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ABSTRACT
A method for calibrating data obtained by the Urbana sodium lidar sys-
tem is presented. Fiist, an expression relating the number of photocounts

originating from a specific altitude range to the sodium concentration is

developed. This relation is then simplified by normalizing the sodium 1
photocounts with photocounts originating from the Rayleigh region of the

atmosphere. To evaluate the calibration expression, the laser linewidth

must be known. Therefore, a method for measuring the laser linewidth using

a Fabry-Perot interferc-cter is given. The laser linewidth was found to be

6 + 2.5 pm. Problems due to photomultiplier tube overlcading are discussed.
Finally, calibrated data is presented. The sodium column abundance exhibits
something close to a sinusoidal variation throughout the year with the winter

menths showing an enhancement of a factor of 5 to 7 over the summer months.
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1. INTRODUCTION
1.1 eneral Lildar Concepts

The word lidar is an acronym for Light Dere *ion And Ranging. As tho
name would imply, a lidar system is very simila. to a radar system operating
at much greater frequencies, Like a radar system, a lidar system is composcd
of a transmitter and receiver., A lidar transmitter cunsists of a pulsed
laser source sometimes equipped with beam collimating optics. The lidar
receiver is comprised of a telescope, a filter to ~liminate background light,
a detector and signal recording equipment.

For something to be detected by lidar methods, the object must interact
with the light in such a manner thuat cnough of the incident light is scat-
tered back to the telescope that it can be detected above the system noise
level. Yor atmospheric lidar, the scattering process is performed by parti-
cles and constituents which normally reside in the atmospherc. As a radar
target's effectiveness is measured by a radar cross section, an atmospheric
particle's ability to prodeee an echo is given by the particle's scattering
cross section, The range i'rom the lidar system to the scatterer is found by
measuring the amount of time the light pulse takes to propagate to the scat-
terer, be scattered and then return to the detection equipment. The range
ot the scatterer is piven by - = iﬂﬁf where * is the speed of light and A¢
15 the time interval.,  The t‘uctnr“of :1,- accounts for the two way propagation,
Tt is assumed the scattering process occurred instantancously, which is not
always the case.  An example in which the scattering process is not instan-
taneous would be a resonant scatter from CO, at 10,4 um.  The decay rate of
this molecule for this transition is nround_% s¢cC.

This chapter will serve as an intrnduct%on hv hriefly reviewinyg lidar
concents and equipment as well as a description of the sodium laver. Scc-
tions 1,2 and 1.3 describe the historical progress of lidar svstems and a
surmary of obeerved features of the laver respectively., Section 1.4 de-
scribes the configuration of the present lidar system located near Urbana,
11linois. The chapter voncludes with the obiccetives and scope of this study
in Section 1.5,

1.2 D e e i D Dagt "hge ot Tone

lLidar, also known as laser radar or optical radar, was first used to

study the upper atmosphere in the early 1960's, soon after the birth of the

laser, The first configurations were used to study the atmospheric density
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profile as well as nerosol layers over a wide altitude range. The laser
used with these systems was usuallv a Q-switched ruby laser. The operating
frequency of the { nsmitter was not a critical factor in these observations,
since the scattering mechanisms operate over s wide range of wavelength, A
good review of lidar fundamentals and results concerning acrosol content and
atmospheric density and composition can be found in kKent and Wright [1970],

With the advent of the tunable dye laser, scattering mechanisms which
operated on an atomic or molecular resonance method could now he observed.
Sodium, an atmospheric constituent which had been observed via airglow
measurement techniques [Hinten, 1967], was the first species to be observed
by resonance scattering [Bowmm et al., 1969]. Several groups have become
involved in the study of the sodium layer and have reported results concern-
ing the nature and variation of the layver with the backing of an extensive
data base [ Tmonfeh et al., 1979; Fihaon od Jandford, 1971, Meaie and
Blapont, 1977,

As cquipment improved and the integration time over which a profile was
collected was reduced, reports concerning fine structure in the layer were
reported [KirchhofS ol “lemesha, 1973, Fowlett et al., 1978]. A technique
of processing the data using digital filters was develoned which aided an
obzerver in seeing the density perturbations in the vertical structure
[hemeledst et 27, 1978], There is considerable cvidence which points to
intermal atmospheric gravity waves as being the origin of this structure.

Other improvements in the lidar technique include a steerable system
which can observe horizontal variations in the layer [Thomas et al., 19771,
the study of the potassium layer [Megie et al., 1978], daytime ohservation
[7tharn ! Sandford, 1972] and observations of the vertical temperature
profile [Rlamom:e et al,, 1972, Gibson et al., 1979].

1.3 Solfwm Layer Deacorirtion ol Reasons for Stwdy

Atomic sodium is found over an altitude range of 75 to 105 km above the
earth's surface. This altitude range corresponds to the upper mesosphere
and lower thermosphere. The boundary between these two regions occurs at the
mesopause., I'ne peak of the layer is found somewhere between 83 km to 95 km
with a width of from § to 12 km, The altitude of the peak can vary greatly
ever the spree of a few hours and is often bifurcated. Figure 1.1 shows

data taken near Urbana on November 11-12, 1977 and shows a good .cal of
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variahility., This data was filtered to remove spatial frequencies in the
data higher than (3.5 km)']. The first profile at 2120 CST shows a peak
occurring at B3 km. The layer falls off very sharply on the bottomside and
slowly decays on the topside., This small scale height, or distance over
which the concentration falls by a factor of 1/e, is commonly observed and

is much smaller than the atmospheric scale height., The hottom of the layer

unduiates up and down over the course of an evening having a period of about
2 hours. At 2356, a second peak forms at 91 km, and in 30 minutes has become
g the dominant peak of the layer. These rapid variations and steep concentra-

tion gradients point towards strong dynamic and chemical forces at play in

Seasonal variations have been reported by several groups [Simom7ich et
al., 1979; Megie and Blamont, 1977; Gibson and Secn.iford, 1971]. They have

reported increases in the column abundance during the winter by a factor of

)
| this layer,
)
i

‘ 2 to 5 over those ohserved in the summer. Simonich et a!. [1979] postulated

) the variation in the ratio of increase was due to latitude, the stronger

; winter enhancements occurring at higher latitudes.

| The origin of the sodium in the atmosphere is thought to be from meteoric
ablation. This is evidenced bv the number of other metallic elements which
reside in this part of the atmosphere, each of which is commonly found in
meteors. Other evidence of a meteoric origin is provided by observed en-

V haacements in the sodium column abundance during meteor showers, some as

large at 200% greater than the monthly mean {Megie an Blamont, 1977].

There are threr major reasons for wanting to study the atmospheric
sodium layer. ' rst, the laver itself is important in the neutral and ion
chemistry of the region. Although sodium is only ua minor constituent at
these altitudes, positive sodium ions are a significant species of positive
ion and hence affect the charged particle concentration .including electron
densities. Sporadic-F occurrences have been shown to be caused by enhance-
ments of metallic ions, sodium included [Herrmamm ¢t al., 1978]. Several
authors have offered theories and models of the chemistry of the region with
a recent one including cluster ion reactions [Richter and Jechrist, 19797,

Secondly, the layer has proven to be an excellent tracer of dynamic
effects in this region. Figure 1.1 shows many features which are thought to

he due to dynamic effects, especially gravity wave propagation. The sodium

E—.u-—“‘ - —
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layer should provide information concerning these waves and | . they propa-
gate, in the future.

Finally the vertical structure of the atmospheric temperature can he
measured in the sodium laver altitude range. There are two methods for
makhing this measurement with lidar techniques., One way is to step a narrow
linewidth laser through *tie sodium line, collecting a photocount profile for
cach step., This results in an experimentul lineshape at sceveral altitudes
for the sodium. Since the lineshape of the sodium atoms is temperature
dependent, the desired temperature information is deduced by finding the
temperature which provides the bhest fit of a theoretical lineshape to the
measured one.  The second method involves placing an absorption cell in the
rceeived photons path.  The absorption through the cell will be dependent
on the atmospheric temperature. This measurement is important since tempera-
ture information from this region is sparse, 1t is accessible for 7n aitu
observation only by rochets,

‘.

1.4 phopry D e o 5 et oo

Figure 1.2 shows a block dragram of the Urbana lidar system. The trans-
mitter secetion is dominuated by the dye laser., The dye laser used in the
trbana lidar svstem has been described by R ohrep po! eohviar [1978].
However, a short synopsis of the laser will be presented here.  This synopsis
will also include new equipment added to the laser since the previous report.,

The dye Rhodamine 06 ;s used as the lasing material at a concentration
ot 5 = IU-SM. A solvent of ecqual amounts of ethanol and distilled water is
used mostly for safety purposes. A quenching agent, 1, 3, 5, 7 - cyclooctate-
tracne is used in the dye mixture at a concentration of § x IO"SM to aid the
lasing transition's effectiveness. 7The dye is continuously circulated
throuph a rod on the laser mainframe at a rate of 1.5 liters/min.

The dye rod lies along the common focus of a bielliptical cavity., Two
Finecar flashlamps having an arc length of 11 inches reside in the two inde-
pendent foci. The flashlamps are the ablating type operating at a pressure
of 6 - 9 Torr of nitrogen. Fresh nitrogen is continuously passed through
the lamps by bleeding nitrogen into one end of the flashlamps and pumping it

out the other end with a vacuum pump. lLixcess ablation products are removed

from the system in this mamner as well, being collected in a flask trap.

The flashlamps are continuously water cooled to increase their operating
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life and *o prohibit heat gradients from altering the index of refraction of
the dve rod, Since the flashlamps create vibrations when theyv're triggered,
care {s taken to isolate mechanically the flashlamp setup from the optical
rail where the dyve rod and cavity optics rest. LEnergy for the flash is
stored in a 5 uF, 25 KV capacitor and is released by pre-ionizing the lamps
with a high voltage pulse. The pre-ionizing pulse increases the conduction

of the tlashlamps allowing the applied voltage from the capacitor to estab-

lish a larpe electric field inte. the lamps then flash and relcease the
stored enerpy.,
The dye Taser cavity must perform the selection of the operating

frequency and sufficiently narrow the linewidth of the output. This is

necessary since the Jdye will lase over a wavelength .ange of 5 nm., There-
fore, the cavity has two frequency selective devices, At the rear of the
Laser, farthest away trom the output end, a grating is placed oriented in
the Littrow position, This position implies the desired wavelength has

its first order diffracted back along the cavity axis. Clearly, any other
wavelenpgth will be directed out of the cavity, thus providing the frequency
selection,  The current prating has 1800 lines/mm and is cut at a hlare
angle such that there is minimum loss into other orders. In front of the

grating is located w flat 0% reflective mirror oriented perpendicular to

the optical axis. This mirror reduces the optical energies incident on the
casily purned prating. These two optical elements topether are called a
mirror grating combination (MGC). The MGC provides a narrower linewidth and
higher reflectivity than the grating alone, aside from the reduced intensity
on the grating,

The next optical device on the rail is a Fabry-Perot etalon. An etalon
is essentially twe plane mirrors adjusted into high tolerance parallelism,
This device further narrows the linewidth of the laser and is the other
frequency selective device. The two mirrors form an optical resonant cavity,
having resonances at wavelengths where the round trip phase shift of a light
beam within the cavity is a multiple of Ir, The separation of these resonant
wavelengths is denoted as the free spectral range. This concept and other
concepts associated with Fabry-Perot devices are discussed in Chapter 3.

The free spectral ranpge of the etalon presently in use is 0.6 nm. By

changing the angle of incidence at which the beam passes through the etalon,




the effective length of the resonant cavity is changed and the laser fre-
quency is altered, Fine tuning of the laser is effected in this way. On
the other side of the dye rod, the output mirror is put into position. The
current configuration uses a spherical mirror with a radius of curvature of
6 m and a reflectivity of 55%. A 45-degree folding mirror directs the beam
upwards into the atmosphere and completes the rail optics.

Tuning is monitored by a grating spectrometer and a sodium resonance
cell. The coarse tuning is performed by using the grating spe .trometer with
a sodium arc lamp providing a Dl and 02 line for reference. Unfortunately,
the spectrometer does not have enough resolution to tune the laser output
onto the 3 pm wide sodium line. This fine tuning is done by passing a por-
tion of the laser beam through a heated cell filled with sodium vapor. When
the laser is at the correct frequency, scatter can be observed as the beam
passes through the cell. By maximizing scatter, good tuning can be assured.
A picture of the laser mainframe is shown in Figure 1.3.

The receiving system begins with the 1.22-m Fresnel lens telescope.
This instrument is described by Rowlett ana Gardner [1979] in detail. A
brief description of it follows for completeness, The telescope consists
of the 1.22-m Fresnel lens, a folding mirror to change the optical axis from
vertical to horizontal, a field stop iris, a collimating lens, a filter, a
focusing lens and finally, a photomultiplier tube (PMT). The collimating
lens is necessary to allow proper performance of the interference filter,
The PMT is a high gain, low noise unit. The system noise level is dominated
instead by background light collected by the telescope.

