P2 for the Dl and D2 lines respectively. 

To calculate this, the relative sensitivities of the two 

channels must be known. To calibrate this, a white light 

tungsten source was used, producing two spectra, one in each 

channel as shown in Fig. 2.2b and d. The spectrum b was 

recorded by the sodium cell channel, and the spectrum d gave 
etalon of the 

the amount of White light transmitted by the~Fabry-Perot

spectrometer. 

In this chapter, the Fabry-Perot spectrometer, the 

resonance cell, and the calibration lamp unit will be 

described. A general description of the experimental 

arrangement as well as the observational procedure will also 

be presented. 

2.2 The Fabry-Perot Spectrometer 

The use of the Fabry-Perot spectrometer in conjunction 

with photographic spectrographs for high resolution studies 
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is well known. This apparatus, invented in 1896, has been 

employed chiefly in the investigation of hyperfine struc

tures. For a long time the apparatus was very little 

developed, and its use was limited mainly to this kind of 

investigation. 

In recent years, however, it was realized that its use 

could be extended beyond the photographic method and over a 

large range of resolution. Considerable progress both 

theoretical as well as practical has been achieved. The 

instrument was recently developed into a scanning photo

electric spectrometer, mainly by Chabbal (1953, 1958a, b), 

and is currently being extensively employed in the studies of 

the airglow and the aurora. The reason that this instrument 

is most suited to such observations is that it possesses a 

high light gathering power, much higher than that of a grat

ing spectrometer operating at the same resolution (P. Jacq

uinot, 1954). That is, if the light gathering power is 

denoted by G, the area of the selective element by A, the 

solid angle it will receive byJl, and the transmission of the 

instrument by T, then G =AQT. Furthermore, if R is the 

resolving power of the instrument, GR is a constant for any 

spectrometer; but this constant has a much higher value for 

the Fabry-Perot spectrometer than for a grating spectrometer 

if both have the same area A. Shepherd (1960), Zwick and 
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Shepherd (1962), Nilson and Shepherd (1960), Turgeon and 

Shepherd (1961), and Cogger (1962) have thoroughly demon

strated the capability of the Fabry-Perot spectrometer in the 

observations of the airglow and the aurora. 

The elementary theory of the instrument is well known 

and is treated in ~ optics textbook. Chabbal (1953) first 

worked out the detailed theory of the photoelectric Fabry

Perot spectrometer, and 6 review.sof this paper ha sebsen given 

by P. Jacquinot (1960) and Nilson (1960). Only a brief 

description dealing with the essential features of the spec

trometer will be given here. 

In general, the Fabry-Perot spectrometer is an ensemble 

which includes,in series, the source, a monochromator, the 

Fabry-Perot etalon, and an isolating diaphragm followed by a 

detector. The Fabry-Perot etalon is the most important com

ponent of the spectrometer and consists of a pair of trans

parent quartz plates having partially reflecting inner sur

faces. In the ideal case, the plates are perfectly flat a~

parallel. When a light beam (of a given wavelength) is 

incident upon the two parallel plates, it is divided by 

multiple transmissions and reflections into an infinity of 

rays reflected and transmitted parallel to each other. The 

transmitted rays, the ones used in general, recombine at 

infinity and interfere. Between two successive transmitted 
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rays, there is an optical path difference. If this optical 

path difference is an integral number of wavelengths, the 

transmitted rays will interfere constructively and the inci

dent energy is transmitted. Since the path difference 

depends on the angle of incidence, the transmitted rays form 

a system of rings ,which is centered on the optical axis of 

the instrument. Hence if a lens is placed so that the dia

phragm is at its focal plane, the Fabry-Perot passband can be 
r--o.th d;·t-ftt.re \"lce ; .s (\lit e ... i .... tesrA.\ tlu ....I>,z,t- 0 t W AV:?le"3ik.s

isolated. If the 11.. I I r ;.. II II " multiple 

rays interfere destructively, and the incident energy is 

reflected back to the source. 

Thus for a given value of the optical path difference, 

the Fabry-Perot device acts as a wavelength filter; and if 

the optical path between the plates is varied, the trans

mitting passbands can be made to sweep across a wavelength 

interval. This means that the etalon can be set either to 

transmit a desired wavelength or can be used to traverse a 

spectral region. In either case, the optical separation 

between the plates must be made controllable. Two methods 

are widely in use. One is by varying the refractive index of 

the gas surrounding the plates (Nilson, 1960 and Cogger, 

1962). The other is to move mechanically one of the plates 

without destroying the parallelism. The present instrument 

is the one designed by Zwick and Shepherd (1962), who adopted 
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the method of mechanical scanning. At the low order (about 

300) in which the instrument is operating, mechanical scan

ning is advantageous since a large scanning range is 

desired (Shepherd, 1960). The passband separation in this 

case is about 20 X, and an interference filter with a pass-
o

band half-width of 15A is used as a monochromator to isolate 

a single passband. The filter is tilted at an angle, and the 

angle is changed with time so that its scan is synchronized 

with that of the Fabry-Perot etalon. This enables a constant 

transmission of light to be obtained. In this way, the 

detector is made to receive energy only from a single pass
(having a half-width of ab~u.\1.5 1)

bandAof the Fabry-Perot etalon. J 

2.3 The Sodium Resonance Cell 

The sodium resonance cell used in this experiment was 

constructed and described by Scrimger (1956). For complete

ness, a brief description only will be presented here. 

In short, a resonance cell is a glass vessel containing 

an unexcited gas or vapour which can absorb a beam of radia

tion from an external source (anUexciting d source) and which, 

as a result of this optical excitation, emits resonance 

radiation in all directions. As a definition, resonance 
or\'"3·I I'\ l"....lly 

radiation may be said to be the light emitted by atoms,\in the 

ground state which, after absorbing light of a certain fre

quency, subsequently re-emit light of the same frequency. In 
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terms of the quantum concept. resonance radiation will occur 

when an atom is excited to a higher quantum state from the 

ground state by absorption of one quantum of light and then 

return to the same state by the emission of one quantum of 

radiation. As already mentioned. in this process, light of 

the same frequency as that absorbed will be emitted. This 

differs from the well-known process of fluorescence in the 

fact that in fluorescence the frequency of radiation emitted 

is different from that which is absorbed. 

