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ABSTRACT

LIDAR is an acronym which stands for light detection and
ranging. An atmospheric lidar system is analogous to an atmospheric
microwave radar system except that the wavelength of the transmitted
radiation is much shorter and falls within the visible spectrum.

The

transmitter of the lidar system emits a well collimated light pulse
and the lidar receiver collects some of the energy scattered by the
atmospheric molecules and aerosols as the light pulse propagates along
its path.

Present day lidar systems normally employ laser transmitters

which can provide a very intense, nearly monochromatic, well collimated
pulse of light.
This dissertation presents the development and application of
a combined monostatic/bistatic atmospheric laser lidar system which
satisfies the general design criteria listed below.
1. The system must be able to make accurate lidar soundings
through the lowest 10 kilometers of the atmosphere.
2. The system must be able to operate in either the bistatic or
monostatic configuration or both configurations simultaneously,
if necessary.
3. The bistatic lidar receiver must be able to take measurements
from which the Stokes parameters of the angularly scattered
light may be calculated.
4. The system must be semi-mobile.
x

Monostatic lidar systems have both the laser transmitter and
the monostatic receiver at the same site so that the receiver collects
light backseattered from the transmitted laser pulse.

The bistatic

portion of a lidar system consists of an optical receiver which is
separated from the transmitter by some distance (9.5 kilometers for the
present system). This separation allows measurements of angularly scat'
tered light to be taken.

Both the intensity and the state of polariza

tion of the angularly scattered light are measured with the present
bistatic receiver.
Light is scattered from the incident laser light pulse by the
various constituents which comprise the atmosphere.

A discussion of

the atmospheric contribution to the lidar return is given.

The dis

cussion includes the light scattering assumptions which are necessary
to render the theoretical scattering problem tractable. The pertinent
scattering parameters for both Rayleigh and Mie scattering are defined,
including the Stokes and associated parameters which are necessary for
the discussion of the characteristics of the angularly scattered light
measured with the bistatic system.
A theoretical development of the monostatic and bistatic lidar
range equations is presented.

The lidar range equations relate the

transmitted and received powers in terms of the atmospheric scattering
constituents and the geometries of the lidar configurations. Use of
the range equations is necessary for proper analysis of the received
lidar signals.

The electrical, optical and mechanical design criteria is
presented for the laser transmitter, the monostatic receiver and the
bistatic receiver. Design considerations such as the geographic loca
tion, normal mode versus Q-switched mode laser operation, laser temper
ature control, monitoring of the laser output energy, monostatic and
bistatic optics and electronics, refrigeration of the bistatic photomultiplier tube and the electronic noise associated with the lidar
signals are discussed.
Some photographs of actual monostatic and bistatic signals are
presented.

Experimental measurements taken with the bistatic system

are presented and analyzed. The results indicate that the bistatic li
dar system is an effective atmospheric probe which can be used to
obtain quantitative information about the atmospheric aerosols.

CHAPTER 1

INTRODUCTION

1.1 Discussion of Previous Lidar Applications
Effective methods for remote probing of the atmosphere via
optical scattering have long been sought, and existing methods are in a
continual state of improvement and refinement.

The attractiveness of a

remote optical atmospheric probe lies in its economy of operation and
its ability to make true in situ measurements on the atmosphere without
disturbing the sampled volume.