The output from the PMT goes to the laser radar interface [Kinter,
1977]. In the interface is a high speed counter, continually being incre-
mented by pulses from the PMI. The interface begins timing once it has been
notified by the laser pulse detector that a shot has begun. After a delay
period when the returns begin from an altitude of interest, the counter
is periodically sampled. Each sample is stored in a quick access memory
location. Once the shot is completed, the data is transferred to a Z-80
microcomputer [.eitelbaum and Sechriat, 1979] where the difference between
samples is computed and stored. The sampling interval corresponds to a
height interval from which the counted photons originated. Therefore, each

value stored in the computer represents photons from that range interval or
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range bin, In this way, an altitude vs. photocounts profile can be obtained.
Very few photons originating from the sodium layer are obtained by one shot.
To construct a good, low shot noise profile, range bin values over several
shots must be added together or integrated. Usually anywhere between 50 and
300 shots are required for each profile spanning an interval of 5 to 12
minutes of integration time,

Once enough photons for a profile arc collected, the data values are
stored on cassette tape. After the evenings observation is over, the data are
re-read into the computer and transferred over the phone line via a modem to

the University of Illinois Cyber 175. At a later date, the dataare processed

in final form. A table of the parameters of the Urbana lidar system is pre-

sented in Table 1.1,
‘ 1.5 Objecrivee and Soope oF Thie Stulu

The objective of this study is to make the necessary measurements and
calculations necessary to convert the sodium photocount data into sodium
concentration vs, altitude profiles. The concentration value are impor-
g tant factors in the validation of dynamic and chemical models of this region.
Calibration also allows profiles to be compared within an evening, from day
to day or on a scasonal! basis.

The mafor obstacle preventing the calibration of this system in the

past was an unknown value of the laser linewidth. Therefore, a major part
of this work was involved with this measurement, Other factors, such as PMT
overloading, caused previous methods to be outdated. Finally, the data had
to be processed to obtain calibrated data.

Chapter 2 presents the principles and concepts behind the calibration |
technique, Chapter 3 provides information concerning the linewidth measure-
ment and the theory behind it,  chapter d sumnarizes the PMI' overloading
problem while experimental results and error analysis are given in Chapter

5. Conclusions and recommendations for further study comprise Chapter 6.
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Table 1.1 Vilues of the current Urbana lidar system
piarameters,

B e e e e v @ e e ¢ e — — e = s A i C - —— . # > w % e ® o mn

Parameter Value
Wavelength S89 nm
Transmitted Bandwidth 6 pm
Laser Beam Divergence (half angle) <1 mrad
Laser Pulse Energy S50-100 mJ
Pulse Duration Tus FWHM
Receiver tate Time 3us
Receiver Area 1.17 m‘:
Receiver Randwidth 5onm
Receiver | fficiency 0,08
Receiver Beam Divergence (half angle) 3 mrad
Separation of Recerver and Transmitter 10 m
-1

Repetition Rate 0.5 s

——— T —
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2. LIDAR PRINCIPLES AND CALIBRATION TECHNIQUE
2.1 IMmtroduction

The previous chapter gave a brief overview of lidar system operatior.
This chapter analyzes the process by which signal photons are received and
counted, in enough detail to be able to quantify the process. A relutionship
between the observed photocounts and the concentration of the scatterer pro-
ducing the signal photons is developed. The material is presented more for
comple:eness than for originality, and the development closely parallels the
one presented by Richter and Sechrist [1978].

Sectinn 2.2 discusses how the major loss mechanisms operate on a light
beam propagating through the atmosphere and its relationship to the received
signal. Section 2.3 develops the lidar equation, relating photocounts to
sodium concentration. The effective scattering cross section and the trans-
mission through the sodium layer are discussed in Sections 2.4 and 2.5,
respectively. Each of those terms are used in the calibration calculation.
A method of calibration which simplifies the expression derived in Section
2.3 by normalizing the sodium returns to returns from the Rayleigh scattering
region of the atmosphere is the topic of Section 2.6. The chapter concludes
with a description of the Rayleigh scattering cross section, a quantity used
in the normalization process, in Section 2.7,

2.2 Light Beam Extinction in the Atmosphere

There are two mechanisms which operate on a light beam to cause it to
be attenuated as it propagates through the atmosphere. First, the light can
be absorbed by particles with absorbed energy being transferred into some
non-optical form of energy. Secondly, the light can be scattered from the
beam into another direction. The expression for the intensity of a heam
after it has propagated through a media of length £ is given by Bouger's Law
which is:

2
I = IO exp[—fo Bex(s)ds] (2.1)

where Bpx is the extinction coefficient over the path of propagation. The
extinction coefticient is made up of two parts, the volume total scattering

coefficient 8., and the absorption coefficient Bab’ in the following manner:

Boxr = Boe * Bap (2.2)




Y

The term B, is particvlarly important for lidar systems since it is the
source of the signal pr .ons collected by the system. The units for B g
B, and ﬁlb are in inverse length.

There are four bhasic types of scattering processes which can contribute
to . Thev arc Ravleigh, Mic, resonance and Raman scattering. Raman
scattering is characterized by a frequency shift in some of the returns,
lhis effect stems from a change in energy levels in an excited molecule and
requires the quantum theory to describe. This type of scattering is not
important for the Urbana lidar, and so will not be dealt with hereafter,
Rayleipgh and Mie scattering are caused by the presence of particles in the
media of propagation which form inhomogeneities for the propagating ficlds,
Rayleiph scattering theory is a special case of Mie theory, applicable when
the radius of the scattering particle satisfies the following relationship:

»o< 03 (2.3)
This condition is satisficd by paseous atmospheric molecules which comprise
the air,  The Mie theory as applicable to particles such as voleanic and
meteorie dust as well as water droplets in clouds,  Ravleigh scattering is
characterized by equal amounts of scattering into the forward and rear hemi-
sphere of a particle.  The forward direction is determined by the incident
beams Jdirection, The Ravleivh scattering at right aneles to the beam of
incidence is strongly polariced. Mie scattering exhibits strong scattering
into the direction of propagation. The larger the ratio of radius to wave-
lengtl, the stronger the forward scattering will be.

Finally, resonance scattering involves the absorption of a photon by a
molcecule or atom into an clectronic transitic: and its subsequent spontuancous
emission, The emitted photon is at or near the original frequencey and
travels with equal probability in all directions. This is the mechanism by
which the sodium laver is observed.

To be able to quantify further the effectiveness of 1 scatterer, some
assumpt ions must first be made. For atmospheric scattering, the particles
are separated adequately and undergo random motion so that the contributions
to the total scattered energy by many particles have no phase differences.
This allows the total intensity to bhe calculated by adding the intensity
from cach scattering particle. This process is known as independent scat-

tering.,  \nother assumntion made due to the low Jdensity of air is that of

RNt
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single scattering. Single scattering implies that a photon is scattered only
once, If a photon is scattered two or more times then multiple scattering
occurs, Naturally, single scattering results in a much more straightforward
manner of describing the scattering process,

Several quantities exist which aid in quantitatively describing the
effectiveness of a scatterer. The angular scattering cross section, o(8) is
defined as the area of impinging flux which is scattered into a unit solid
angle in an observation angle, 8. This geometry is diagrammed in Figure 2.1.
By this definition, the number of photons scattered from a photon flux ¢
into direction 8 is given by:

N = » a(A) photons per steradian (2.4)
The total scattering cross section is another quantity used in scattering
theory and is defined as the total area of flux scattered in all directions
by the particle, This can be found by integrating o(8) over 4n steradians,

Two more cemmonly used terms are the volume angular scattering coeffi-
cient and volume total scattering coefficient. The volume angular scattering
wefficient B(08) is defined as the area of incident flux which is scattered
in a direction 6 per unit solid angle by a unit volume of scatterers. Under
the assumption of independent scatter, this quantity would just be the
angular cross section of one scatterer multiplied by the total number of
scatterers in the unit volume. This can be expressed as:

R(v) = a(nlp (2.5)
where ¢ is the number density of scatterers. The volume total scattering
coefficient is the term used in the beginning of this section in Bouger's
Law., Tt is defined as the area of incident flux which is scattered in all
directions by a unit volume of scatterers. A value for R can be found by
either multiplying « by the numb:+ density of scatterers or by integrating
g(8) over 4n steradians.

llopefully, these definitions will provide the needed groundwork to
understand hetter the development of the lidar equation in the next section,
Sections 2.4 and 2.7 will discuss in more detail values for & resonance and
Ravleigh cross section, respectively. Several good references exist to de-
scribe scattering in the atmosphere. MceCartney [1976] is a thorough and
highly readable text on the subject while Van De Hulst [1957] is a rigorous

and often cited resource.

ii
}
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2.3 I1ia Fquat{on hevelcrment

The lidar equation relates the rcceived signal obtained from a scat-
tering region to the concentration of the scatterer as a function of several
svstem parameters.  There are numerous wavs to develop this expression. A
very rigorous method is presented by Measurea [1977]. Another derivation,
given by “{ sh¢er pri Sechrisr [1978] presents a more intuitive development
and gives a result which is applicable to the Urbana lidar. That development
will bhe closely followed in this section.

First, consider the geometry of the system as depicted in Figure 2.2,
This svetem operates in the monostatic mode in which the distance of separa-
tion between the transmitter and recelver is negligible compared to the

distance at which the photocounts originate. Due to the method the counter

on the photomultiplier tube is sampled, the height i« divided into intervals
of altitade called range hins, The range bin at the nottom of the sodium

| laver will be denoted as range bin 1, The altitude at the bottom of range

’ bin 1 is % with the venter of the range bin occuriines at an altitude of

1 ¢ Azx'2, Here, 'z represents the thickness of the range hin and is related
to the counter sampling time by Az = % ~At where o is the speced of light.

n

The notation is easily extended to range bin ¢ for the general case.
Consider now a photon flux impinging on the bottom of range bin 7. The
flux expression is a function of frequency v and represents the number of
photons per unit area within a frequency interval v to v + Jdv. The flux can
be expressed as:
N, alv)

t -

$(v, ma) ”ﬁjTET“ ; (2.6)

where %, is the total number of transmitted photons, g(v) is the distribution
of the transmitted light over frequency, 7 is the transmission of the heam
through the atmosphere to height X and A{(zi) is the area illuminated by
the laser beam at this altitude. The distribution function a(v) is normalized
ad defined bv:
"
Coviv) iy o= 1 (2.7)
bo o
The term :(v) is the laser lineshape in this case and when evaluated at v,
represents the fraction of the total number of photons found in the frequency

interval of v to v + v,

by

iﬁ.ﬂhﬂh—$~-_-
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To write equation (2.1), it was assumed thu laser pulse can (- approxi-
mated by an impulse fimction. That is, all of the photons in the laser pulse
are assumed to he at the same altitude and impinge on the hottomside of range
bin 7 together. 1In reality, this is not the case. A more rigorous develop-
ment will show the tctal intensity received will be proportional to the two-
fold convolution of the scattering medium's concentration with height, the
pulse shape of the laser in time, and the receiver gating function. The
receiver gating function describes how the photons are sampled. For the
Urbana 1id- , this is a square pulse having a value of 1 during the time
between samples and zero otherwise. As is the case with a convolution, the
gating function and laser pulse shape will tend to obscure resolution in the
concentration profile by smearing out the profile's fine structure. This
process of obscuring fine structure as well as a development of the two-fold
convolution can be found in Ric-hter and Sechrist [1978].

Fortunately, through the use of digital signal processing means are
available to reduce the effects of this convolution. Rowlett and Gardner
[1979] discuss a technique for filtering the received signal with digital
deconvolution filters. This work has proven quite successful in recovering
the sodinm concentiation profile. Since the effects of a finite width pulse
and gating function are mostly removed by this process, they will be neg-
lected in this derivation,

For the resonance scattering process an absorption and spontaneous
emission are required by each scattering atom, If the atom is collisionally
deactivated, it will not add to the scattering process. Also, if the decay
rate of the atom is too slow the range calculation will become more involved.
Fe.r the case of the sodium layer, neither of these processes are important,
The reason for this is that the decay time for the D2 transition is 16 nsec
which is much smaller than the sampling time of 3 usec. This time is also
muich smaller than the average period between collisions at these altitudes
which is between 1 to 100 usec. Therefore, there is a negligible probability
of the atoms either taking so long to decay that the resolution of the system
is impaired or that the atoms will be collisionally deactivated.