The resonance radiation of sodium has been thoroughly 

investigated by Wood and Dunoyer. Wood was the first to 

excite the sodium D-line resonance radiation by the action of 

the D-lines themselves. The ground state of the sodium atom 

is a 32~ state. When white light is incident on the sodium, 

only lines in the principal series (P states) are absorbed 

since this is the only series ending on the ground state. 

However, if the excited sodium vapour is contained in a glass 

vessel, only the D-lines will be observed after de-excitation 

since the other resonance lines of the series are of wave

lengths short enough to be absorbed by the glass. 

A diagram of the sodium resonance cell is shown in 

Fig. 2.3. The shape of the cell was designed so as to 

eliminate two very serious defects which invariably occur in 

ordinary resonance cells, namely: 
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(1) the presence of stray light due to reflection; 

(2) the presence of a layer of unexcited vapour
lying between the path of the exciting beam 
and the window from which the resonance radia
tion emerges. 

The image of the solar disc was produced at 0 by means of the 

optical system, and the emitted resonance radiation was 

observed through the side of the small tube at the exit win

dow. The light trap prevented internal reflections, and the 

slight projection of the entrance window enabled the exciting 

beam to be confined in the region of the exit window so that 

the resonance radiation did not traverse the unexcited layer 

of vapour. The resonance cell was placed in an oven whose 

temperature was controlled by a temperature regulator. When 

using the resonance cell, it was desirable to be able to 

obtain substantial resonance emission to facilitate measure

ments. At the same time, however, it was also important to 
~

preserve a low vapour pressure (and hence low sodium density) 

to minimize absorption of the resonance radiation by 

unexcited atoms. Thus the rear end of the tube was maintained 

at a temperature range of 1450 - 1500 C., with the window end 

several degrees higher. This was to prevent sodium vapour 

from condensing on the window. Extensive baffling was nec

essary so as to prevent any outside stray light before the 

cell could be used to observe the sodium absorption lines 

using sunlight as the source. 

* 
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2.4 The Calibration Lamp Unit 

It was mentioned earlier that a White light source was 

employed in the calibration of the system. This consisted of 

a 500-watt Sylvania blue top projection lamp with a filament 

size of 1 cm. X 1 cm. The lamp was enclosed in a metal cyl

inder with a projecting tube containing a lens system. A 

diagram of the lamp unit is shown in Fig. 2.4. At the end of 

the projecting tube was attached a mirror M, Which reflected 

the light into the Fabry-Perot spectrometer and the sodium 

cell. The lens system as shown in the diagram was designed 

so as to image the lamp filament at 0 of the sodium cell 

(see Fig. 2.3), the position at which the sun was imaged when 

using sunlight as the source. The lamp unit was attached to 

the side of a larger metal cylinder box containing the aper

ture and the 10 cm. lens. It was made adjustable so that it 

could be swung in and out of the aperture position during the 

process of making observations. As the time of observation 

was quite long, the lamp was constantly cooled by a fan. The 

air was drawn in through a bellow attached to the side of the 

cylinder containing the lamp. When making observations, this 

whole unit could be placed above the window of the Fabry

Perot spectrometer. 
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2.5 Instrumental Arrangement 

With the exception of the coelostat, the assembled 

instrument is housed in room 304 of the Physics Building. 

The Fabry-Perot spectrometer is vibration mounted in a dexion 

stand, which is located under a wooden hatch. The coelostat, 

which is mounted on a rigid dexion platform, stands several 

feet above the hatch. A rectangular chimney 8- by 8d con

nects the hatch and the coelostat and contains a lens 10 em. 

in diameter having a focal length of 106 em. 

To describe the instrument, a light beam will be fol

lowed through it. A drawing of the various components in the 

assembled instrument is shown in Fig. 2.5. The optical axis 

is vertical. In making observations, the coelostat is 

adjusted so as to direct a steady vertical beam of sunlight 

into the instrument. The beam is intercepted by a 10 cm. 

lens (I), Which focusses the image of the sun onto the aper

ture (4), 0.7 em. in diameter. A plano-convex lens (5) (f.l. 

16 cm.), placed at a distance equal to its focal length 

behind the aperture, then forms a parallel beam of light as 

seen by the Fabry-Perot etalon (7). To avoid heating of the 

Fabry-Perot etalon, an infra-red filter (3) consisting of a 

2~% CUC12 solution in a rectangular glass container is placed 

in front of the lens. The interference filter (6) and the 

Fabry-Perot etalon are contained in a cast aluminium cell. 
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The cell is temperature controlled, as described by Shepherd 

(1960), so that a uniform temperature is achieved over the 

inner wall. This device protects the etalon and the etalon 

mounting from any temperature fluctuations which may destroy 

the plate parallelism. The interference filter is tilted by 

a cam mechanism and is driven by a 1 r.p.m. synchronous 

motor. This cam is designed to produce a sawtooth wavelength 

change with respect to time, and it allows the peak of its 

passband to be shifted to the desired wavelength. The etalon 

scanning is produced by a mechanical motion of the lower 

plate; the motion is caused by pneumatic pressure applied to 

an annular steel membrane. The pressure control is achieved 

by using a commercial current-to-pressure transducer 

(Minneapolis Honeywell rip transducer). The electrical saw

tooth output for the transducer is obtained from a continuous 

turn precision potentiometer tapped at 3000 and driven by a 

1 r.p.m. synchronous motor. Amplifiers are incorporated to 

provide the necessary current amplification for the trans

ducer and allow adjustments of the amplitude and mean level 

of the sawtooth pressure signal. These electric controls 

enable synchronization and alignment of the passbands of the 

etalon and the interference filter to be obtained. Further 

details may be found in Zwick's M.A. thesis (1961). 

The light that leaves the Fabry-Perot etalon passes 
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through an achromatic lens (8), 31.7 em. focal length and 6.5 

em. diameter, mounted at the base of the aluminium cell. 