Once a system is developed and opera

tional, it can probe the atmosphere at a relatively small cost as
compared to the common methods of probing the atmosphere which usually
involve the use of aircraft, or expendable balloons, radiosondes and
rockets.
Several different light sources have been used to provide the
required illumination for the atmospheric probing measurements. The
most obvious light source is the sun which has been utilized in several
experiments to determine the total optical depth of the atmosphere
[Stair and Johnston, 1958; Dunkelman and Scolnik, 1959; Shaw, in prep.].
Volz and Goody [1962] made use of angular scattering characteristics of
twilight to obtain information about dust concentrations in the mesosphere. Using the sun as a source of light does have the disadvantage
that its position cannot be controlled. In addition, the sun is not a
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well collimated source, thus making any scattering volume so large as
to be of little use for any high resolution sampling of the atmosphere.
The initial man-made light sources used for atmospheric probing
were searchlights with arc lamps as the source. In some early experi
ments, searchlight beams detected layers in the atmosphere [Johnson,
Meyer, Hopkins and Mock, 1939], Searchlight beams have also been used
as pulsed-light cloud-height detectors [Perlat and Petit, 1961], as
pulsed upper atmosphere probes [Friedland, Katzenstein and Zatzick,
1956] and by Horman [1961] for measurement of atmospheric transmissivity.
Perhaps the most ambitious work accomplished to date involving search
lights was performed by Elterman [1964, 1966a, 1966b, 1968, 1970] in
which he obtained measurements of the Rayleigh and aerosol attenuation
coefficients as a function of altitude and wavelength.
The advent of the laser in 1960, in particular the giant pulse
(Q-switched) laser, provided a light source which has made it possible
to probe the atmosphere with a sensitivity and resolution not possible
with searchlights. The pulse from such a laser can be made very short
and the resulting peak power is greater than any other known light
source. In addition, the laser light pulse is highly collimated and
essentially monochromatic.
In most atmospheric probing applications, the received laser
radar signal is generated by light scattering from the atmospheric
gases and aerosols as the transmitted laser pulse propagates through
the atmosphere.

The primary light scatterers of interest are the aero

sols because their size distribution and concentration vary with time
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and are a direct function of the condition of the atmosphere. Light
scattering from the atmospheric constituents is weak; however, the large
output powers of the giant pulse lasers provide a sufficiently large
signal for detection.
The use of lasers as the light source for remote optical probing
systems for investigating the atmosphere was first suggested by Goyer
and Watson [1963]. Such optical radar systems are now called lidar sys
tems. The term "lidar" is an acronym for "light detection and ranging"
and was first suggested by Middleton and Spilhaus [1953] for pulsedlight cloud-height detecting systems. The first experiments to use a
lidar system to probe the atmosphere were Fiocco and Smullin [1963] and
Fiocco and Grams [1964]. Their systems were used primarily to probe
the upper atmosphere, 60 to 140 km, where they detected scattering layers
which were attributed to particles of extraterrestrial origin. As
pointed out by Kent, Clemesha and Wright [1967] and Sandford [1967],
above 30 to 40 km, if the absence of aerosols can be reasonably inferred
from the received data, an evaluation of the volume backscattering co
efficient is essentially a direct method of measuring atmospheric
density.
Lidar investigations of the lower atmosphere were first initia
ted by Ligda [1963] to study meteorological phenomena.

Other investi

gations quickly followed [Collis and Ligda, 1964; Collis, Fernald and
Ligda, 1964; Masterson, Karney and Hoehne, 1966] which were primarily
concerned with the detection of clouds, fogs, cloud formation and
dissipation, and correlation between lidar soundings and meteorological

4

measurements. Reagan [1968] correlated lidar soundings with simultane
ous meteorological measurements and presented model atmospheres for
specific lidar returns.

The use of a temperature tuned lidar to deter

mine the vertical water vapor profile was explored by Schotland, Chang
and Bradley [1965]. Detection of atmospheric turbulence as a function
of backscattering lidar echoes from dielectric inhomogeneities was
shown by Munick [1965] to be a fruitless experiment.

The first direct

application of lidar to air pollution measurements was made by Barrett
and Ben-Dov [1967] in which they found that it was possible to obtain
the vertical distributions of particulate concentration to altitudes of
5000 ft. which were correct to within a factor of 2. Another application
of lidar is the monitoring of the dispersal tracer materials which have
been injected into the atmosphere.

Collis and Oblanas [1967] monitored

a cloud of insecticide which was released by an aircraft and flowed as a
cloud down a hillside.

During the monitoring, the insecticide cloud

itself was invisible to the eye.
The foregoing discussion of various lidar applications was by
no means complete and meant to provide the reader with background infor
mation. As can be seen, most of the previous applications of lidar
systems provided more qualitative than quantitative information. Inves
tigators are currently trying to build lidar systems which will provide
more quantitative information about the atmosphere by using multiple
wavelengths, different lidar configurations and taking advantage of the
monochromaticity and coherence of the laser light in such applications
as Doppler lidar.