An expression can now be developed tc predict the number of photons col-

lected by the receiving system. Figure 2.3 outlines the associated geometry
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for this collection process. Recalling the definition of the argular scat-
tering cross section, the number of photons per frequency interval scattered
by one sodium atom into a unit solid angle is given by:

Noo(o,u,n) = oo, v n) ¢(v,n) (2.8)

The + dependence of Nﬂ' can be removed by recalling that resonance scattering
is isotropic, Therefore, o(6,v,) can be replaced by the total scattering
cross scection divided by dx steradians to obtain a unit solid angle basis,

Equation (.. 8) can now be rewritten as:

-

VAJ(»,x) > EL%#EL dv,a) (2.9

i

The number of sodium atoms in the Jdifferential volume shown in Figure

a3 will be:

vy L) PG ST = pea)A, a)an (2.10)

where o (53) 1s the number density of sodium atoms at height . It is assumed
here that the laser divergence angle is small enough that the volume of the
space which comprises the range bhin cap be approximated as a cylinder., The
number of received photens van now be calculated as follows:

AV, Ons) 7o (8) Vo (vea) (=) (2.11)

Vi
where . is the solid angle subtended by the receiver aperture from a scat-
tering atom, © is the atmospheric transmission back through the atmosphere to
the receiver, amd o 1s the receiver efficiency,  The solid angle subten-led

by the receiver 1s given by

[he proper substitutions may now be made into equation (2.11) to obtain:

,\" ;7(\)') .“lp
‘ D) xTxon (2.13)

-~
H

gV,
e 4, ()

AL 0 I R S B B

" 2

cancelling out o () and rearranging yields:

~l = oy E.(..).. ~( Yy st S 3
.-P(.,n) T S S0 v (v,a) in (2.14)

Integrating cach side over frequency in (2.14) removes the frequency depend-

ence of SX“ and results in:

T P o e
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NtArTzn s -
dvr(x) e e IO gv) a(v,s)dv ds (2.15)
The term in brackets is defined as the effective cross section, SPPPE
" 2
cnff(s) IO a(v) a(v,s)dv (2.16)

The = dependence of O pp is due to temperature variations over altitude. For

large enough linewidths, the temperature dependence is negligible and hence,

so is the dependence on altitude. This approximation as well as other fac-

tors pertaining to the calculation of g, pp BTE discussed in Section 2.4.
Finally, equation (2.15) can be integrated over the altitude interval

of range bin £ to obtain the number of photons one would expect *to count

from that range hin. Performing this integration produces the following

expression:

v, r?“ i+l Eigl. o

N. = -——3—;‘——()“'.‘. . R Js (...lx)
1

Since the interval of integration is small, p(s) can he approximated by the
average concentration in range hin 7, F} and 8 can be approximated by the
average altitude of range bhin ¢, namely (z{ + A3/2). Sodium lavers have
shown scale heights as small as 2 km [Gibaon and Sondford, 1971] which is
still fairly large compared to the range bin thickness of 450 m. The range
bin thickness is also only a small percentage of its altitude. Therefore,
these approximations will result in very small errors. Upon making these
approximations, the integration becomes trivial allowing equation (2.17) to

be expressed as:

M o
YA np.o Az
) 9 s{’f'
.V.z 1 Y [ C._/’ (:.18‘)
dn{a, + A3/2)"

Recall that 7 is the transmission to the hottom of the layer. A value for
it will be developed in Section 2.5,
2.1 Frieotive Scattertng Jresa Section

The effective scattering cross section as defined in equation (Z.106)
relates the scattering response to the frequency dependence of the atom as a

scatterer combined with the frequency distribution of the light being used
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for excitation. FEssentially, equation (2.16) convolves the scattering cross
section of the atom with the laser line shape.

The sodium resonance line shape is shown in Figure 2.4, Here, both the
- and Iy lines are presented, Closer examination of the DZ line shape shows
that it is composed of two groups of three hyperfine lines, These groups are
do?oted as the p:a and sz line for sodium. The Dza line is lo§ated -2.14
m ~ from the line center position while the an line is 3.5 m  away. Lach

of these lines is Doppler broadened and will have a linewidth given by:

2v 2R1In2

oo
i

Avp = ="V =

(2.19)

where: 5 = universal gas constant = 8,314 J/mole
¢ = speed of light

v, = center frequency of the broadened line

0

= temperature
M = molecular weight = 0,23 kg/mole.

Doppler broadening is described by a Gaussian line shape., Therefore,
the scattering cross section for the entire Pz iine can be expressed as the
sum of two properly weipghted Gaussians., This weighting calculation was
performed by Niohter ! Seohriat [1978] and results in a scattering cross
section of:

h s

(v - v, )" (v = v, )"
20 D 2 ) »
U(V) =g :;. eAp - ._.-__._”L‘—- + l._ exp - _—__.._.L_I;-. (2.20)
0y 32 I 32 P
;”‘) 1.0'[)

Here o, is the peak scattering cross section for the combined line and has

0
a value of

-6
1ot x 107" .2 5 4
00 = A\)“ m (a.n—l)

The temms v, and Vo, represent the center frequencies of the D

Da and p2b

2a

4

lines, respectively, The variance of the two Gaussian expressions 9 is
defined as:
\
“ A\"Y'\h
W 2,22
% T FInz (2.22)

The lineshape of the laser can also be represented by a Gaussian of the

form:
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Av
R
where L ow §“r;? » variance of the laser line
3 n V \ T

-

Vgt laser center frequency.,

‘v, = laser linewidth,

Suhstituting equations (2.20) and (2.23) into equation (2.16) yields:

2
“n [(V " Vo) }
() k] "(‘ * — “xI‘ - Al x

R i
~

Y (V -V, ) ] (\) -V ,)-
{;f} cxp - [ '.,"7 ] + %%exp - [ 1:2 ]} Jvo (2.2
a7 : O_',l- wt b 2 0’[).-

The lower limit of integration on equation (2.24) can be extended from 0 to

- sinve there is a negligible contrihution to the integral from this interval.
That transforms the above integral into a convolution which has been solved
ny Riciter o Sechrfer [1978]. This new expression for opﬁf is then:

A
W, O
YT
T . = x

L)

RH
. . b h)
‘/ 2 2
Av, T o+ A,
. N
hl 3

J (v - v . )- - “
0 1 1““(\Da \0) 1 4 1n2(vﬁb vo) o
S 5 3 + 33 exp - 5 3 (2.25)

Avﬁ“ + Av: Avp + AvL

to

tJ

Therefore, by knowing the temperature of the sodium as well as the linewidth
and center frequency of the laser, the effective cross sectien may be calcu-
lated. Figure 2.5 shows how o ., depends on the linewidth for two values of
the laser center frequency for sodium at a temperature of 200 K. The dip in
a9 .. for lasers tuned to line center for small linewidths corresponds to the
dib.in the 53 line at line center as observed in Figure 2.4. C(Clearly for

small linewidths, tuning becomes very critical to obtain maximum values of

The previovs section made the assumption that T, e did not vary over
v v

altitude, The voalidity of that assumption may now be investigated. Figure
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2,6 shows the temperature dependence of Gcff for linewidths of 0.1, 1 and 10
pm for lasers tuned to line center. A glance back at Figure 2.4 shows that
the cross section figure is much more sensitive to temperature here than
anywhere else, At midlatitudes, temperatures can vary from 170 K to 220 K
over the altitudes where sodium is found [U.5. Standard Atmosphere, 1976].
For a large linewidth such as 10 pm, little if any variation can be observed
over this temperature interval, LEven for linewidths as small as 0,1 pm, a
variation of around *10% from the 200 K figure is evident. Therefore, it

eff
One last approximation can he made to equation (2.25) for large line-

scems that assuming o to he constant over altitude is quite reasonable.

widths, Av, dominates Avp allowing Av, to bhe neglected in the linewidth sum

e

D
terms. This results in:

1.66 x 19°°
o . M ot Mt——  Jp—— *®
} eff A\)‘,‘
| 1 "( )ﬂ " 2
l \ 4 In2(v,_ - v,y)© 4 In2(vpy - v,)°©
20 D: 0 12 D 0
; {:T; exp - [ 72 ] + x5 exp - [ b2 ] (2.26)
i L A\)‘,, ' A\)lr

The Urbana dye laser has a linewidth of 6.5 pm which equates to 5.62 x 109 11z

while the Doppler broadened line has a width at 200 K of 1.07 x 109 1z,
Equation (2,26) yields a value less than 2% in error for 9, pe compared with
the more accurate expression in equation (2.25). This implies that equation
(2.20) can be used with good accuracy for the present dye laser configuration.
2.5 Traemission Logses Through the Sodium Layer

In Section 2.3 the entire losses incurred by the beam as it propagated
from the ground to range bin 7 were lumped into one term, ", Consider
breaking this transmission coefficient into two terms. One term denoted TA
represents losses through the atmosphere to the bottom of the sodium layer.
The sccond term will account for the transmission through the sodium layer
only and will he denoted as Tva' The total transmission term can now be
represented hy:

e ™ m 2
) ..“1 ‘N(Z (2. 7)

Before computing a value for TVa’ first consider a beam's transmission
i
through an arbitrary range bin, where both the sodium concentration p and

the cross section ¢(v) are constant throughout the range bin thickness.
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For an impinging heam with a lineshape of g(v), the number of photons
ahsorbed by the layer in a frequency interval of v to v + & can be expressed
ol

V00 = 8y g1 - TV = Ny @) [1 - exp(-0(v) 0Az)] (2.28)

where Na is the number of ahsorbed photons per frequency interval and Nn is
the total number of photons at the bottom of the range bin of thickness Az,
The abhsorption is considered here due to its expression being easier to work
with in succeeding steps. To obtain the total number of absorbed photons
over all frequency, each side of equation (2.28) must be integrated over all
frequency. This is done by first assuming that both g(v) and o(v) can be
expressed as Gaussians. The preceding section modeled o(v) as a sum of two
Gaussians, however a single, equivalent Gaussian should provide accurate
results for lineshapes with a linewidth equal to or greater than the [, com-
plex width of 3 pm. [Expressions for g(v) and o(v) will then be given By:
-(2)°

!7(\)) = . e
* (]

, (2.29)

a(v) = o w

o
where: 50 » linewidth normalization constant
o imum cross secti alue = ¢ +a
p = maximum cro ction v 0a ob
w = 2yIn2 (v - vo)/Avn

a = Av,/Av,,.
ks .

This notation is somewhat different than that previously used, but will aid
in subsequent steps.
Under these assumptions, an absorption coefficient, A can now be calcu-

lated in the followine¢ manner:

"(m ,Va () Jw

ac

a0
[ .'.'057((‘3) Jw
- -]

The usual assumption concerning limit extension has been invoked here. This

A=

(2.30)

method of obtaining A is chosen to allow the integratien to be carried out
with respect to w without having to go through the formality of a change in

variables. Substituting (2.28) and (2.29) into equation (2.30) yields:

P o

hﬁr———:‘mn.__-‘._ﬂ_____m o
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2 2
r (1 - oxpl-age™ sax]} ¢ @) g,
A== 5 (2.31)
f. ‘-(w/a) dw
This quotient has a series expansion [Mitche!! at! amansky, 1971)
given by:
a, pAx (9, pas)? (-1 (o, pbm)”
A= - LN L J (2.32)
>
Vieot 2001 o 24° a1+ na?

2. p =5 x 10 m's, Ax = 450 m,

9
Av, = 5,062 x 10" Hz (AX, = 6.5 pm), Av, = 1,07 x 109 Hz (T = 200 K) vields
vialues of 6,53 x 1()'4

Assuming values of 9, = 1.66 x 10'h/Av“ m

far the first term and 8.11 x 10°° for the second term
in the series. ‘learly the first term will dominate the series allowing the
higher order terms to be drepped from equation (2.32) without much loss of
accuracy. A value for the transmission through one range hin can now he

expressed as:

o th

0
1
1+ (AvL/Avr)zlz

]-z"l-

Combining the effects of all bins below bin 7, the transmission of the bean

from the bottom of the laver to bin 7 will bhe given by:

-1 9 n. Az
VR S C I L 1) (2.34)
e =0 [1 + (Av,/Avp) ]?

Lquation (2.34) represents the transmission of the laser bheam upwards
through the sodium layer., The light that travels downwards does not origi-
nate from the laser, but from the atoms themselves, Therefore, the distri-
bution in frequency of the downwards travelling light will be different,
causing a different transmission factor to be in effect. Assuming the
distribution of the downwards travelling light can bhe approximated by a
Gaussian of linewidth ay_, equation (2.34) will still be in effect after
replacing Ay, by Av,. The downwards transmission through the sodium laver
can be expregsed as}

-1 g

cE 0 (] - ——) (2.35)
=)

~
o

o

¢

e et M e .
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The upwards transmission as given in equation (2.34) will now be denoted as

:g. Applying this terninology to equation (2.18) vields:

¥NAn Az T a

oy XA -

Ty A AP ',"{p, (2.36)
] ! !

dn(z, + Az/a)"

Z

me might wonder 1f the detailed expressions for fu and ., are worth
the effort to calculate., To determine their effects on the concentration
calculation, a simulation was carried out. The count values were assumed to

have a Gaussian distribution centered at 90 km given by:

* 2
(s - 90)

.v' x .n'v()t (:'3—')
bl
The terms HU and 17 as well as a lumped value for all the constant terms in
9 -3
eq. ation (2,36) were chosen to yield a concentration of 5 x 107 m = at 90 km

13 .2 - .
and a total colum abundance of 5 « 1077 m ",  These assumptions resulted in

the concentration having the following representation:

.
(7. s .225)7 T A, - amT

r B i —— el .
P AT T | N S— o 100 (2.38)
. T

where o, is given in kilometers and oo in m-s.