This lens focusses the etalon passbands into concentric 

fringes in its focal plane. The aperture (lO) located in 

this focal plane allows light from only the central fringe to 

pass through to the sodium cell located below. The diameter 

of the aperture is 1.4 em. and gives a spectral width of 5 

cm.- l at 5893 A. The beam-splitter (9), essentially a glass 

plate, reflects light into an aperture of the same size (1.4 

em.). This device makes possible simultaneous measurement of 

the Fraunhofer spectrum and the sodium lines scattered from 

the sodium cell. The first of these channels will be 

referred to as the monitor channel. 

In the monitor channel, the light reflected by the 

glass plate is brought,by means of a simple optical system, 

to image on the photocathode of a photomultiplier (IP21) con

taining a preamplifier stage. The output from the pre

amplifier is passed through a high-frequency cut-off circuit 

to a final amplification stage. The final stage is an 

attenuator which precedes an Easterline-Angus recorder. The 

attenuator in this case has two positions, one having ten 

times as much attenuation as the other. 

In the sodium cell channel, the light beam is brought 

into focus at 0 of the entrance window of the cell (see Fig. 
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2.3) and is scattered by the sodium vapour cell. The cell is 

contained in an aluminium box attached to the end of the 

aperture box and is temperature controlled by a temperature 

regulator (Scrimger, 1956). The scattered light is directed 

through an optical system into a detector. The complete 

detector unit consists of an EM! 9502b photomultiplier tube, 

an insulated aluminium box, a refrigerating cooling unit, and 

a preamplifier. This unit was kindly loaned by Dr. D. M. 

Hunten. The accessory electronics are housed in a metal 

cabinet beside the spectremeter. 

To calibrate the system, a white light tungsten source 

(see Fig. 2.4) is used. The tungsten lamp (500 watts) and 

the mirror (2) are incorporated in one unit and the lamp is 

contained in a metal box cooled constantly by a fan. The 

mirror is made adjustable so that when making measurement 

with the sun as the source, it can be moved out away from the 

aperture (4). By means of an optical system, the filament of 

the tungsten lamp is imaged so as to fall at 0, the position 

of the image of the sun when using sunlight as the source. 

2.6 Observational Procedure 

Before attempting to make observation with the Fabry

Perot spectrometer, several adjustments have to be made. The 

first step is to adjust the etalon and bring the plates as 

near parallelism as possible. This is done by means of three 
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spring loaded nuts, which apply pressure to and compress the 

invar spacers. When performing this adjustment, an Osram 

sodium lamp is used as the illuminating source. The second 

step is to synchronize the scanning of the passbands of the 

etalon and interference filter. Synchronization between 

these two scans is achieved if the etalon passband peak 

starts scanning when it is exactly under the passband peak of 

the interference filter and remains in this relative position 

as the filter passband scans in wavelength. The interference 

filter tilting mechanism fixes the starting wavelength and 

the linear scanning range. Hence to synchronize these two 

processes, the sawtooth pressure level from the output of the 

transducer is carefully adjusted since this controls the 

scanning of the etalon passbands. Synchronization is 

obtained when maximum transmission through the system is 

observed. 

The standard source unit is then placed in position on 

top of the aluminium cell and the coelostat adjusted to 

direct a beam of sunlight into the instrument. An image of 

the sun is formed at the aperture 1, and the spectrometer is 

ready for observation. The temperature of the cell oven is 

maintained in the range 145°-150° c. 
Normally, the procedure is to observe the absorption 

lines of the sun first. This involves one scan which lasts 
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60 seconds, since the interference filter and the etalon 

passbands make one scan in 50 seconds and recycle in 10 sec

onds. During this process, two spectra are produced, one in 

the monitor channel and the other in the sodium cell channel. 

The monitor channel observes the Fraunhofer spectrum; and the 

sodium cell channel, the scattered sodium D-lines super

imposed upon the white light continuum. During the lO-second 

recycle, the standard source is swung into position, and a 

scan is taken using this as the source. This process cali

brates the Fabry-Perot spectrometer and produces two spectra, 

one in each channel. Thus a single complete measurement takes 

two minutes in which four spectra are obtained. A typical 

sample of each type of spectrum is shown in Fig. 2.2. In the 

monitor channel, the scan with the tungsten lamp as the 

source is made with a gain ten times larger. 

The results obtained by this procedure and the method 

of analyzing them will be presented in Chapter 4. 



3. THEORY OF SOLAR ABSORPTION 
BY ATMOSPHERIC SODIUM 

3.1 Introduction 
It is known that in the atmospheres of the sun and earth, 

• r , . ' b ;';'.. J".
L i i 

absorption proces~s~taking place in which solar energy is 

being absorbed by the outer layers of the sun and also by the 

earth's atmospheric consti tuents. Thfse proces~sgives ri se to 

the various Fraunhofer spectra of the sun as observed at the 

ground. In the case of sodium, the wavelengths at which the 

solar spectrum is absorbed are 5890 and 5896 X--the wave

lengths of the sodium D-lines. 

In considering terrestrial absorption by atmospheric 

sodium, one must distinguish it from the absorption in the 

solar atmosphere; that is, the solar intensity at the bottom 

of the Fraunhofer lines. This quantity is not accurately 

known. Suppose Po denotes the residual intensity at the bot

\tom of the Fraunhofer lines with no absorption by terrestrial 

sodium and p with absorption by sodium (Fig. 3.1), we can 

obtain an equation governing the absorption process by con

sidering a column of atmosphere of unit cross-section con

taining N atoms along the path of the solar beam and having 

27 
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an absorption coefficient per atom denoted by k. The equa

tion is 

••• (3.1) 

At the centre of the line, however, 

where kO is defined for the centre of the line. Sometimes 

this will be written as 

• • • (3.3) 

whereto is the optical thickness at the centre of the line. 

The sodium D-lines, however, possess hyperfine struc

tures, and these must be accounted for in considering the 

absorption of solar energy by the terrestrial sodium. The 

D1 line has four hyperfine components (hfs) While the D2 line 

has six. These hyperfine components result from the inter

action of the electron and nuclear magnetic moments. The 

various hyperfine components of the sodium D-lines and their 

wavenumbers and level-separations are shown in Fig. 3.2 

(McNutt and Mack, 1963). Since the separations of the P

levels are very narrow, each line is effectively divided into 

two hyperfine groups of fine structure lines. These hyperfine 

groups may be labelled Dla' and D2b• DopplerDl b, D2a, 
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broadening at the temperature of the sodium layer (200°-250° 

K.) effectively blends together the hfs lines within one 

group without much overlapping of the profiles between dif

ferent groups (Chamberlain, Hunten, and Mack, 1958a). A dia

gram illustrating the situation is shown in Fig. 3.3. This 

diagram is taken from Chamberlain (1961). 