5

This thesis concerns the development and application of a bistatic lidar system to obtain quantitative optical probing of the
atmosphere for information concerning the aerosol size distribution and
concentration.

As pointed out by Reagan [1969b], measurements taken

with a lidar system arranged in the bistatic configuration should con
tain much more information about the atmospheric aerosols than is avail
able from monostatic lidar measurements.

Examples of the type of

information available from bistatic lidar measurements is given by
Reagan, Herman and Spiegel [1970], Reagan and Herman [1970] and Reagan
and Webster [1970].

1.2

Discussion of Monostatic Lidar

A lidar system operates in the same manner as a pulsed radar sys
tem except that the wavelength of the transmitted pulse is much shorter,
usually lying in or near the optical wavelength region. As a result,
lidar is able to extend meteorological radar techniques to the detection
of the very small atmospheric particles. Basically, lidar is a meteoro
logical tool used for remotely detecting the presence and range of
particulate scattering inhomogeneities.
The most commonly used lidar configuration is the monostatic
lidar which is depicted in Fig. 1.1. The laser transmitter and the
receiving telescope are parallel and adjacent to one another. As the
intense pulse of light traverses the atmosphere, some of its light is
backscattered from the atmospheric particulate and molecules and de
tected by the receiving telescope.

The backscattered light collected

by the receiving telescope is focused onto a photomultiplier tube

Receiver Field of View
Transmitted
Laser Pulse

Oscilloscope
Laser
Transmitter

Received
Signal

Laser
Power Supply

Trigger
Pulse

Fig. 1.1

Schematic of a Monostatic Lidar System
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which converts it to an electrical signal and then amplifies the signal.
This signal is then displayed on an oscilloscope which has its sweep
synchronized to the firing of the laser. As a result, the oscilloscope
trace is a representation of optical backscattering versus range which
can be quantitatively interpreted in terms of the monostatic lidar range
equation. The presence of particulate scattering inhomogeneities is
established by locating significant deviations from the lidar return
expected for dry, clean air.
As mentioned previously, the information gathered thus far with
the various lidar systems has been primarily of a qualitative nature.
In.order to obtain more quantitative information about the scattering
particles,one must devise a method for inverting the scattering measure
ments to infer information about the scatterers which generated the
received signal.

Typical information of interest would be the size

distribution, number density or the refractive index of the scatterers.
The inversion techniques, as can be imagined, are very complicated due
to the complex nature of the scattering from the particles and the
large variation in particle sizes and numbers. In addition, true in
version schemes are plagued with mathematical instabilities due to
noise effects as pointed out by Twomey [1965]. By making certain
a priori assumptions about the' nature of the size distribution and the
refractive index, it is possible to obtain approximate but useful solu
tions to problems.

One such inversion scheme was developed by Herman

[1970]. A novel, but time consuming, random search approach to the
solution of inversion problems has been developed by Spiegel [1970].

8

The standard method of solving inversion problems requires that
one must have the same number of independent measurements as unknown
parameters. Under these conditions, straightforward matrix inversion
techniques can be applied to obtain a solution. However, if the number
of unknown parameters is large, this approach is impractical due to the
large number of calculations required and the inherent mathematical in
stabilities which arise due to noise. By applying reasonable constraints
to *he problem, one can reduce the number of independent measurements to
obtain an approximate solution [Twomey, 1965]. The trick, of course, is
to choose the proper constraints. If the constraints are too lax, the
solution will become unstable.

If the constraints are too restrictive,

information contained in the measurements will be ignored and the solu
tion will match the constraints exactly.

In any case, the more pieces

of independent information used, the less the solution will have to be
constrained, and hence, the solution will be more accurate. The bistatic
lidar system is an attempt to obtain more pieces of independent informa
tion about the atmospheric scatterers than is possible to obtain from a
monostatic system.