The results of the simulation are shown in Figure 2.7, The figure shows
the full correction, for both upward and downward propagation, accounts for
an incre se in the peak concentration of 10%, Most of that contribution
comes from the downward propagation correction as revealed by the figure.
Therefore, it seems worthwhile to include the sodium laver transmission tcrms
in the expression for the sodium concentration.

2.0 Fondedah Nopeg ot Motk of alibratiom

In the expression for the counts from ranpe hin [ as given in equation
(2.36), there are some factors which have yet to be discussed. Two of these
factors in particular may prove difficult to measure or calculate, Those
factors arc the atmospheric transmission, T and the total number of pho-

tons, %,. At present, a nightly value of 7, does not exist for the Urbana
N 14}

lidar. This term should vary considerably for the different nights of ohser-

vation due to different levels of hazc, aerosols, clouds and other components

which cause attenuation of the laser beam. It straightforward to measure

I
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the total number of photons., However, previous measurements have shown this

figure to change on a shot to shot basis. Fortunately, a method exists which

can eliminate hoth of these terms.

The elimination of difficult to evaluate terms is done by normalizing
the rcturns from the sodium layer with returns from the Rayleigh region of
the atmosphere. The returns from the Rayleigh region have been well studied
and can he accurately predicted. To see how this normalization is carried
out, an expression for the number of photocounts from the Rayleigh region
must tirst be derived.

Consider a photon flux impinging on a range bin located in the Rayleigh
scattering region of the atmosphere. The thickness of this bin is Az and
the cer.er of the bin is located at an altitude Ape Rayleigh scattering is
not nearly as sensitive to rrequency as resonance scattering. Therefore, the
frequency dependence of the liser lineshape need not bhe taken into account.
Under this assumption the photon flux can be expressed as:

N,

¢(z) = =

RO (2.39)
ENCIN

where 7, is the transmission to the bottom of the Rayleigh bin. The number
of photons scattered by one air molecule per unit solid angle towards the
telescope will be: .

Xﬂn(n) = ap(ﬂ,n) ¢ () (2.40)

The ohservation angle. A is 7 radians for this case since 8 is measured from
the initial direction of propagation. Backscattering is the term applied to
this geometry. The number of scatterers in a differential volume will be:

= o A, (a)In (2.41)

14

These equations are combined in a manner similar to equation (2.11) to obtain
a value for the number of photons counted by the syvstem from the differential
volume:
I ") = ZI‘ N z 2z ;" 2.42
uvr(u) np( ) VSU"( ) 34( ) R n ( 4 )

where n and .. have the same definitions as given in Section 2.3. Making the
proper substitutions, integrating over the altitude of the range bin, and
making similar approximations to those made in Section 2.3 to evaluate the

integral results in:

e
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~ 3
NAn 7. o,(n) Az
t'r K R -
AVH = % PR (2.43)
gl.‘
Tt was assumed that o (v) was constant over the range of integration. Next,
dividing equation (2.30) by equation (2.43) and solving for Ff yields:
al b}
"y - ¥ mo e~
B .ht(:z?. + Az/2) .\I. o OF(T\') _ ) ‘
O’. s - X Y x P D,. (‘-'441
' " Yo s Ceer ‘
N A TR v

It was shown by Nichter mi Ceoshrigt [1978] that for values of Ay of 30 km
or preater scattering and absorption losses to the beam from this altitude
to the bottom of the sodium layver were about 1% in the absence of aerosols.
Since significant amounts of aerosols rarely occur at this altitude, TH and

may be equated without much loss of accuracy., It is common in sodium

A
lidar work to incorporate the €actor of 4r into the Rayleigh angular scat-

tering cross section,  bEquation (Z2.44) may now be rewritten as:

(n, + An/2)" Voo () g,
-— N N Nl s}
P e e e e (2.45)

.o N LY

2N ..

This is the final form of the calibration equation. The next section dis-

cusses how a value for o (n) is obtained. Chapter 4 will discuss how an

altitude, ~,., is chosen which will provide good results,

T haqulelah coattering croas Ceotion

To derive an expression for the anpgular scattering cross section, first

consider the volume total coefficient R, Recall that B represents the amount

of enerpy scattered in all directions by a unit volume of scatterers. An
expression for it 1s given as [Mecartney, 1976]:

3 2 2 6 + 3

B (" - 1) '

b= C]
3a \4 6 v

X."

(J.10)

H

where n and p, are the index of refraction for the scattering media and o

is a constant determined hy the composition of the scatterer. The term in
brackets is a depolarization factor duc to molecular anisotropy with n,
having a value of 0,035 for air [Fewniorf, 1957],

Next, the concept of phase function necds to be introduced. The phase

function is defined as the ratio of energy scattered into a direction per




M

unit solid angle to the average energy s- attered in all directions per unit
solid angle. lnder this definition the phase function P(8) must satisfy the
following condition:

1 4n
Wfo P(0) du = 1 (2.47)

where Ju is a differential solid angle. Anisotropy also affects the phase

function. An anisotropy corrected P(68) for air is given hy McCartney [1976]:

P(A) = 0.7620 (1 + 0.9324 cos“9) (2.48)

This phase function is for unpolarized light. Each of the components inside
the brackets is for a particular component of polarized light. The 1 term
is for light po’arized in a direction perpendicular to the observation plane
while the cos=n term is for light polarized parullel to the observation
plane. The observation plane is the plane which contains the line indicating
the direction of travel for the incident light and the line in the direction
of observation. For backscattering, each component contributes fairly
equally, so that details concerning the polarization are not nccessary for
an accurate vilue of the phase function. ’

With the aid of the phase function, the angular volume scattering
coefficient may be derived. Since the phase function represents the ratio
of the energy scattered into one direction per steradian to the average
energy scattered in all directions per steradian, the angular volume scat-
tering coefficient may be found by multiplying F(8) by the average energy
scattered in all directions per steradian. This quantity is simply R divided

by 4m steradians. Performing this multiplication results in:

B(R) = -——f;,, P(n)
2,2 2 6 + 3p
bl 4 - 4 2
2 2T - 1) = 0.7629 (1 + 0.9324 cos"8) (2.49)
4 6 - T
3o, A ‘n

E

Recall that in Section 2.2, the angular scattering cross section could be
found by dividing R(A) by p,.. Remember also that the term o,(r) as used in
Section 2.6 included a factor of 4n. Performing these manipulations results
in:

3,2 2 + 3
8r(n” - 1) 6 r

al

2.4 6 -7
3ry, A i Py,

5
1,(8) = 0.7629 (1 + 0.9324 cos“8) (2.50)
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Penmnders [1957] has presented good tables by which (n - 1) might be calcu-
3 2
lated, The (n° - 1)})° term may be expressed in temms of (n - 1) since n is

so close to 1 for air, This approximation is given as:

Y

2 2 2
(n" - " 4 - 1) (2.51)
Since o,(?) is only uscd for air and & = =, the depolarization factor and
phase function may also be evaluated to combine with equation (2.51) to

transform caquation (2.50) into:

SN 1)°

32n (- .
U153 ;
5p}: A P

Another way also exists to calculate a value for OR(O)' Mol at chgy and

,
lon® (n - 1)°
[a)

X4

(JH(("‘) = (2.52)

Dtagar? [1978]) gave an expression for B with corrections for frequency pres-
sure and temperature as:

23 273 ! 1

R = 9,807 = 107 (k; ) (1011) 4,0117
- \ .

(2.53)

where ” is in Kelvin, 7 is in millibars and A in centimeters. The units of

4.0117 1

R are inverse meters, The dependence on wavelength of X instead of A’
is Jue to {n - 1) having a slight dependence on wavelength, Following the
procedure used earlier in the section, UR(") can bhe calculated by R in the
following manner:

A B n = B = 3
NORE S IR e (2.54)

Substituting equation (2.53) into the expression results in:
22 273 1
273 -

-2 I
oplmd = 1AL 1070 (5 yprs) o117 (7.5%)

Pr

Figure 2.8 illustrates the change in o_(m) over an altitude range of 25 to 50

km. Values for P, " and p,. were taken from the !.S. Stanlwrd Atmosphere

R
[1976]. As can be scen, o,.(r) varies only 5% over the plotted altitude range.
Deviations in the standard atmosphere parameters from the actual atmosphere
arc too great to mahke the variation of o?(n) with altitude significant.

Therefore, cq(n) as evaluated at 35 km will be the value used in this study:
- -31 -2
g, (m) = 4.75 x 10 m (2.56)

This value is between that reported by Richter anl! Jechrist [1978] and the
value reported by Mea7e [1976], and can be assumed to incorporate the latest

evidence available in the literature,
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3. TABRY-PEROT FUNDAMENTALS AND USE IN MEASURING
THE LINEWIDTH OF THE URBANA DYE LASER
3.1 Imtroduction
The previous chapter developed an expression for the effective scat-

tering cross section, which is reproduced here:

,
1.66 x 10°° [ 20 4 1“2(\’na - V)
ca?f = Av 33 exp - 2
b ] L Av J
L
© 4 1n2( 12
n2(v,, - v

i 20 } (3.1)

L A\)L J

The cross section is a function of only two parameters which can vary, the
laser center frequency Vg and the laser linewidth bvy . Both of these quan-
tities are in terms of frequency units but are related to wavelength units

P
by 0
used throughout this chapter,

5
- H/vo and Ax[ = ﬂAvO/vO". The wavelength units convention will be

The Urhana lidar system uses a sodium resonance cell as described in
Riohter m{ Seohrist [1978] to monitor the position of the center frequency.
To briefly describe this, the laser beam is passed through a cell which
contains amounts of sodium vapor. The cell is heated to a temperature of
around 150 ¢ to provide a large enough partial pressure to ensure good
resonance scattering of the beam when it is at the proper wavelength. When
the laser is "off line", the cross section of equation (3.1) is very low
and the beam passes through the cell unattenuated. When \0 approaches line
center of the sodium PZ complex, the cross section increases and one is able
to observe scattered light in the cell, Once the laser has been tuned ''on
line'", it is monitored frequently through the night to ensure that it stays
“on line'. Drifting due to thermal fluctuations and other ractors does
occur, so that adjustment is required from time to time. This study will
assume this method is sufficient to assure the laser frequency is at line
center. Errors to this approximation will be discussed in Chapter 5.

The second quantity that could vary in equation (3.1) was the laser
linewidth., This quantity will be the focus for the remainder of this chap-
ter. Linewidth measurements are carried out with the aid of a spectromr.er.
Spectrometers come in a wide variety of types and operating principles.

One type, the Fabry-Perot spectrometer, fits both the given wavelength
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resolution and available equipment requirements. Section 3.2 will describe
and present the theory behind the operation of a Fabry-Perot spectrometer,
Section 3,3 will discuss the ¢ .teria taken into consideration when
designing an interferometer, while Section 3.4 reports the results of the
linewidth investigation of the Urbana lidar transmitter,
3.2 vhpu=Ferot Theory and Prinoiples

Fabry-Perot instruments operate on the principle of multiple beam
interference, Multiple beam interference is the process in which an incident

beam undergoes many divisions in amplitude, each division experiencing a

certain amount of phase shift, The divided beams are then rccombined

allowing them to interfere with each other and form a
pattern. Fipure 3.1 diagrams the interferometer used

two interferometer mirrors are the key members of the

characteristic fringe
in this study. The

apparatus, since this

is where the beam division is performed. Plane mirrors were used in this
case, but there are other mirror configurations, confocal for instance,
which also work., To simplify the discussion, only the plane Fabry-Perot is
considered.