A detailed theory of the sodium absorption, taking into 

account the two hyperfine groups and the temperature profiles 

of atmospheric D-lines (200° K.) and the O-lines scattered by 

the sodium cell (400° K.), will be considered in the next 

section. The method of evaluating the effective absorption 

coefficient denoted by k and the measuring procedure are 

described in sections 3.3 and 3.4. 

3.2 Theory of Sodium Absorption 

In considering the solar absorption by atmospheric 

sodium, one needs to take into account the hyperfine groups 

of each O-line. As mentioned earlier, in the upper atmosphere 

each O-line is divided into two hyperfine groups, which have 

been labelled as Dl a' DIb' D2a' and D2b for the Dl and D2 

lines respectively. The temperature profiles of the atmos

pheric D-lines (200° K.) and the scattered D-lines from the 

sodium cell (400° K.) (see Fig. 3.3) will be taken into 

account in the theory. 
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To avoid complexity, only a single line (Dl or D2) will 

be considered. Suppose 15(0 ) (Fig. 3.4a) is the solar inten

sity incident on the atmosphere and IT(~) the solar spectrum 

after transmission through the atmosphere (Fig. 3.4b), then 

the equation governing the absorption is 

• • • (3.4) 

where kT is the absorption coefficient for a 200 0 K. sodium 

pr@file. After this the solar beam is passed through the 

Fabry-Perot spectrometer and the beam is split into two 

paths by the glass plate, one entering the monitor channel 

while the other the sodium cell. 

In the monitor channel, let YIM (Fig. 3.4c) be the 

recorded signal after transmission of IT through the Fabry

Perot etalon whose passband shape is denoted by W{u). When 

spectrum passband is at er , the intensi ty transmi tted at q-' 

will be IT{u')W(~' - u) and the intensity through the Whole 

passband will then be 1,: I r ( ; )W( / - u)d r!-. The recorded 

signal will be 

.•• (3.5) 

where L is the luminosity of the Fabry-Perot spectrometer 

defined as the ratio of the output signal to source intensity. 

To obtain the intensity seen by the cell, it would be 
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easier to consider the cell as being placed before the 

Fabry-Perot etalon. Hence, if I VC (Fig. 3.4d) denotes the 

spectrum after scattering by the 4000 K. sodium profile, then 

• •• (3.6) 

where c is a sort of scattering function for the sodium 

vapour cell. However, after passing through the Fabry-Perot, 

the recorded signal YTR (Fig. 3.4e) is given by the following 

relation 

• •• (3.7) 

In calibrating the system, a white light source is used. Let 

I L be the incident lamp spectrum (Fig. 3.4f). Hence in the 

monitor channel, the recorded signal YLM (Fig. 3.49) is 

· •• (3.8) 

and in the cell channel, we have I ue (Fig. 3.4h), where 

=cJl.I:e-kcNc) • •• (3.9)I LC 

and the recorded signal YLR (Fig. 3.4i) is 
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YLR(u-) = LRLD<J1JI;( ~ )VI(..-! - <J)d~ ••• (3.10) 

It is now necessary to relate the above quantities to 

the ones which are measured in the experiment. The monitor 

channel gives a constant reading with the lamp as source; 

this is denoted by BL in Fig. 2.2(d) on page 9. Similarly, 

with the sun as source a deflection BS is obtained as shown 

in Fig. 2.2(c). Allowance must be made for the Fraunhofer 

lines, but the description of the procedure will be left 

until later. Hence we can identify YLM(~) with BL and YTM(b~ck3ro~~~

with BS• Ordinarily one would have to consider gain factors 

and units, but as will be seen later, these will be self-

cancelling and so may be neglected. 

For the cell channel, consider equation 3.7 for the 

recorded signal with the sun as source: 

YTR(O-) = LR!!TC( \I' )W' (~ - <I )d.--' 

It can be shown* that for a convolution integral such 

as the above, the area under the function YTR is equal to 

the product of the area under the curves. Hence, in terms 

of areas, 

••. (3.11)

*Chabbal (1953). 
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and Y~R = LRI {cw,
where it is understood that from now on these primed symbols

represent areas.

We now have YUvt = BL 
=YTM BS 

, " LRIrcWYTR = 

dY ' LI' W'an LR = R DC • 

The shapes of YI R, YLR, and Wwill all be the same, 

since the half-width of Wdominates the others. Hence one 

need only measure peak heights of Yr R and YLR since they are 

proportional to the areas Yr R and YLR- That is, except for 

proportionality constants which will cancel later, we can 

identify YLR with 0L and YTR with Os (OS is dS after correc

tion for the Fraunhofer lines; 0L and dS are shown in Fig. 

2.2) • 

We can obtain an 'effective' residual intensity Pe by 

taking"the ratio ° B~ times the calibration factor BoZ giving 

Pe = Os • BBS . . . (3.13)LDL 

This quantity can be measured experimentally_ Then, to 

deduce the abundance N from observed Pe' we must perform 

integrations numerically. Theoretically, Pe can be written 

,
ITC 8L = • • • • (3.14)Pe tr:LC BS 
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, ,
Substituting for I andrc I UC' 

•.• (3.15) 

This can be written as follows 

/" -krNT -kCNC 
BL ~o() ISe (1 - e )d~

Pe = - -------,----
B / ..~ -kCNC 

S c IL(l - e )d\J" 
)-06 

0015 -krNT -kcNc) 
-e (1 - e dv 

BL 10 _04 10 
= - - / • (3.16)

B I (00
5 L I -kCNC/ (1 e )dcr 

J-<X:::I 

-kCNC 
where I L and 10 are constants. The term e may be 

written in terms of a power series; i.e., 

••• (3.17) 

Since kCNC is very small, a good approximation is obtained by 

taking the first two terms in (3.17). Therefore, equation 

(3.16) can be written as 
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BL 
Pe = - X •.• (3.18) 

BS 

We shall write this in the form 

-kNT 
= POe •.. (3.19)Pe 

where k- is the effective absorption coefficient for the D-

lines. Once k has been calculated, reduction of data can 

be made simply by using these k values. 