1.3 Discussion of Bistatic Lidar
One method to obtain more independent measurements is to operate
the lidar system in the bistatic configuration as shown in Fig. 1.2.
Additional independent measurements may be obtained from this lidar con
figuration by two methods. Since angularly scattered light from aerosols
is elliptically polarized [Eiden, 1966], measurement of the Stokes param
eters of the scattered light provide additional pieces of information.

Transmitter/Receiver
Common Volume
Scattering Angle

Laser Light Pulse

Bistatic
Receiver

Laser
Transmitter
Beamwidth of
Laser Pulse

Bistatic Receiver
Field of View

Fig. 1.2 Elevation View of a Bistatic Lidar System
VO

As shown by Eiden [1966], the state of polarization of the scattered
light is sensitive to the particle size distribution and the refractive
indices of the particles. Under the assumption that the atmosphere is
horizontally stratified, the bistatic configuration permits intensity
measurements to be taken at several different scattering angles at a
constant altitude, thus providing more information. Hence, by employing
the bistatic lidar configuration, it should be possible to obtain much
more information about the size distribution and concentration of partic
ulate in the atmosphere than can be derived from the backscattering mea
surements of the monostatic configuration.
The present lidar system is a combined monostatic and bistatic
system currently in use as a remote atmospheric probe of the first ten
kilometers of troposphere above Tucson, Arizona. Its primary use is for
testing and improving data gathering and reduction techniques while
monitoring the existing atmospheric aerosols under various atmospheric
conditions.

CHAPTER 2

ATMOSPHERIC CONTRIBUTION TO THE LIDAR RETURN

2.1 Introduction
The primary purpose of the present lidar system is to probe the
lower portion of the atmosphere, below 10 kilometers, and, using appro
priate measurement and data analysis techniques, determine the concen
tration and size distribution of existing atmospheric aerosols. Success
of the method depends on the ability of the system to measure the nature
of the light scattered by the aerosols as a high power laser light pulse
traverses and samples the atmosphere.

This chapter presents a suffici

ent but by no means complete discussion of the pertinent light scatter
ing mechanisms in the atmosphere and their appropriate mathematical
descriptions. In Section 2.2,a discussion of the nature of the aerosols
themselves is given.

The various types of atmospheric light scattering

are discussed in Section 2.3,and the limitations on the presented scat
tering theory are listed in Section 2.4. The scattering parameters
necessary for the discussion of the lidar range equations presented in
Chapter 3 are defined in Section 2.4.

2.2

The Atmospheric Scattering Constituents

The interaction of light waves with the atmosphere is exhibited
by the scattering and absorption of the light waves as they propagate
through the air.

Both the scattering and absorption of the light cause
11

the incident light to be progressively attenuated as it travels along
its path.

This attenuation, also called atmospheric extinction, is

caused by the interaction of the light with the molecules and aerosols
which make up the atmosphere. Atmospheric aerosols are air-borne solid
or liquid particles, such as dust, smoke, pollen or smog, which tend to
follow the motion of the air. Natural aerosols range in size from 0.01
microns to 10 microns,and their size distribution and number density
varies with space and time.

In Tucson, the number densities for the

above size range are typically 200 per cubic centimeter.

Experimental

measurements made by Junge [1955, 1963] and Junge, Robinson and Ludwig
[1969] indicate that atmospheric aerosols tend to follow a size distribu
tion now known as the Junge distribution, which has the form given by

n(r) -g - Cr"(v+1),

(2.1)

where dN is the number of particles with radii between r and r+dr, C is
a scaling constant which is directly proportional to the particle number
density and v is the shaping constant for the distribution function.
More complicated distributions have been postulated, and they have con
stants similar to C and v. A graph of a typical Junge distribution is
shown in Fig. 2.1.