Figure 3.2 shows a detailed view of the mirror surfaces and the ray
geometry for one incident monochromatic beam. As the figure shows, a set
of ravs emerges from the mirrors, each successive ray having undergone a
phase delay that will be called §. The group of rays which forms the re-
flected light from the interferometer won't be analyzed since oniy the
transmitted rays make up the information that is being used to deduce the
laser linewidth. XMormt and Wel# [1959] provide a good analysis of thesc
reflected rays. The delay, &, is just the phase difference between ray O
and ray 1 as ray O propagates from points a to b while ray 1 propagates

from points a to ¢ to d, The delay for ray 1, §,, is given by

1

REIR
8. = + 2 (3.2)

1 - % cost
where ¢ is the phase shift encountered at each reflecting surface. The

phase shift for ray 0, § can be expressed as:

0
ST N 2
2oy, . 2r 2! sin”8

& = 25 27 tang s UGS U A

0 3 tang sing = 3 “osh (3.3)

Combining these, & is written as:
< N ’)n R ol
— - ; = o2 Lo - - o -

& = 61 0 % T Tosh (1 sin®0) + 2¢ (3.4)




39

Srosel
AP BUPLL) 041 3O HIPTMOUIL OHl Sdrseow ol pasr andimbo puw
sorpdo droddis pur o OIS TIN LT IO [-AIGE | U MRISRIP PDOTy [Ty aaminyg

wa00lI=4 %S8=Y wog =}
Wlid SN31 SHOYYIN SN31
9NIQY0J3y ONISSNO04 H3I13IWOH3I4Y3ANI an3id HOHYHIN

1 .l

0 /] 1 ) <
p

Sy ]

Wy38 ¥3SV




TPAIO1FAL Apdrinu s1 wray uoprout SY1 4oy
PUE SO2BIIN0S JOIIIW 10J94-A14E{ 31 jo «dnosops Hurseys wexfrug oo aandiyg

L

S3Jviuns
CT T HOMMIN —™

SIS

NOilviavy
1N3QIONI

. ot “_'_'—1
|
|

40 *
|

ST

SOUOUNSNONUNNNNNNN NN N

o

—

¢ AvY
SAVY Q31 1INSNVYL

AANNNANNNNND
ST

m SAVY 031237434 N




\

|
i

41
which reduces to:
5« 2l cose v 26 (3.5)

An expression for the transmitted electric field can now be developed.
Assume the mirrors are identical, each having a reflection coefficient of r
and a transmission coefficient of t. Using common phasor notation, the

clectric field for ray 0 is given bhy;

9

.:'() = An‘.- (3.6)

where A, is the incident field strength amplitude and point b is taken as

the zero phasa reference.  +1's electric field can be written as:

. 2 2 18
PR AT et e (3.7)
Generalizing the expression for ray n, we have

- o -
o miné

By =" (3.8)
The sum of all of these fields gives the total field expression:
o o
2 -76
b= E F, o= Ant z (vo™ %Y (3.9)
n=0 n=()

where it is assumed that an infinite number of heam divisions take place.

Equation {3.9) is a geometric series and sums to:
a]
AT
. 0
.*‘.. R (3.10)

[ - I'ht‘_'
Since detection devices for lipght measure the light's intensity, the value

for the transmitted intensity should be found:

2 .4 PR
) , . {10 f xx() f 3 11
o Ba B 208 STF F" a 3 G
1 =r"(e +e' )+ 1 +r - 2r° cos

If the incident intensity is denoted by I, = 4.~ and the reflection and

2
0 0 5
transmission coefficient are replaced by the reflectivity, » = r»”, and the

;
transmissivity, 7= *#%, (3.11) becomes

9

R e

T w 0 (3.12)

1 + F° - 2Xcosé

Iquation (3.12) is one of the forms of the Airy function. The transmitted

intensity pattern will be dependent on the plate reflectivity K and the
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phase delay &6, ¢ itself is dependent on the beam's angle of incidence 6,
the wavelength A, mirror separation Jd and phase shift at the mirror's sur-
face ¢, Figure 3.3 shows a plot of the Airy function.

A closer look at 5§ is now in order, to see where constructive inter-
ference will occur. Looking at equation (3.12), Ir is clearly maximized
when cosé is also a max.mum, or when 6§ is a multiple of 2n. That condition

can be stated as follows:
§ = ﬁ%i cosf + 2¢ = 2qm (3.13)

q being an integer. Next, incorporate the phase delay from the mirror
reflection into g, making q generally a non-integer, that still increments
by integers. This is done to simplify the ensuing manipulations and allows
(3.13) to be rewritten as:

4nd

6=\

cos8 = 2qm (3.14)

q is usually a very large number for common interferometer configurations.
Assuming a mirror separation of 1 cm, a wavelength of 500 nm and small
angles where cos6 can be approximated as 1, q has a value of 4 x 105.
Therefore, very small changes in either cos6, d or X will advance one to
the (q + 1)th order of interference.

Figure 3.1 shows that the information recorded by the film in the
interferometer is just the intensity variation as a function of 8, Figure
3.4 shows a plot of the Airy function where only 8 is varying. This plot
was made with ./ =5 cm, # = 0.85 and 2 = 589 nm. The conditien on # for
intensity maxima is derived from equation (3.14) and is given as

24 cos® = gA (3.15)
Note that g must decrease as 8 increases, which means that intensity maxima
which occur at larger angles are lower orders of interference, To see¢ how
the angle of incidence for constructive interference depends on the order
of interference, iet g = 7

)

- i where ® 1s an integer ranging from 0 to
L goA .
infinity. Also, assume that w%” = 1 so that the "zeroth'" order of inter-

ference occurs aleongz the optical axis, or at & = {0, Equation (3.14) can

then be written as

Losan T S (3.16)

o AN

T T
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Since 8, will be small, cost ~ can be replaced by the first two temms
in {ts series expansion,

ﬂr: )

L= == 1 -y (3.17)
Solving for 0, then gives

v X
0” = T—- (3.18)

N varies as the square root of the number of orders away from ‘" This is
confirmed by Figure 3.1 which shows intensity maxima grouping closer together
as higher angles are reached, Note also that as the mirror spaciang .{ in-
creases, 0 decreases indicating that the intensity variation pattern will
he pushed together for larger mirror separations,

The interference pattern that forms on the recording film will next he
investigated., Filpure 3,5 diagrams the bach half of the interferometer.
The divided beams leave the mirrors at an angie that will allow for con-
structive interference when recombined. The focusing lens provides the
means of recombination by focusing the rays to a point in the lens' focal
plane., There will also be light focused at other points where a ray is at
an angle # with respect to the optical axis, Therefore, the total two
dimensional pattern recorded by the film will be the pnint rotated a full
revolution around the optical axis, or in other words a ring pattern. This
i< shown in Fipure 3.6 which is an actual photograph of the ring pattern
produced by the dyve laser light passing through the interferometer shown in
Figure 3,1, The radius of the ring for a particular 8 is casily found by

looking at Tipgure 3.5 and is given hy
tanh = % (3.19)

or, for small o

g

wom ok (3.20)

.

Throughout the disct-.ion, only a monochromatic source of radiation
bas been considered. However, the purpose of this study is to measure the
linewidth of the incident radiation which implies a continuum of monochro-
matic lines over a narrow wavelength region. Therefore, now consider two

Jifferent wavelength components, onc at Y, the other a small measure of
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Figure 3.6

Photograph of the interference ring pattern of a laser

pulse from the Urbana dye laser. The laser linewidth
1s proportional to the product of the ring's radius
and thickness.

47




R TR

i
k

)
1

48

wavelength away at % - AA, If the same order of interference is considered
for both, say q, then the angle of incidence for the A - A\ ray must be dis-
placed from the ) ray to satisfy the condition for constructive interference,
equativn (3.14). FEquation (3.14) can be written for each wavelength giving:
2] cosp = g2 (3.21a)
2.1 cos(0 + AB) = (X - AY) (3.21b)
where A0 is the diffcrence in angle necded to allow equation (3.14) to be
satisfied at the different wavelength. Expanding the cns in equation

(3.21b), it then becomes:

2d cos@ cosAp - sind sinAp = gi - gA) (3.22
Several approximations are in order here. First both 8 and especially A®
arc small enough that their cosine may be approximated by 1 and their sine

by the angle itself. This allows (3.21) to be rewritten as:

2d = qa (3.23a)
2d - 0 A8 x qx - qAX (3.23b)
Solving (3.23a) for q and substituting into (3.22b) then yields:
Y (3.24) <
An expression for A@ can be found by differentiating (3.20). Substi- (

tuting this for A8 and (3.20) itself for 6 gives an expression for A) in
terms of measurable parameters r, Ar, f and A of:

v

|

|

1

] + \

m o=y 24T (3.25) 1
~

E

A r represents the change in radius of the ring in going from X to % - A).

An expression has now been developed which relates the quantity under
study, the linewidth A\, of the laser output to the information that's
recorded by the interferometer, namely the ring pattern. Next, information
on the design of an interferometer that will give meaningful results is

needed.

3.3 Fabru-Ferot Interferometer Des’m "riteria

Re-examination of Figure 3.4 reveals that even for a monochromatic
source, there is still a A associated with the intensity peak. This a@
would imply a corresponding Ar which in turn would indicate the source would
have a finite linewidth of AX as calculated by equation (3.24). This appar-
ent AX is due to the non-unity reflectance of the mirror set and indicates

a minimum resolvable linewidth of the interferometer system. Figure 3.3
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shows the way the peaks narrow as the reflectance goes up, however, even
perfectly reflecting mirrors would not allow for an infinitesimally small
resolvable bandwidth, This is due to the amount of light transmitted by
the interferometer going down as the reflectance goes up. Clearly in the
limiting case of unity reflectance, there will be nc light transmitted and
hence no pattern to record and measure. As it turns out, there are factors
other than the mirror reflectance which cause broadening in the intensity
peaks. Therefore, one cannot get arbitrary resolution by choosing high
reflectances and detectors sensitive enough to record the associated reduced
intensity., The factor which plays an important role in determining the
minimum resolvable linewidth is the mirror flatness. This topic will be
discussed later, but first consider only the effects of the mirror
retflectivity,

Figure 3.7 shows a plot of the Airy function, equation (3.12), as a
function of the phase difference 8, If only the wavelength is allowed to
vary in the expression for ¢, which is given in cquation (3.14), then the
plot becomes a function of wavelength. As the plot shows, the Airy function
is quasi-periodic in wavelength, with a period that is called the free
spectral range (FSR) of the interferometer. This is an important design
perameter for interferometers and an expression will now be derived for it.

First write the condition for peak intensity, equation (3.15) for the

gth order and the (¢ - 1)th order of interference:

27 cost o= N0 (3.26a)

h N s 3 L&}

27 costo= (r -1 Ao+ A 3.26b
where A\FQR is the change in wavelength necessary to compensate for the
change in order. AX is the free spectral range of the interferometer,

FSR
To simplify the derivation assume the ring pattern is observed at a small

angle, allowing cos0 to be replaced by one. Subtracting equation (3,26a)
from (3.26b) gives, after some rearrangement:

A= (o= 1) AA (3.27)

FSR
The small angle approximation allows equation (3,26a) to be solved for

oopiving
g o= 2/ (3.28)

7 is poing to be a very large number, as discussed earlier, allowing (5 - 1)
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to be replaced by 7 in equation (3.27). Incorporating both of these ohser-
vations into equation (3..7) allows for the free spectral ranpge to he solved

in terms of measurable quantities;

. A"/ 2¢
Mg =2 /2. (3.29)

Note that as the mirror separation is increased, the FSR becomes smaller,
With this background, an expression for the minimum resolvable bandwidth

of a system can be determined., Let A8 be the phase difference necessary to

move from the maximum to the half maximum of the intensity plot., Writing

the normalized Airy function at the hal f maximum point yields:

h]
_ : a-mn (3.30)
1+ 77 - 20 cos(5, + A8)

tof —
)

where ﬁn = 2ym, Rearranging and cancelling common terms transforms (3.30) to

R
2 cos(ﬁn + 46) = 4V -] - ox" (3.3

Expanding cos(SH + A§) and applying 6y = 2am to the proper terms then gives:

LER 1o

2% cosAS = 1P -1 - F (3.32)

Next, replace cosAd hy the first two terms in its series expansion

Bl
b (A8)T . 2
=20 -(—-5-—— = 2N -1-0FK (3.33)
which reduces to:
AS = =k (1 - ) (3.34)

v’

Now, if A% is caused only by a change in wavelength, it can be expressed by
differentiating cauation (3.14) with respect to ) giving:

las] = AL LO8T 4y (3.35)

™

3 2

where A3, represents the change in wavelength corresponding to the change in
phase AS. This will only be half of the minimum resolvable bandwidth A\min'
Using this alonge with equations (3.34) and (3.35) allows the solution for

the minimum resolvable bandwidth to be obtained:
(1 - ) 1

A . = 7 3,36
Xmln T 2n cose ( )

Making the small angle approximation and rearranging vields




The numerator of this expression is just the FSR of the interferometer.

The denominator is called the finnese, I, where

"y’rXT
o (3.38)

1A

For a given FSR, a larper finesse will give the interferometer a smaller
minimum resolvable bandwidth. Therefore, the finesse can be regarded as a
figure of merit for the Fabry-Perot device. Note that as the reflectance
goes to unity, the finesse goes to infinity.