3.3 Evaluation of the Effective 
Absorption Coefficient k 
Equation (3.20) provides a means of evaluating the 

effective coefficient k numerically. In the numerical 

evaluation, the integral is replaced by a summation; i.e., 

equation (3.18) becomes 

-----------(3.20) 

Since NC can be assumed to be constant, it can be dropped 

from the equation. 
-kNT 

From Pe = POe (see equation 3.19) vvhen NT'~ 0, 

Pe ~ PO
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Therefore from equation (3.20), when NT--?O, Po is 

given by the expression 

Po = • • • (3.21) 

Therefore from equation (3.20), 

n IS -kT('JQ + n Lj~)NT
Z - e kc; L1<r 

n = 1 IO 
Pe = Po • · (3.22) 

~ IS kC ~r
n = 1 10 

Comparing equations (3.19) and (3.22), 

~ I -kT(\TQ 1"" nL)~) NT 
-kNr ~ loS e kC L)<r 

e = n = 1 •• ( 3.23 ) 

2n 
2
I 

kC 6rr 
n = 1 10 

By evaluating the expression on the right-hand side numer

ically, one can obtain k. The procedure adopted was to 

divide the 200 0 K. temperature profile of the hyperfine 

groups of the D-lines into n number of equal wavenumber 

intervals as shown in Fig. 3.5. In order to obtain the 
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absorption coefficient k for each wavenumber, the scale of 

intensity in the original diagram (Chamberlain, 1961) was 

converted into that of absorption coefficient using a reduc

tion factor. The reduction factor was obtained by using the 

effective value of the absorption coefficient at the centre 

of the D-line as calculated by Chamberlain (1961) and divid

ing this value by the ordinate at the centre of the line as 

on the graph. In this case, the Dl a line was used. The cal

culated value of the effective absorption coefficient at the 

centre of this line is 4.35 (Chamberlain, 1961) while the 

ordinate on the graph is 9.60. Hence the absorption 
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coefficient for each wavenumber can be obtained simply by 

multiplying the ordinate as obtained on the graph by the 

reduction factor ~:~E. For a fixed value of sodium abund

ance, the exponential term for each wavenumber can be cal

culated. Each value was then multiplied by the corresponding 

value of i~, which was obtained from the recent work of 

McNutt (1962). McNutt, in his work on terrestrial absorption 

by atmospheric sodium, obtained two equations governing the 

solar 01 and D2 line profiles. The equations are as follows. 

For Dl-line, 

. • • (3.24) 

where ae = 217 mK and A =2.15. 

For D2-lioe, 

••• (3.25) 

where \re= 227 mK and A = 2.13. The wavenumber of each 

ordinate of the hyperfine groups of each D-line as shown in 

Fig. 3.5 was inserted in the respective equations above, am 
each value of ~~ was calculated. This value was then multi

kTNr plied by the corresponding value of e- previously 

obtained. The resultant value for each wavenumber was 

plotted against the corresponding wavenumber. The graphs 

obtained were those of the sodium D-lines after transmission 
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through the sodium layer as shown in Fig. 3.6a and b for 

abundances of 8 X 109 to 50 X 109 atoms/cm. 2 column. 
krNEach quantity ~ e- r obtained was then multiplied by 

o 
the corresponding value of ke, where ~ is the absorption 

coefficient of the 4000 K sodium profile. The value of kC 

for each wavenumber was normalized in the same way as kT but 

using a reduction factor of 4ig5(see Fig. 3.7). The n val

ues obtained after multiplication were summed and divided by 

the sum of the n values of kC. This completed the evaluation 

of the right-hand side of equation (3.23). Hence for dif

ferent values of sodium abundances, the effective absorption 

coefficient k can be evaluated. Table 3.1 shows a set of k 

values using abundances varying from 100 X 109 to 50 X 109 

2 atoms/em. column. Plots of kNT against NT for the Dl and D2 

lines were obtained, and the graphs are shown in Figs. 3.8a 

and b. The graphs turned out to be straight lines. However, 

it was noticed that for abundances below 10 X 109 atoms/cm.2 

column, the calculations became most critical. 

3.4 The Measuring Procedure 

As stated before, the device used in this experiment to 

measure the solar absorption by atmospheric sodium is a low

resolution Fabry-Perot spectrometer coupled to a sodium 

resonance cell operated at a fixed temperature. The spec

trometer resolved the sodium Dl and D2 lines, which were then 
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TABLE 3.1 

THE EVALUATED EFFECTIVE ABSORPTION COEFFICIENT k 

NT ",.:". 109 

(atoms/cm. 2 column) 

1.0 2.50 4.30 0.25 0.43 0.58 

4.0 2.25 4.83 0.90 1.93 0.47 

8.0 2.35 4.68 1.88 3.74 0.50 

16.0 2.40 4.78 3.84 7.65 0.51 

20.0 2.32 4.77 4.63 9.53 0.49 

30.0 2.35 4.73 7.06 14.20 0.50 

40.0 2.29 4.70 9.18 18.81 0.49 

50.0 2.31 4.68 11.57 23.42 0.50 
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scattered from the sodium vapour cell into a detector. Each 

type of spectrum obtained during observation was shown in 

Fig. 2.2. 

In Chapter 3 it was shown that equation (3.21) governed 

the terrestrial absorption of solar radiation by sodium; i.e., 

Replacing NT by N sec.o<. , where N refers to vertical sodium 

abundance, we have 

-KN sec .c.-.< 
Pe = POe ••• (3.26) 

3 13 
and from equation (~)

••• (3.27)

where BS is chart deflection recorded using the sun as the 

source and is proportional to Y~M and DL, BL the chart 

deflection recorded using the calibration lamp and 
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t t 
proportional to YLR and YLM- These quantities are shown in 

Fig. 2.2. The quantity DS refers to the corrected chart 

deflection of the 0-line5. A correction i5 necessary, since 

when using sunlight to illuminate the sodium cell, the depth 

of the Fraunhofer lines in the background (see Fig. 2.2a) 

could not be readily measured. This quantity must be known 

if the true values of the O-line intensities were to be 

obtained, since these intensities must be measured from the 

troughs of the observed Fraunhofer lines rather than from the 

level of the continuum. Spectrum (c) enabled the fractional 

depth of the Fraunhofer lines, denoted by q, to be obtained. 