It is the magnitude of the parameters C and v of the

Junge distribution function, or their equivalents for more complicated
distributions, that the bistatic lidar system, in conjunction with the
associated computer inversion techniques, seeks to determine.
Light scattering from the gaseous molecules of the atmosphere
follows the Rayleigh

scattering law. The standard atmosphere is
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Junge Aerosol Size Distribution
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composed primarily of two gases, nitrogen (78.5%) and oxygen (20.95%).
The mixture of these gases remains constant throughout the troposphere
and stratosphere. Water vapor, ozone and carbon dioxide are the major
variable gases of meteorological interest,and their percentages on a
volume basis can vary rapidly in time and space. As shown by Penndorf
[1957], the amount of light scattered from the gaseous atmospheric com
ponents can be directly calculated for a given scattering angle and
wavelength of incident radiation.
Light absorption in the atmosphere is wavelength dependent and
primarily caused by the molecular absorption bands of 0^, ^0, CC^ and
the other atmospheric molecules. As shown by Long [1963], the atmospher
ic absorption at the room temperature ruby wavelength, 6943.2A, is negli-

O

gible with two very strong 1^0 absorption bands within 1A on either
side of the ruby line. The cooling system for the laser transmitter of
the present system provides sufficient temperature stability to prevent
the transmitter wavelength from shifting into either one of the two
nearby water vapor absorption bands. Hence, atmospheric absorption due
to molecular absorption bands will be assumed to be negligible for the
present lidar system.
Different types of atmospheric aerosols may exhibit varying
amounts of light

absorption due to complex indices of refraction. At

this time, not enough is known about the indices of refraction of the
aerosols to accurately predict any associative absorption effects.

The

absorption is believed to be small, and, at least for the preliminary
work, it will be assumed that the aerosols absorb no light.

Hence,

15

the existing atmospheric extinction is assumed to be due to light scat
tering losses.
Light scattering by the atmospheric constituents is usually
divided into three convenient categories:

Rayleigh scattering, which

occurs from molecules and particles that are much smaller than the
wavelength of the incident light; Mie scattering, which occurs from
particles that are on the same order of size as the wavelength of the
incident light; and geometric optics scattering which occurs from
particles that are much larger than the wavelength of the incident
light.

It is not expected that the system will be used to study light

scattering from the large particles in the atmosphere such as rain or
snow, hence,no discussion of geometric optics scattering will be pre- sented.

2.3

Light Scattering Assumptions

In order to clarify the nature of the atmospheric light scat
tering which will be considered, several pertinent limitations are
listed below. These limitations permit a relatively straightforward dis
cussion of the necessary scattering parameters.
1.

It is assumed that the wavelength of scattered light is equal
to the wavelength of the incident light.

This assumption

eliminates consideration of such effects as Raman scattering,
quantum transitions, Doppler shifting or any nonlinear at
mospheric interactions.

Although the particles are in

continuous random motion, they are assumed to be sufficiently

stationary to negate consideration of the Doppler effect on
the scattered light.
Independent scattering will be assumed, that is, the scatter
ing from any individual particle is independent of any effect
from surrounding particles.

This assumption implies that the

intensities scattered by the various particles are summed
without regard to phase. H. C. van de Hulst [1957] estimates
that a mutual separation distance greater than three times the
radius of the particles is sufficient to insure independent
scattering.
Multiple scattering will be neglected and only single scatter
ing will be considered to exist.

Single scattering implies

that intensity scattered from a volume containing N identical
scattering particles is equal to N times the intensity scat
tered by a single particle.

The optical depth t of a scatter

ing region is defined such that if I is the intensity of the
radiation incident on a scattering volume, then the intensity
of the radiation leaving the scattering volume I, is given by
the relation
I - I e"T

o

(2'2>

If the optical depth of the scattering volume is less than 0.1
then single scattering predominates.

Optical depths greater

than 0.1 imply that multiple scattering is present and cannot
be ignored [van de Hulst, 1957]. The effects of second and

third order multiple scattering is covered by Curran [1970].
His results indicate that multiple scattering is negligible for
almost all clear air conditions; i.e., no clouds.
Although the laser source emits coherent radiation, it will be
assumed that scattered radiation is identical to that which
the volume would scatter from an identical beam of incoherent
light. Harris, Sherman and Morse [1967] have shown that the
radiation scattered from a scattering volume is apparently
identical for both coherent and incoherent sources.
In general, the particles have a multitude of shapes, but, in
order to make scattering problem anywhere near tractable, all
the scattering particles are assumed to be spherical in shape.
Powell, et al^. [1967] have shown that optical scattering from
a distribution of non-spherical randomly aligned, polydisperse
particles can be adequately described by considering the opti
cal scattering which occurs from an adjusted distribution of
spherical particles. The scattering theory for spherical
particles has been developed by G. Mie [1908].
The transmitter does not transmit a true plane wave, but the
radius of curvature of the wavefronts

is sufficiently large

compared to the size of the particles to assume that the
transmitted waves may be well approximated as true plane waves
[Morita, 1968].