This cxpression for the finesse was developed fur perfectly flat
mirrors with an arbitrary reflectivity. As mentioned before, a deviation
from perfect flatness will cause the intensity peaks to broaden. The effect
of this deviation from flatness can be expressed in terms of another finesse
figure, the flatness finesse. Equation (3.38) then refers to the reflective
finesse. For mirrors which deviate from parallelism by an amount )/, the
flatness finesse will be given by

F.= M2 (3.39)

For mirrors flat to 1/50, this would imply a flatness fincsse of
= 25,
FF
The total instrument finesse can now be calculated for real-1ife

interferometers as

1 1 1 2
b [ 5 ¢ 2] (3.40)
oo Fp

where FT is the total instrument finesse and FR is the reflective finesse,
equation (3.38). Therefore, the part of the finesse which is lowest will
tend to dominate the total finesse,
The interferometer design will be considered now. The two major design
criteria are:
1) To choose a free spectral range which is larger than the expected
linewidth of the light to be measured,
2} Given the free spectral range from above, to choose a finesse large
enough to give a minimum resolvable bandwidth smaller than the

expected linewidth,
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If condition one is not met, the rings will be so wide that they will over-
lap orders and destroy the ring pattern. This is apparent after some
thought about the meaning of the FSR. Condition two ensures that we are
actually measuring the linewidth of the laser and not just the instrument

handwidth,

With an FSR chosen, using equation (3,29), the proper mirror spacing can

he chosen. Next, with the minimum required finesse known, one can choose 1
set of mirrors that will have a large cenough reflectunce and sufficiently
good flatness fisure. In order for the mirrors to be aligned well enough
to vield a high finesse, a mount that is very mechanically stable and is
resistant to thermal fluctuations must he used. (nmmonly, some type of
invar is used in this mount's construction to provide the thermal stability
required,  If the mount vibrates or expands over even small fractions of
the lisht's wavelenpth, alienment suffers and the finesse is reduced.

A review of Pigure 3.1 also shows values of two lens fogal lengths to
be chosen,  The focusing lens focal length should be chosen large enough to
make the ring pattern large enough to easily observe. Equation (3.25) shows
that for a given Ay and Y; » and Ay must increase to offset increaszes in 7,
thus providing a larger and more observable ring pattern. The field lens
tfocal length must be small enough to allow for a wide variety of incident
angles so that plenty of orders of interference will be excited., If [ is
the laser beam diameter and f} the field lens focal length, it is easily
shown from equation (3,18) that the number of rings excited by the field

lens is given by
T I (3.41)

nder pormal eondicions, « is quite large and needn't he vorried about,
Sob cwrewtone T Dealpng Doty om0 Teand fe
Previous evidence indicated that the linewidth for the Urbana dve
laser would be somewhere around 10 pm [Fiotep o0 Seohriags, 1078).  There-
fore, using the desian criteria discussed in the previous section, it was
felt that an FSR of 15 pm would be appropriate for this study, This value
for the PSR corresponds to a mirror separation of 1,16 ¢m. The next step
was to find a sct of mirrors shich would provide a high enough finessc,

when aligned properly, to provide the instrument with a low enough wminimum
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resolvable linewidth to perform the measurement. A set of 85 percent re-
flective mirrors which were flat to /20 were readily available. This set
of mirrors has a reflective finesse of 19.3 and a flatness finesse of 10,
yielding a total finesse, as calculated by equation (3.40), of 8.9, Using
equation (3.37) for this finesse figure and the previously mentioned FSR of
15 pm, a minimum resolvable linewidth of 1.7 pm was calculated. This would
work quite well for the estimated linewidth. These quantities and equipment
spccifications are listed in Table 3.1,

It was important to have a good mechanically and thermally stable mount
which would hold the mirrors and allow them to be adjusted to an accurate
degree of parallelism. Figure 3.8 exhibits a photograph of the mount used
in this study. The spacing rods are constructed of steel, with the mounting
plates manufactured at close tolerances to reduce slipage on the rods.

Again, Figure 3.1 diagrams the equipment setup. A description of the
alignment procedure for this equipment now follows. Using the beam from
the continuous wave HeNe alignment laser, the basic system equipment is put
into place. This includes the iris, the folding mirror and the mount,
without mirrors in place. The folding mirror is now adjusted so that the
beam passes through the optical axis of the mirror mount. Next, the front
mirror is put into place and it is adjusted so that the HeNe beam retro-
reflects bach through the iris. The back mirror is then put into place.
Some sort of dot pattern will most likely now appear on a viewing screen
in back of the interferometer. This is the HeNe beam as it unstably walks
off the mirrors. The back mirrer is now adjusted to bring the dots closer
together until they all fall on top of each other., This should be done
with as much precision as possible. The field lens is next put into place,
two to three focal lengths away from the front mirror surface and positioned
so that the beam stays in the optical axis. This can be done by placing an
iris stopped all the way down in the HeNe beam at the point where the field
lens focus is expected to fall. Then the field lens is inserted and ad-
justed so that the focused spot falls in the center of the iris. This
second iris can now be removed and the focusing lens put into place. Again,
this lens should be placed so that its center falls onto the optical axis,
although the adjustment is not so c¢ritical as for the field lens. A viewing
screen 1s then placed one focal length away from the focusing lens. This

distance should be measured with as much accenracy as possible to minimize
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Table 3.1 Parameters and specifications of

the Fabry-Perot interferometer
used to measuvre the linewidth of
the Urbana dyve laser,

Lquipment/Parameter Value
Center Wavelength (V) 589 1m
Refiecvance (M) , 85
IFlatness Y/20
Spacing (1) 1.16 ¢m
Free Spectral Range (A\FSR) 15 pm
Reflective Finesse (F,) 19.3
Flatness Finesse (F.) 10
Total Finesse (FHS R.Y
Minimun Bandwidth (Aimin) 1.7 pm
Field Lens Focal Length (74) 5 em
Focusing lens Focal Length kf? 100 ¢m
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} Figure 3.8 Photograph of the Fabry-Perot mirror mount. The front
mirror of the interferometer is held on the left-hand
plate with the back mirror located on the movable middle
plate.

ORIGINAL PAGE IS
OF POOR QUALITY
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Fosing error, L ving patrea ahooid now he obsorvabde,  1f the pattern
appears et rie, sl adjustaents can e made on the back wirror in
the Interfeprameter et to allow for the best attainable ring pattern. The
vovered recordiny film can naw ke put Inte place, The position of the film
st b be i the focasing fens focal plune,  The Jdye laser {s then turned
o at this point to epsure the vy patters hus good symmetry and is posi-

Praand nroperis with respect to the recording film,  The apparatus, from
the inferferametey mount ot back, should now be covered by a light tight
cloth to prevent <tyav licht from reaching the film. The apparatus, after
aymment |, wias photopraphed and is shown in Figure 3.9,

Teo tale o pivture of the ring pattern, the heam to the interferometer
i Mloched ot until the Film has been uncovered. One laser shot is allowed
to yass throuch and then the film is re-covered and developed. This stuwdy
simprv o used the back end of an ascilloscope camera with type 40 Polaroid
Film, allowinge quick viewiny of the photopraph., If the photopraph has not
received the correct exposure, the beam intensity mist be adjusted. For
over-exposnres, the use of a less reflective mirror in sampling the heam or
an anterferenve tifter placed in the heam work well in reducing the incident
vinerpy on the frlm, The interference filter is especially suitable since
its transmission characteristics are a function of the bheams angle of inci-
derce to the surface,  Therefore, by varving the angle of the filter with
rerpect to the beam, a continuu~ of intensities can be produced.

Figure 3.7 shows o photograph properly exposed, A traveling microscope
was used to record the position of several of the rings for various cross
sections throngh the ring pattern. Values for r times Ar were determined
for the rings ~ampled, throush cach cross section. These were averaged
topether and inserted into equation (3.25) along with 7 = 100 cm and 2 = 589

nm,  This viclded a caleulated linewidth of 6.0 *+ 2.5 pm,

M. e
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4. PHOTOMULTIPLIIR TUBL OVERLOADING AND NORMALIZATION BIN
SMOOTHING IN THE RAYLETGH SCATTERING RIEGION
4.1 Imrrodustion
In Chapter 2, the following expression was developed for the average

sadium concentration in a range bin ¢

N ) (G, o AR/ ¢ Vo
re® : ~ (4.1)

"
v

"
1
_‘<

) Y.
v :
A aad, Ty i
. 3
L ] *

L]

Note that the return from a bin in the Rayleigh scattering region, V,,
appears in the expression, There are two criteria to be considered when
selecting an altitude at which to normalize the photocounts returned from
the sodium laver, First, the altitude must he high cnough that only a
neglipible amount of light is attenuated from the beam as it propagates from
the normalizing altitude to the hottom of the sodium layver, Secondly, the
returns from this repion mist be due to Rayleigh scattering. This is neces-
sary since Rayleigh scattering is ordinarily the last loss mechanism operating
on the beam until it reaches the sodium laver. Also, Rayleigh scattering is
well understood and expressions which relate the returns via that mechanism
are casily obtained.

This chapter will Jdeal with issues related to choosing, if possible, a
range and an associated bin value to normalize the returns and calibrate the
photocounts, Scction 1,2 discusses the predicted nature of the Rayleigh
returns. Section 4.3 mentions problems due to photomultiplier tube (PMT)
overloading from this regpion, Secvien 4.4 presents a method to smooth the
selected range bin te reduce errors contributed by noise.

1.2 Bevioma Sye the R ef ah Feadon

An expression for the returns from an altitude where Rayleigh scattering

is the dominant scattering mechanism was developed in Chapter 2 and is given

by

. nk ke Il
o ¥ (4.2)

The terms 7, , Aﬂ, n and Az will be constant with height. Two terms, 7, and
J.(7) vary slowly with height and can be considered cnnstant over the inter-
val of altitudes under scrutiny here. The averape atmospheric density term

=, follows closely to the following exponential relationship:

LR
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_ -zR/H

Pp ™ 0,8 (4.3)
where Po is the density at an altitude of zero and K is the atmospheric
scale height. Lumping the terms which don't vary with height into a constant
K, equation (3.2) can be rewritten as:

-8, /H
N. = _K_..e R (4.4)

Over a narrow altitude range the inverse altitude squared relationship
will be dominated by the exponential. Therefore, returns from the Rayleigh
region should demonstrate a strong exponential decay with height. Figure
4.1 demonstrates returns from the Rayleigh region showing this predicted
exponential response,

4.3 Photorultiplier Tube Overloading

With the addition of the 1.22-m telescope to the Urbana Lidar system, an
increase of a factor of 5 over the 0.38-m telescope has heen observed in the
photocounts from the Rayleigh region [Rowlett md Gardner, 1979]. This in-
crease in signal has been significant enough to cause the system PMT to over-
load. The overloading is characterized by returns much reduced or even nulled
out over a period of time folicwed by a recovery interval where the counts
rise to their expected value. The null or reduced response period depends
on the strength of the overloading signal. Figure 4.2 depicts a plot of the
unfiltered photocounts vs. altitude of a profile taken with the 1,22-m tele-
scope. The returns show a null portion up to the 25 km range followed by
the recovery interval up to approximately 40 km after which the returns
follow their usual response. Clearly, there is no exponential decay observ-
able in the lower regions which means that this profile cannot be calibrated.

Fortunately, the overloading is not always so severe. Figure 4.3 shows
another profile of unfiltered photocounts plotted vs. altitude. The region
below 30 km shows erratic and reduced returns until reaching the 28 km level
wvhere an exponential decay is clearly evident. By selecting a bin in the 28
km to 45 km interval where Rayleigh scattering is dominating the returns,
the profile can be calibrated. The following section presents a method for
choosing this altitude.

4.4 Rayleigh Normalization Bin Selection amd Smoothing Technique

Figure 4.4 is a plot of the photocounts vs. altitude for a profile
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which has an interval stronply dominated by Rayleigh scattering. Clearly
some amount of noise is present in this signal as the deviation from a
purely exponential decay reveals. To minimize the effects of this noise,
some sort of smoothing noeds to be done on the Rayleigh scattered bhin
values. The following presents a least squares fit method of performing
tlie desired smoothing,

Equation (4.4) expresses the number of photocounts received at a height
7, as a function of that height. By multiplying each side of (4.4) by 352

and taking the natural logarithm of each side, (4.4) now becomes:

)

“ = In A'--}{-sh. (4.5)

L3

In S
Equation (4.5) exhibits a lincar relationship hetween In NFsz and the alti-
tude Z e Therefore, a lecast squares fit can be done for these twe quantities
providing the desired smoothing.

As discussed previously, not all of the returns are due to Rayleigh
scatter. Range bin values which are dominated by noise or which show signs
of overloading effects in the PMT cannot be used in this fit. A computerized
method to cxamine the returns and choose and smooth an appropriate bin is
used in this calibration technique. 1In this method a background noise level
is first computed by averaging the returns in several bhins which are due to
noise. Two thresholds are now computed. An upper threshold at four times
the background level and a lower threshold at two times the background level.
The returns within these threshold levels are examined and the altitudes
where the returns are at a level of three times the background counts are
found., All pertinent levels and thresholds have been indicated for the
profile in Figure 4.4, The altitudes at which the count is three times the
background count are averaged to determine the height at which the normali-
zation is performed. Next, the five bins on either side of the chosen bin

are curve fitted and a smoothed:value for the normalization bin is computed.

L ) )
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5. EXPERIMENTAL RESULTS AND ERROR ANALYSIS
5.1 Frperimental Hesulta
In Chapter 2, an expression relating the photocounts to the sodium con-
centration was developed, the final form of which is given by equation (2.45),
Chapter 3 provided the necessary information to calculate a value for the
effective cross section. The value of the Rayleigh range bin, its altitude,

and the number density of the atmosphere were the topics for Chapter 4.