Hence the corrected D-line intensity recorded using the sun 

as the source is 

Os = dS + qbS • • • (3.28) 

Hence the equations to be used in the evaluation of Pe are as 

follows: For the 01-11ne, 

••• (3.29a) 

and for the D2-line, 

.•. (3.29b) 
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From equation (3.26), for each sodium line, 

-kN sec.~
Pe = POe 

Taking logarithm, 

In Pe = In Po - kN sec.~
••• (3.30) 

sec.~= In Po - ~
Where ze = kN is the effective optical thickness of the 

sodium D-lines. 

The measurement of the Pe values by equations (3.29a 

and b) for different values of sec.~ --i.e., from sunrise to 

noon or noon to sunset--was done experimentally. A plot of 

ln Pe against sec. ~ should then yield a negative slope, 

which would measure [e' the optical thickness of the sodium 
~ -layer. By using the relation le = kN and the effective 

absorption coefficient k, the vertical abundance N could be 

determined. At the same time, the values of PO could be 

obtained by extrapolating the graphs to sec.,~ = 0, which 

assumes no terrestrial absorption by sodium. 



4. RESULTS 

4.1 Introduction 

The Fabry-Perot spectrometer in conjunction with the 

sodium resonance cell as described in Chapter 2 was used to 

observe the terrestrial absorption by sodium during the 

period of January, February, March, April, and July. As men

tioned earlier, the observational technique involved using a 

coelostat to direct a steady beam of sunlight into the 

instrument. The Fabry-Perot spectrometer was made to scan 

for one minute during which two spectra were produced, one in 

each channel. In the cell channel, the resonance emission 

lines were observed while in the monitor channel the 

Fraunhofer spectrum of the sodium D-lines was obtained. These 

two spectra were shown respectively as spectra (a) and (c) in 

Fig. 2.2. After this, the tungsten white light source was 

used to calibrate the system. During this process, two more 

spectra were produced, one in each channel, shown as spectra 

(b) and (d) in Fig. 2.2. Thus a complete single measurement 

took two minutes. However, a day's run normally took three 

to five hours, either in the morning or in the afternoon, in 

52 
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order to obtain a substantial change in the value of sec.« • 

Successful observations were made during the above-mentioned 

period, but owing to the fact that exceptionally clear skies 

were required for observation, an average of two to three 

runs could only be made during each month. Altogether, a 

total of thirteen runs were made on eleven different days. 

The data obtained during each run, after analysis, yielded a 

value for the sodium abundance N, the number of absorbing 

atoms per vertical column of unit cross-section area, and 

also, as a by-product, the value of the residual intensities 

of the sodium D-lines at the bottom of the Fraunhofer lines, 

denoted by POl and P02. 

In this chapter, the method of reducing the experimental 

data to obtain the plot of In Pe versus sec. \J\ will be 

described. The results obtained and a discussion of them will 

also be presented. 

4.2 Method of Analysis 

The theory as described in Chapter 3 showed that the 

abundance of free sodium atoms N in the upper atmosphere 

could be calculated from the relation 

ze = kN 

The effective value of the optical thickness (e could be 

obtained from equation (3.30); i.e., 
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In Pel = In POl - Cez sec •..x for Dl-line 

and In Pe2 = In P02 - le2 sec• Q for 02- l i ne 

A plot of In P versus sec. c< yielded the value of "c e in thee 

gradient and extrapolation of the graph to sec. 0< = 0; i. e., 

no terrestrial absorption by sodium gave the values of PO' 

the residual intensities at the bottom of the Fraunhofer 

lines. 

In order to obtain the above-mentioned quantities, the 

values of Pe and sec. 0< must be known, and they could be pro

cured in the way described as follows. During an observation 

made at a particular time, four spectra as shown in Fig. 2.2 

were obtained. The information obtainable from these chart 

records were: (1) the relative values of dS' and BSdL, BL, 

together with the correction for the depth of the Fraunhofer 

lines--qbs--which must be added to the measured intensities 

of the sodium D-lines in spectrum (a) in Fig. 2.2; and 

(2) the time of observation as indicated by the clock (i.e., 

Central Standard Time). The chart readings in the quantities 

observed yielded the values of Pel and Pe2 for the Dl and D2 

lines respectively at a particular time of observation. The 

quantities Pel and Pe2 were calculated using the following 

relations: 



55 

= DSl X BLPel 
DLl X BS 

DS2 X BLPe2 = 
D12 X BS 

where DSl = ciSl + qlbS and DS2 = dS2 + Q2bS. From these, the 

values of In Pel and In Pe2 as required were obtained. 

In order to obtain the quantity sec. ex, where o; is the 

angle between the solar ray and the normal to the layer at 

the point of intersection, the first step was to obtain a 

functional relationship between sec. ~ and the angle of 

elevation of the sun above the horizon, denoted by h. The 

expression obtained was as follows (Scrimger, 1956): 

r (/R cos . hI2l..I-~sec. ex = :1 - j I ••• (4.1) 
... R+H/J 

where R = radius of the earth and H = height of sodium layer. 

Values of sec •.?' were obtained for H values of 88 km. and 92 

km. in accordance to the sodium layer height obtained by 

Bullock and Hunten (1961) and plotted against h, which varies 

from 0 degrees to 60 degrees in steps of 2 degrees. Two 

curves relating sec. c,< and h were obtained by this procedure. 