2.4 Rayleigh Scattering
Rayleigh

scattering is defined as that scattering which occurs

from particles which have sizes much smaller than the wavelength of the
incident radiation.

In the atmosphere, the chief contributors of Ray

leigh scattering are the molecules of the various atmospheric gases.
The angular Rayleigh scattering cross section for an average air mole
cule, Or

(0), is shown by Penndorf [1957] to be given by

ciV©

n2(n2- l)22(2+p )
oR (0) =
=
— 0.7629 (1 + 0.932 cos2G),
ave
1
2
X * N (6—7p )
s
n
where

(2.3)

n = refractive index of the air,
s
'
Pn = depolarization factor,
N

= number density of the molecules,

8

X

= wavelength of the incident radiation,

0

= scattering angle which is the angle between the
incident radiation and the scattered radiation.

The angular Rayleigh scattering cross section for a single average air
molecule is the ratio of the radiation flux scattered by the molecule
into a unit solid angle in the direction 0, to the flux incident on the
geometric cross section of the molecule; its dimensions are

2
m /sr. The

depolarization factors for the various atmospheric gases as determined
by a number of experimenters are listed by Penndorf [1957], He also
gives the formula for calculating the index of refraction of air. Note
that °Rave(9) exhibits the characteristic

-4
Rayleigh X
dependence.

The volume contains N
s

particles per unit volume and, hence, the

volume angular Rayleigh scattering cross section is given by

3P(0) = N
K

s

a

(9)

(2.4)

Kave

The volume angular Rayleigh scattering cross section is the ratio of
the radiation flux scattered by a volume containing Ng molecules into a
unit solid angle in the direction 0, to the flux incident on a unit cross
section of the volume; its dimensions are

-1

-1

m sr

As a consequence of the above results, it is possible to calcu
late what the Rayleigh scattering component of the received lidar sig
nal will be. This is a very fortunate result as it allows the desired
Mie scattering component of the received signal to be extracted from
the total signal.

2.5

Mie Scattering

Scattering from particles which have sizes on the order of the
wavelength of the incident radiation, Mie scattering, cannot be calcu
lated as easily as was presented in the Rayleigh case.

The incident

field strongly interacts with the scattering particle, and the resulting
scattered radiation is a strong function of the parameters involved.
One of the results is that the scattered radiation is always partially
polarized even if the incident radiation is unpolarized. If I

is

the intensity of the unpolarized radiation incident on an aerosol
particle as shown in Fig. 2.2, then as determined by Mie [1908], the
intensity I of the radiation scattered in the direction 0 and a dis
tance d^ from the scattering particle is given by Penndorf [1962] as
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I X2
I = —— [i^(a,n,0) + i2(a,n,0)]
8ird2

(2.5)

where
n = relative refractive index between aerosol particle
and the air,
r = radius of the spherical aerosol particle,
X = wavelength of the incident radiation,
a = 2irr/X = kr = size parameter,
k = 2ir/X = wave number of the air,
0 = scattering angle, the angle between the incident radiation
and the scattered radiation,
i^,i2 = Mie intensity functions.