With the addition of the raw data which provides values of altitude and

range bin photocounts, equation (ZI,45) can be cvaluated. These results are

' the topic of this section.

l As mentioned in Chapter 1, a seasonal variation in sodium column abun-

? dance is Jdefined as the number of sodium atoms contained in a column extending
} from the pround to the top of the atmosphere and having a unit area cross

» section,  The column abundance reported in the past shows an increase in the
winter values over the summer values. Tihus feature is evidenced by comparing
Figures §,1 and 5.2, Fipure 5.1 is a calibrated profile from the June 24-25,
1979 data set. Note that the laver extends from R0 to 100 km with a peak
concentration of 1.5 x 109 m"3 at an altitude of 85 km. Figure 5.2, the
winter profile was taken January 18-19, 1980 and extends over the same 80 to
100 km range. The peak of the layer now occurs around 88 km and has a value

- a -3 . . . .
of 7.5 ~ 107 m ", Most of the increase in sodium atoms is found on the top-

side of the laver. Mbhaw prd Soiifond [1971] have also observed this
acclrrence.

Figure 5.3 illustrates the average nightly column abundance against the
month of the vear. The data was taken during a period extending from
November, 1977 to January, 1980, Examination of this figure shows some
interesting features, First, the abundance in the winter months of December,

-

January and tebruary are a factor of 5 to 7 times larger than the abundances
observed during the summer months of June and Jvly., Note also that the
cyclic nature of the variation is fairly smooth, In other words, approxi-
mately equal amounts of time are spent in the enhanced and depleted portions
of the c¢vele. This smooth variation suggested that the data be fitted, by
means of a least squares error method, to a sinusoid. The functional form

of the sinusoid is given as 3,75 » 101° sin{2n(x - 9.85)/12) + 4.585 x 1()]3

B

m = where o is the month. The value of » ranges from 0 to 12 with 0

iiihﬁl—h—ﬂusau, tintic . —
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Figure o.1 A calibrated profile of summertime data takhen on the
evening of June 24 and 25, 1979, This particular profile
: was tue fifth one taken that cvening and was low-pass
‘ filtered with a cutoff spatial frequency of (3,75 kmi-1,
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Fryare 5.0 0 A calibrated profile of wintertime data taken on the night
of January 18 and 19, 1980, This was the ciphth protile
observed that evening and was low-pass filtered with
cutoft spatial frequency of (4,00 kmi -1,
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representing the beginning of Januarvy and 1) the end of December, As cin be
scen the data fits the curve well although a larger data base would be needed
to draw more definitive conclusions, The phase delay of 9,85 corresponds to
October 20,

While these results compare well to the past obeervations reported by
other gproups on the whole, there are some differences. First, the factor of
S to 7 oancrease agrees much more closely with the SJihsewn ol Janifor! [1971]
value of 5 than it does with the Meoic ! Flament [1977] value of 4 and the
CimewZon e 00 [19T9) value o 20 cIeenSol el [1979) felt that this
factor was related to latitude, larger factors being found at higher lati-
tudes. The latitude of the Urbana system of 40°N and the Meole and Rlamont
[1977] latitude of 44°N are in close agreement, However, the factor of
Increase agrees more closely with the knglish results obtained at a latitude
of 52°N.  Theretore, the latitude dependence of the factor of increase does
not seem to be valid tor these results,

e e '

o [1979] reported 4 smooth cyclic variation, however,
Mogle pos oo [1977] have observed a much shorter period of enhancement
lusting only 2 to 3 months, the rest of thevear being somewhat equivalent
Pheow pnd Thomaa [1971] published a variation similar to this one but having
a marginally shorter enhancement,

Finally, the consistency of results as shown in Figure 5.3 vields con-
tidence in the relationship between the cialibration of the different evenings
of observations, No points, even those with less than 5 profiles averaged,
deviate significantIyv from the rest of the group.

e . .

5.0 Frerop oangluala

fo pertform the error analysis, an RMS mean error will be used, This

can be detined as:

W d Hp[ 2
.‘z} "'("‘l' _"2, 'a-} = ( 'é?; .‘a:‘1> "'( 'a':;\—;Afz) + ... (5-1)

where a delta quantity represents the uncertainty of that quantity., Assuming

Dy ta,oa., Y, 0, U, and v (7) have negligible amounts of error, P becomes
. 2 I o o
a function of , ., M. und o .. lvaluating equation (5.1) using thesc varia-
o . [3

bies results in:

o e v
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relation of the profiles to each other should be mich more reliable, However,
for this tuning error, the relationship bhetween profiles becomes unsure as the

tuning randomly varies through the evening.




Table 5.1 Summary of statistics from the October 29, 1978 dataset.
The column abundance is directly related to the signal
photons and inversely related to the Rayleigh photons,
Low numhers of signal photons 1n» profiles 4 and 6 are
probably due to drift in the laser tuning since the
Rayleigh counts stay relatively constant.

Profile Signal Rayleigh Column % Deviation

¥ Photons Photons Abundance from
abundance
1 2086 30.4 6.3 x 1083 26
2 1716 35.6 6.3 x 1017 26
3 1263 31,6 4.6 x i0t° - 8
A 730 28,2 3.3 x 1013 -34
5 1446 31,2 5.4 x 1012 8
6 872 33.5 3.7 x 1013 -26
- 1056 24.8 0.3 x 1003 -14
8 1240 33,7 5.1 x 1013 2
9 1225 30.0 6.1 x 1013 22
10 1551 28,0 6.9 x 1017 38
Avg. =
13

5.0 x

10
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6. SUMMARY AND RECOMMENDATIONS FOR FURTHER WORK

6.1 Swmmary

From the lidar equation, an expression was developed to calculate the
sodium concentration from observed photocounts collected with the Urbana
lidar system. The main unknown in the equation was the laser linewidth.
A Fabry-Perot interferometer was designed and constructed to perform this
measurement. The laser linewidth was measured to be 6 * 2.5 pm. Some
nroblems in calibrating the photocount vs. altitude data were enrountered
from photemultiplier tube overloading. A method for selecting a normaliza-
tion bin found in the Rayleigh scattering region was developed. With this
information, past data were calibrated. The data showed a strong winter
enhancement in the sodium column abundance of a factor of 5 to 7 over the
sunmer values., The data werefitted with a cosine curve with pood results,
The calibration is accurate to within 50%, approximately.
6.2 Feoormenlationa for Further Work

6.2.1 Further linewi {th studiics. A more rigorous study of the line-
width and its variability needs to be undertaken to reduce the uncertainty

in the calibration, Variability studies through an evenings' run and on a

night-to-night basis would be beneficial in ensuring an accurate calibration.

An cven better arrangement would be to monitor continuously the linewidth
and record its values throughout the evening. Som: sort of linear detector
array would be best since it must have a quick response time. If photo-
grajhic methods are continued, some sort of alternative to Polaroid film
should be used. The film should be able to accept a wide range of pattern
intensities to cope with the changing output energies.

6.2.2 Center frequency monitor. As was discussed in Chapter 5,
drifting of the laser center frequency is another cause of error which
should he eliminated. This parameter will need to he controlled and
monitored during data collection. Either an interferometry or cell absorp-
tion method shoulu bhe used.

6.2.3 fating or shuttering of photorultiplier tube. In order to
eliminate the PMT overloading, the PMT must either be gain switched elec-
tronically or have its input mechanically blocked by a shutter during the
low altitude returns interval. Electronic gain switching will require

modification of the PMI" housing as well as the external switching and timing

e aml
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circuitry. A rotating shutter would require a motor equipped with a

propeller-like shutter as well as position sensing and timing circuitry.
This is a significant problem because some photocount vs. altitude profiles
cannot be calibrated due to the severity of the overloading.

6.2.4 larger Jata base of calibrateld p:oftles. 1In order to achieve
more confidence in the seasonal fluctuation of sodium, a larger data base is

needed, especially from January to June. This information can be had at no

loss to other irvestigative objectives.
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APPENDIX I

Operating Procedures for the Lidar Transmitter

The following is a step-by-step instruction set for aligning and

operating the Urbana dye laser.

1.
2.
3.

Prepare and install a new set of flashlamps.

Prepare a concentrated solution of the Rhodamine 6G dye.

Using the Simer pump on the stand holding the water deionization
system, pump the cooling water from its reservoir into the nalgene
holding tank. Using acetone, clean out the cooling water rvoir

and paper towel dry. Be careful not to inhale the aceton. .umes.
Replace the cooling water reservoir and open up the stopcock at the
bottom of the holding tank. Keeping the drain valve closed on the
deionizer, open the inlet valve to obtain a good water flow through

the delonizer. Slower flows haven't proven to increase the waters
resistivity,

Remove the fire bricks which form the oven for the sodium resonance
cell. Remove the cell and look at the base to see if there is an ade-
quate supply of sodium deposited on the glass. If there is a sufficient
amount, one¢ should observe a silver-blue coating around the glass that
obscures the sodium channels within. If the coating is not very thick
and allows easy viewing of the sodium channels, more sodium needs to be
relcased from the channels. To accomplish this, obtain a low voltage,
high current ac power supply capable of an output of 9 to 10 amps.
Notice that the cell has three wires exiting the bottom of the cell,
LEach of the outer wires corresponds to one of the sodium channels. The
center wire is common to both., When beginning with a new cell, use
only one of the channels to release scdium until it has been used up,
then switch to the second. It is therefore advantageous to mark the
lead of the channel which has been used most recently. Connect the
power supply to the center lead and the proper outer lead and turn the
power on to the supply. Begin at zero current and increase slowly to
nine amps. Keep the current on until there is a good deposit of sodium
on the glass. This should take 20 t: i? seconds depending on the

amount ot use the channel has experienced. Replace the cell in the
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oven and turn the heater on to a setting of 55 on the variac. Monitor
the temperature closely, not allowing temperatures greate: than 150 C,
Temperatures greater than this couse excessive decay of the ceil. If
time is short the variac can be turned up higher to get the oven to 150
¢ more quickly, but should then be turned back down again towards the
55 setting. The cell should be positioned inside the oven in such a
vway that will allow the laser beam to enter through the oven window,
pass through the center of the cell and out the oven's hack window.
Turn on the sodium arc lamp and adiust both it and its associated
focusing lens to image the pinhole onto the entrance slit of the spec-
trometer. Check to see if the sodium doublet is well defined and
hright. The eyepiece of the spectrometer will need to be adjusted to
form well defined lines. If the sodium doublet is not bhright enough tc
see clearly, readjust the focusing lens and arc lamp.

Drain any old dyve which may be in the dye reservoir. This can be done
by closing the valve on the side of the reservoir rack which leads back
into the dye flow system. Afterwards, open the other valve which leads
to the free drainage hose. Insert the drainage hose into a container
capable of holding the amount of dye in the reservoir. On the “ront
panel, flip the switch under the amber light to the on position. The
dve should now be flowing into the drainage container. After all the
dve has been removed, turn off the switch and rinse the reservoir with
ethanol to remove any residue. 1+ would be wise to wear gloves so that
contact with the Rhodamine 6G dye will be minimized., Turn vhe switch
back on again and drain out the ethanol which was used to rinse the
reservoir. Shut off the drain valve and replace the drain hose to its
storage position. Reopen the valve which leads back into the dyve flow
system. The dve filter should now be emptied., There are two ways to
do this., First, if the dye filter is known to he fairly clean, place

a container of at least 600 ml volume beneath the dye filter and open
the wing valve at the bottom of the unit. Turn the pump to the on
position which should cause the dye to empty out. When finished, turn
off the pump and close the wing nut valve. If the filter is dirty and
necds replacement, again place the container benecat’s the dye filter

and open the wing valve. lising the wrench kept on the side of the

reservoir rack, loosen the bolt on the top of the filter. As the dye
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filter container separates from its holder, dye will begin to flow into
the vessel which is holding the discharged dye. Allow enough dye to
drain out to allow the dye filter container to be comfortably threaded
out of the dye flow system apparatus. The wound filter can now be
accessed and replaced if necessary. To empty the dye in the dye rod
and the tubing which connects it to the pump, locate the hose which
enters the front panel of the dye flow system. Placing a beaker or
other suitable container beneath this hose, remove the hose from its
fixture and allow the fluid in it to gravity drain out.