These curves were very close together, showing that sec. ~
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values were not critically dependent on the layer height 

within this region. The observed sec. tX values were then 

deduced through the aid of the time of observation, since the 

angle of elevation of the sun above the horizon could be 

found in terms of the Local Apparent Time (L.A.I.) of the 

particular observation. The time of observation as indicated 

by the clock (i.e., Central Standard Time) was first con

verted into Mountain Standard Time (M.S.T.) and the Local 

Apparent Time was then calculated by means of the following 

relation: 

L.A.T. =M.S.T. - 6m30s + E ••• (4.2) 

where E is the equation of time and -6m30s is the correction 

for the longitude of Saskatoon, 1060 36' W. Knowing the 

L.A.T. of the particular observation and also the apparent 

declination of the sun on the particular day during which the 

run was made, the elevation of the sun h was obtained using 

the Hunten nomogram. The nomogram, which was designed for 

Saskatoon (latitude 520 10'), was used throughout the Whole 

period of observation. The apparent declination of the sun 

and the equation of time E were obtained from the American 

Ephemeris and Nautical Almanac, 1963. Having found the value 

of h for each particular time of observation, the correspond

ing sec. \~value was obtained from the curve of sec. ~ versus 

h. This process was carried out for each observation during 
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a whole run and a series of values of In Pe and sec. G'< were 

thus obtained. Since the relationship between In Pe and 

sec. ~ is linear, a straight line should result. In order to 

acquire the most probable straight line through all the 

experimental points, the method of least squares was employed. 

The process was carried out using a Marchant desk calculator. 

The least square fit yielded the gradient of the line Which 

was the effective optical thickness required, and extrapola

tion of the straight line to sec. 0< = 0 yielded the value of 

PO. The probable error in the resultant slope for one run 

was obtained. The abundance of free sodium atoms N for each 

D-line was then obtained using the graphs of kNragainst NTin 

Fig. 3.8a and b. 

4.3 Experimental Results 

The results presented here were obtained during the 

months of January, February, March, April, and July, 1963. 

Plots of In pe against sec. ,)I. are shown in Figs. 4.1-4.13. 

As mentioned before, the most probable straight lines through 

the experimental points were obtained by the method of least 

squares. The values of the optical thickness ~e obtained for 

each D-line and the corresponding sodium abundances are tabu

lated in Table 4.1. The average sodium abundances are also 

shown. The residual intensities, POI and P02 are shown in 

Table 4.2. The mean value for each D-line is also calculated. 



~i9S. 4.1-4.13 

Plots of In Pe vs , sec. K, the relative 
path length of the solar beam. The straight
lines were obtained by the method of least 
squares. 
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TABLE 4.2 

RESIDUAL INTENSITIES OF THE 
FRAUNHOFER D- LINES 

Date PO(D1 ) (%) PO(D2} (%) 

Jan. 24 6.97 5.36 
(a.m.) 

Feb. 10 6.10 4.89 
(a.m. ) 

Feb. 11 5.89 5.42 
(a.m.) 

Feb. 19 6.45 5.60 
(p.m.) 

Feb. 20 6.70 5.64 
(a.m.) 

Feb. 20 6.16 4.92 
(p.m. ) 

Mar. 16 6.59 6.00 
(a.m.) 

Mar. 19 6.44 5.96 
(a.m.) 

Apr. 3 
(p.m. ) 

6.11 4.92 

Apr. 12 
(a .m, ) 

6.29 5.68 

Apr. 12 
(p .rn. ) 

6.20 5.01 

Apr. 24 
(p .m. ) 

6.52 5.20 

July 2 6.42 5.57 
(a.m.) 

Mean 6.37 5.41 
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4.4 Discussion of Results 

The results obtained were presented in Tables 4.1 and 

4.2. The .effective optical thicknesses (e obtained experi

mentally for both the Dl and 02 lines as well as the sodium 

abundances calculated were shown in Table 4.1. The residual 
.> 

intensities at the bottom of the Fraunhofer D-lines were 

shown in Table 4.2. 

The sodium abundances calculated using the effective 

absorption coefficient obtained in section 3.3 are un

expectedly high, ranging from 10 X 109 to 2~ X 109 atoms/cm2 

column. A comparison with the sodium abundances obtained by 

Hunten's photometer on the same day during twilight is shown 

in Table 4.3. The ratio of daytime to twilight abundance 

lies in the range of two to six times. On the whole, these 

results tend to show that the sodium abundance during the day 

is higher than that during twilight excep~ for one very 

important factor; i.e., the ratio of the slopes of the epti

cal thicknesses for the Dl and D2 lines obtained in the 

experiment. If the absorption is entirely due to the atmos

pheric sodium, according to theory, the ratio for ~e~Dl~ or 
7"" (01) I- e D2 
~(~) should be between O.a and 0... However, the average ratio 

obtained experimentally was a much higher figure--i.e., 0.79-

although there was one run (Feb. 11) Which gave a ratio of 

0.45. As a result of this discrepancy, it is possible that 

the results obtained might not give the true sodium 
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TABLE 4.3 

COMPARISON OF SODIUM ABUNDANCES DEDUCED
FROM ABSORPTION MEASUREMENTS

WITH THOSE OF TWILIGHT

Date Absorption Measurements 
(atoms/cm2 column) 

Twilight 
(atoms/cm2 column) 

Ratio 
(Day/Twilight 

Feb. 10 99.8 X 109 6.0 X 109 1.6 
(a.m.) 

Feb. 11 10.0 X 109 4.6 X 109 2.2 
(a.m.) 

Feb. 20 15.1 X 109 3.2 X 109 4.7 
(a.m.) 

Mar. 16 19.4 X 109 4.3 X 109 4.5 
(a.m.) 

July 2 
(a.m.) 

1.20 X 109 1.3 X 109* 0.9 

*Taken from Chamberlain, Hunten, and Mack (1958a) • 

•
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abundances. Another factor which might contribute to the 

high sodium abundances obtained involved the calculation of 

the effective absorption coefficient k. The values of k 

obtained for low abundances were very small, thus leading to 

high values of the abundances. It is possible that the 

assumptions used in deviwing k may not be valid, especially 

at low abundances where the calculations become most critical. 

High observed k values could be absorption by some 

other constituents, water vapour, for example. 

Although the results of the present experiment se~med

to indicate higher sodium abundances in the daytime in 

accordance with what Blamont and Donahue (1961) obtained, 

work by Zwick and Shepherd (1961) and McNutt and Mack (1963) 

showed lack of sodium enhancement during the daytime. Zwick 

and Shepherd (1961) measured the ratio and absolute bright

ness of the sodium D-lines in the twilight using a low

resolution Fabry-Perot spectrometer, while McNutt and Mack 

(l963) observed terrestrial absorption of solar radiation by 

employing a high-resolution Fabry-Perot spectrometer coupled 

to a grating spectrometer. This discrepancy is yet to be 

resolved, and one way would be to measure the sodium emission 

directly. This is at the moment being done by using a high

resolution spectrometer. 

The residual intensities at the bottom of the 
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Fraunhofer D-lines obtained by this experiment and those 

obtained by other workers are shown in Table 4.4. The 

results seemed to agree with those of Scrimger and Hunten 

(1957), the values being 6.37 ! 0.19% and 5.41 ± 0.25% for 

the D1 and D2 lines respectively. 
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TABLE 4.4 

COMPARISON OF THE RESIDUAL INTENSITIES 
(% OF CONTINUUM) WITH mOSE OBTAINED 

BY OTHER WORKERS 

D1 D2 D2/D1 Region* References 

5.0 + 0.6-
5.90 + 0.46-
6.6 

7.9 

5.0 

4.95 + 0.10-
6.37 + 0.19-

4.8 + 0.6-
5.06 + 0.24-
5.8 

6.6 

4.4 

4.44 + o.10-
5.41 + 0.25-

0.96 

0.86 

0.88 

0.84 

0.88 

0.897 

0.85 

c 

i 

i 

i 

c 

i 

i 

Scrimger and Hunten, 1955 

Scrimger and Hunten, 1957 

Blamont II ale , 1958 

Donahue and Stull, 1959 

Waddell, 1962 

McNutt and Mack, 1963 

Present work 

*i = whole disc, integrated 
c = centre of disc 



5. SUMMARY AND CONCLUSIONS 

The present work is essentially a repeat of the experi

ment of Scrimger and Hunten (1957). It was prompted by the 

recent work of Blamont and Donahue (1961), whose results 

indicated the abundance of sodium in the upper atmosphere to 

be tw~eto f~~~ times more than that measured during twi

light. Consequently, the present work was pursued with the 

purpose of obtaining more evidence regarding the daytime 

abundance of sodium. The main aim was to observe the varia

tion of absorption by atmospheric sodium as the solar beam 

passed through the sodium layer, and from this to deduce the 

sodium abundance. Since the radiation measured was at the 

bottom of the Fraunhofer D-lines, the residual intensities 

there were measured as a by-product. A low-resolution 

Fabry-Perot spectrometer coupled to a sodium vapour cell was 

employed in the observation. An interference filter of 

passband half-width 15 1 was used as a monochromator to iso

late a. single passband. The spectrometer was made to scan 
o

through a spectral range of 20 A once every 50 seconds with 

10 seconds recycle. The sodium vapour cell was maintained at 

79 



80 

the temperature of 145°-150° C. The observations were per

formed by using two separate channels--the monitor and the 

sodium cell channels. Each measurement took two minutes, 

producing four spectra, two in each channel. A typical run 

varied from three to five hours in the morning or afternoon. 

Altogether, thirteen runs were taken on eleven dif

ferent days during the period between January and July. The 

effective optical thicknesses, ce ' obtained in this experi

ment are not much different from those obtained by Scrimger 

and Hunten (1957). However, the method of obtaining the 

effective absorption coefficient k is entirely different. In 

consequence, the average sodium abundances calculated using 

the values of k obtained are much higher, ranging from 

16 X 109 to 2~ X 109 atoms/cm2 column. A comparison with the 

results obtained in twilight on the same day showed the day

time sodium abundance to be two to fre times more. This 

tends to support the recent results obtained by Blamont and 

Donahue (1961). However, two factors tend to make the 

results obtained a little uncertain. Firstly, the theory 

indicated that the ratio of the effective eptical thicknesses 
. . ~(Dl) ~(Dl)for the D1 and D2 lines--i.e., e or _ -- was in the 

~e(D2) k(D2) 
range O.~ to 0.6 while the measured ratio was on the average 

0.79. This discrepancy might possibly lead to wrong sodium 

abundances calculated. Secondly, there exists considerable 
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doubt regarding the effective absorption coefficient k. The 

values of k used in calculating the abundances were obtained 

using the temperature profiles of sodium D-1ines during twi

light as calculated by Chamberlain, Hunten, and Mack (1958a). 

The effective absorption coefficients obtained indicated that 

they increased with increasing abundances. The results might 

be different if the temperature profiles of the atmospheric 

sodium during daytime and twilight are different. Thirdly, 

the run obtained during summer showed disagreement with that 

obtained by Blamont and Donahue. 

The residual intensities at the bottom of the Fraunhofer 

D-lines obtained were 6.37 ~ 0.19% and 5.41 ~ 0.25%. The 

results seemed to agree with those of Scrimger and Hunten 

(1957) quite well except that they are slightly higher. 

All in all, the present results tend to support the 

fact that daytime sodium abundance is higher than that 

obtained during twilight. However, McNutt and Mack (1963) 

measured the terrestrial absorption of solar radiation using 

a high resolution Fabry-Perot spectrometer coupled to a 

grating spectrometer and showed that the daytime abundance of 

sodium was the same as that during twilight. Work by Zwick 

and Shepherd (1961) in measuring the ratio and absolute 

brightness of the sodium D-lines in twilight also indicated 

no enhancement of sodium during the daytime. The probable 

way to resolve this discrepancy would be to measure directly 
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the sodium emission in the daytime. This is being done here 

by using a high-resolution Fabry-Perot spectrometer. Another 

way would be to improve the sensitivity of the present 

instrument, which used only about one-third of the Fabry

Perot etalon. By using a larger coelostat and sodium cell, 

sensitivity would be greatly improved because the whole 

etalon could be used. The present instrumental arrangement 

could be extended by arranging a magnetic field similar to 

that used by Blamont and Donahue (1961) around the sodium 

vapour cell. The magnetic field would then shift the passband 

into the continuum, and the D-line intensity could be obtained 

by noting the difference between field-on and field-off read

ings. This method would also allow an abundance to be 

obtained at a fixed solar elevation, and this could be com

pared with the variation of solar elevation method. It would 

also provide a check on the calculations of k. It could be 

arranged that the twilight results also be measured by the 

same instrument. A comparison of these results would prob

ably resolve the discrepancy between the daytime and twilight 

sodium abundances. This problem is at the moment being 

seriously considered. 
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