Refill the dye reservoir with new solvent, The mixture ratio is 1 part
water to 1 part ethanol. Normally 95% ethanol is used, however purer
percentages of ethanol can be used. The normal amount of solvent used
for a data run is 16 liters. This would correspond to 8 liters of
water and 8 liters of ethanol. When the solvent has been added, the
pump can then be turned on. This allows for the air bubbles tiapped in
the system to work their way out of the flow system., To turn the pump
on, flip the switch under the amber light on the pump control panel to
the on position. The pressure should begin to build as will be evi-
dencud by the front panel gauge. When the red light goes out, the
pressure has exceeded the threshold point at which the safety cutoff
will shut down the flow system. Now return the switch under the amber
light to the off position. The amber light should remain on and the
dye should begin flowing through the system. Next, add in the concen-
trated dye mixture at a rate of 30 ml dye mix to 1 liter of solvent. A
16 liter solvent solution corresponds to 480 ml of concentrated dye
mix. Finally remove the 1, 3, 5, 7, cyclooctatetraene {(COT) from the
freezer and add it to the solvent at the rate of 0.2 cc per liter of
solvent. Therefore, for a 16 liter solution, 3.2 cc of COT would be
added. This is best done with a syringe and hypodermic ne.dle. Gently
stir the whole solution with a stirring rod. It will pr bably take 5
to 10 minutes before the sciution has mixed well with the dye flowing.
Remove the flask that serves as a trap in the vacuum system. Empty any
ablation product which might be in it. Periodically rinse it with
acetone or ethanol and allow it to dry. Using a paper towel, remove

the old vacuum grease around the flask's mouth and from its stopper.
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Replace it with a fresh thin coat of vacuum grease on the contacting sur-
faces. When the vacuum svstem is first turned on, this stopper may need
to be held in place until the vacuum begins to suck it down on its own.
If there is enough water in the cooling water reserveir to start the
pump, now is the time to do so. Place the hoses in the water and after
checkhing to make sure all hoses around the flashlamps have bheen recon-
nected and the clamps on them removed, turm on the pump. Tf the pump
does not prime, place a rubber bulb in the water and fill it with water.
Keeping both it and the inlet hose under water, force water into the
inlet hose until a solid colum of water rcaches and goes through the
pump. The pump should now work at this time.

Remove the cover for the bi-elliptical cavity and check to make sure the
dve rod is oriented properly with respect to the cavity. It should be
positioned along the common focus axis. This provides a rough alignment
of the dye rou along the optical axis.

Remove the optics from the rail and turn on the HeNe alignment laser.
Adjust the laser so the beam passes through the center of the quart:
windows on cich side of the rod. The dye should be flowing at this
point since the beam propagates through the rod differently when there
is no flow. An adequate way to center the heam in the windows now fol-
lows., First, remove the pinhole from in front of the alipgnment laser,
This is done to allow the lHeNe laser to he moved without having to read-
just the pinhole. Next, move the front end of the HeNe laser (the end
nearest the cavity) to center the sopt in the window horizontally. If
the vertical adjustment is off, check to sce if the beam is at the same
height above the rail for the length of the rail. If that adjustment is
not correct, level the beam using computer cards underneath the alignment
laser. When this is done, recenter the beam horizontally by moving the
front end of the laser, as before. The beam should not be too far from
the center of the nearest window. lindo the set screw which controls the
height positioning of the rod and adjust the rod to center the beam in
the windew. Retighten the set screw and perform the same adjustment on
the back window. The horizontal adjustment on the back window will

most likely he off at this point, but the window can still be verti-
cally centered. Now, note to which side of the back window the beam is

positioned. Move the back end of the laser to the same side. The
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amount moved will depend on the distance from center. Adjust the front
end of the laser to center the beam on the front window. Check the
position of the beam on the back window and make more adjustments as
necessary., After completing the centering process, the hi-elliptical
cavity may need to be readjusted so that the dve rod is still at the
common focus and not in physical contact with the cavity. This is done
by loosening the four bolts which hold the cavity to its black support
frame, centering the cavity with the dye rod and retightening the bolts,
Ensure that once the dye rod is centered, the hoses facing the dye rod
will not he jostled or moved around. Even slight movements can destroy
the alignment. This can be seen by moving the hoses and watching how
the beam moves on a viewing screen at the back of the optical rail,
Place the grating as far back as it will go on the optical rail. If
it's not known whether or not the grooves are oriented vertically, they
should be checked for proper alignment. To do this, first position the
mount so that the beam is retroreflected back into the laser. Now,
rotatce the grating so that the angle of incidence ‘s changed. Soon,
the first order of diffraction should appear somewhere around the dye
cell. 1If the grooves are vertical, the first order too will retrore-
flect back into the laser., If not, the grating should be rotated in
its mount until this condition is met. Now turn the mount so that the
first order on the other side cf normal incidence comes into view.

This diffracted beam should also retroreflect if the grooves are prop-
erly aligned. Make adjustments as required so that all three beams
will retroreflect when the mount is rotated on the optical rail. Next,
carefully examine the grating and choose an area, at least 5 mm in
diameter, that is fairly clean and unmarked. Position the mount so
that the laser beam is incident on this spot. Orient the mount's angle
to this beam so that the first order of diffraction is retroreflected
back into the laser. The angular positioning micrometer should be posi-
tioned at a setting of at least 300 mils, since this will need to be
readjusted later. The mount should be clamped securely into place, and
fine adjustments made with the micrometers to re-center the beam on the
alignment laser. The pinhole chould be in position in front of the

laser to make the adjustment as accurate as possible,




13,

14.

15.

16,

17.
18.

19.

81

Place the mirror that makes up the mirror grating combination in front
of the grating. Select a good clean position on this and have the beam
strike the mirror there. Securely tighten it to the rail and adjust

the micrometers so that the beam is retroreflected. This adjustment is
critical and should be done with care. The grating may need to be
blocked off so that its reflections will not hinder the mirror align-
ment.

Put the output mirror in place. Clamp it to the rail and adjust the
micrometers so that it retroreflects, Usually, some faint spots,
originating from the mirror grating combination, will be visible and

can aid in this process.

Between the output mirror and alignment laser, place a glass slide and
position it so that the HeNe beam is reflected towards the beam split-
ting table located on the sides of one of the 40 Miz transmitter cavi-
ties. DPosition the beamsplitter mirror so that it guides the beam to
the input slit of the spectremeter. The throughput from the beam-
splitter should be guided via che total reflector through the center of
the sodium resonance cell,

Subtract 180 mils from the angular adjusting micrometer head on the
grating. This converts the alignment from 632.8 nm to 589.0 nm.

Block off thc alignment laser.

Turn on the water spigot on the mezzanine which cools the dye. Just

a good steady flow of water should be sufficient.

Replace both the bi-elliptical cavity cover and the wooden cover which
goes over the whole central assembly.

Turn on the vacuum pump, making sure the manometer's stopcock is turn.d
so that hoth sides of the colum are at the same pressure. As mentioned
before, the stopper in the flask trap may need to be held down until the
vacuum is well started. Allow this to run for about a minute so that a
good vacuum is developed. Once a good vacuum is present, turn the stop-
cock on the manometer to isolate the two sides of the column. This pro-
vides the manometer with a vacuum reference to measure system pressure
with.

Turmn on the nitrogen supply at the tank and adjust the diaphragm so

that the line pressure gauge just barely shows some pressure. Open up
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the line to the flashlamp system and allow the manometer to come to a
reading of four torr. This valve should only be handled by the black
plastic to avoid shocks when the high voltage is on. The shocks are

not dangerous but do provide some discomfort.

Turn on the pulsing equipment sitting on the tahle nearest the output

end of the laser. There are two units which perform the pulsing. The
high voltage pulser is a metal chassis with a transformer mounted on top.
The power switch and red indicator light are located on top. The second
unit is a1 external trigger unit in a small metal chassis box. This has
the time between pulse adjustment on it, which should be set on the two
second position, Turn the black slide switch on the hipgh voltage pulser
to the external trigger position and gaze into the bielliptical cavity
to try to see if the flashlamps are breaking down. If you cannot see the
pulsing, listen for a snapping sound which will also indicate whether

or not the pulser is working.

The high voitage is now ready to be applied. Ouickly recheck to see if

the Jdve is flowing, the cooling water is on and flowing, the dve cooling

I

water is on, and that the vacuum system is on with pressure at four
torr. Plug in the power supply and switch it on with the variac in the
""zero voltage'" position. Slowly increase the voltage until the lamps
begin breaking down. This should occur around 13 kV. Continue the
voltage increase until lasing is observed. The easiest place to look
for lasing is on the grating.

Adjust the up and down positioning micrometer on the grating to try to
ohtain a good symmetrical lasing spot. As you near the optimum setting
the energy per pulse will increase. The voltage may need to be turned
down to keep the grating safe from danger as the energy increases. When
the spot resembles a low order spatial mode, paze into the spectrometer
and adjust the angular micrometer to tune the emission onto the .7, line.

2
The [, line is the right side of the sodium doublet looking into the

-

spectrometer. Now, reduce power until the syster is barely lasing.
Make final adjustments on the up and down setting of the grating to

optimize the spot configuration. If a ring or doughnut spot occurs, the

laser is in good alignment and will probably work well. Don't use too
much time trving to obtain this pattern, since it doesn't always occur.

I'he laser will also work well if a good Gaussian spot is obtained.
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Turn off the pulser and reduce the high voltage power supply to :zero

and turn it off as well. Place the resistive discharge prohe on top of
the resistor bank and discharpe the capacitor and power supply. You
can watzh the voltape reading on the power supply to see when the vol-
tage has decayed to zeva., Place the dead short on top of the resistor
to pet rid of any residual charge. Unblock the alignment laser and
remove the wooden cover. Put the etalon in place and clamp it securely.
As always look first to be sure a good clean area of the optics is
being utilized. Adjust the etalon so that the laser beam is reflected
to a spot just between the dye rod and the flashlamp adapter on the
hakelite plate, The beam should bhe at the same height as the center of
the window. There should be a spot on the bakelite to mark this
position,

Block off the lleNe beam once more and replace the wooden cover. In-

-

crease the system pressire to 7 or 8 torr. Switch on the pulser and
look or listen for evidence of pulsing. Turn on the power suprly and
increase the voltapge until goond lasing is ohserved. The need for
caution concerning damaging optical energy too high energy densities is
reduced with the etalon in the system. The optics have proven to he
safe even at maximum voltage.

Look into the spectrometer and observe the laser emissions' spectral
qualities. There should only be one thin narrow line somewhere close
to theo 32 line, Sometimes a faint line will occur one or two free
spectral ranges of the etalon away from the main lipe. This is due to
lasing off of the mirror in the mirror grating combination. Not much
can be done with this problem. If other emissions are present, return
to the grating alignment stage and bepin again from there. Now look
through the svectrometer and see if the laser line is close to the [,
line. lnder normal circumstances, it should look to bhe right on the

D, line. Gaze into the resonance cell and see if scattering is observed
in the cell. If not, note the current position of the angular adjust-
ment micrometer and begin moving the micrometer in stens of about 1

mil in one direction, looking for scattering after cach new adjustment.
After moving 10 mils away from the center position, return to the

original position, just noted, and po in the other Jdirection in 1 mil
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steps, Again, if no scattering is observed after moving <0 mils in
this direction, return to the 10 mil position on the other side of the
starting point and search through 10 more mils in this directicn. If
no scattering has yet been found, look back into the spectrometer and
adjust the micrometer to recenter the laser line on the PZ line. This
is the procedure to follow if the laser line was originally displaced
from the 7y line. Note this new position and restart the search proc-
es<, If again no scattering is found, return to step 25 and repeat
those procedures, perhaps trying a new spot on the etalon. Once you
have found scattering, locate the positions where scattering is just
barely observed. Make the final setting to be the middle of these two
positions, Usually, there is a spread of 1 to 2 mils in these posi-
tions,

Remove the glass slide from the rail and place the 45 degree mirror
into place, clamping it down securely. Adjust the micrometers on this
mirror to center the bheam on the marks on the hatch. Open the hatch at
this point being carceful of the high voltage, You may want to discharge
the system if so desired. The laser is now ready to be aligned with
the telescope,

As the telvscope/laser alignment is being performed, place a silvered
mirrer behand the 45 degree mirror and Jirect this residual beam
throvsh the sodium cell and into the spectrometer as before. Recheck
the tuning every 10 to J¢ minntes and recenter the micrometer between
the "just scatterving' pesitions, If pulsing becomes irregular, adjust
the pressure upwards if spontancouns shots are oceurring and downwards
if expected shots don't occur,

To shut down the system, turn off the pulser, turn down the high vol-
tage power supply to zoro and switch it off, lUnplug the power supply,
then discharge the capacitor and power supply as mentioned before.
Turn off the nitrogen and allow the column of fluid to come to equili-
brium. Turn the stopcock to the horizontal position so that both sides
of the column are at the same pressure. Turn off the vacuum system and
then the nitrogen tank. Remove the nitrogen hose from the valve which
is used to adjust the residual pressure in the vacuum system, Open it

slightly and allow the flashlamps to return slowly to atmospheric
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pressure, This should reduce the probability of leaks occurring in the
flashlamps. Cover the optics with plastic bags, being careful the
plastic does not touch the optics surface. Turn off the sodium cell
heater and arc lamp supply. Turn off the cooling water to the dye.
Close the hatch and tie it down. Turn off the dye pump by pressing the
black button below the red lamp until the amber lamp goes off, then
release it. Turn off the flashlamp cooling water pump. Finally, turn

off the bench power strips.
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