The scattering plane is defined as the plane containing the directions
of the incident wave and the scattered wave as shown in Fig. 2.2. If
along both the incident direction and the scattered direction right hand
coordinate systems are defined normal to the propagation directions such
that j: represents the direction perpendicular^ to the scattering plane,
and

represents the direction parallel^ to the scattering plane, then

the incident and scattered fields are related by

E
ri
and

(2.6)

22

-ikr + ikz
E*s

-

S2«» 5

ikr

<2'7)

hi •

where S^(0), 82(6) are the angular scattering amplitudes and £ and jL
denote the scattered and incident fields, respectively. The angular
amplitude functions are given by van de Hulst [1957] as

00

si(0) =

1

O
£
NFNL-n {arc
(cos 6) + b T (cos 6)}
tj, nv.n+1;
n n
n n
n=l

(2.8)

and

00

I

=

008
It r.Yn+1
nQn+1.) th-'C
n n
n=i

0) + a„Tn^C0S 0^»

^2*9^

n n

where a and b are coefficients and IR (cos 0) and T (cos 0) are funcn
n
n
n
tions of Legendre polynomials given by

,

dP (cos 0)
•n (cos 0) = —
—
n
d(cos 0)

(2.10)

and
dir (cos 0)

T (cos 0) = cos 0 TT (cos 0) - sin0 —
n

n

.

(2.11)

d(cos 0)

The magnitudes of the coefficients a^ and bn are determined from the
boundary conditions which exist at the surface of the spherical particle.
For unpolarized incident radiation, the intensity of the scattered radi
ation is given by

I = 7 tIErs|2 + |Eas|2]

(2.12)
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or
(2.13)

where the intensity functions i^ and i^ are given by

= IV 9 *! 2

(2.14)

=

(2.15)

and
±2

lS2(0)l2 *

The above expression for the intensity of the scattered radiation,
(2.13), is the one most generally listed by authors, but it will not
adequately describe the scattering situation which exists for a bistatic
laser radar system.

The light emitted by some ruby lasers is linearly

polarized, a fact which must be accounted for in the scattering equations.
In particular, for the present bistatic lidar systera, the incident light
is polarized in a plane which is canted at an angle of 45° to the scat
tering plane.

The expression for the scattered intensity when the in

cident light is plane polarized and canted at an angle <f> to the
scattering plane is given by
I X2
I = ~~r• [sin2<f> i,(oi,n,6) + cos2<|> jL(a,n,0)],
1
4ird2
*

(2.16)

which for <j> equal to 45° becomes
I X2
!(<(> = 45°) =

[i^(a,n,0) + i2(a,n,0)] .
87rd2

(2.17)

Thus, for the special case where <|> is equal to 45°, the expression for
the intensity of the light scattered from a spherical particle is the
same as the expression for unpolarized incident light.
This completes the discussion of Mie scattering theory. It was
purposely brief and the interested reader will find a comprehensive dis
cussion given by van de Hulst [1957].

2.6

Discussion of Pertinent Scattering Parameters

There is now sufficient information to present the pertinent
scattering parameters.

The scattering parameters will first be derived

for Rayleigh scattering and then the Mie scattering parameters will be
presented in a similar development.
The relationship between the scattered intensity and incident
intensity for Rayleigh scattering is given by Sinclair [1947] as

>

(2.18)

where
I (0) = scattered intensity in the direction 0
R

(watts/m2),

(watts/m2),

Iq

= incident intensity

0

= scattering angle = angle between incident radiation
and the scattered (rad),

d

= distance from the scattering sphere (m),

a

= radius of the scattering spheres (m),

25

n

= refractive index of the medium surrounding the
scattering sphere.

The total power,

I ,

scattered from the sphere can be found by inte-

grating 3^(9) over all possible angles at a distance <1 from the sphere
and is given by

*R

=

f2ir rir

I 8tr^a6 /n2 - l\

J

1

J

•

*

»

«

<

° °

*

'
(2.19)

which can also be written as

• I Sir^a6 /n2 - 1\2
<>
l-z
(1 + cos2 e )dft,
\ n + 2/

Ir, =
R

where Si denotes integration over the solid angle.

(2.20)

But from the defini

tion of the angular Rayleigh scattering cross section, 0 (0), in
K
Section 2.4 it follows that
Iw = (I I
R

h

(0) dfl .

(2.21)

0 R

Hence, the Rayleigh scattering cross section is defined for the present
discussion as

a_(0)

R

X1*

/ni^Li.\2(i +

\n2

+ 2J

2
COs 0)

,

(2.22)

which has the dimensions m2/sr.
The above expression is defined for scattering from single part
icles. In most cases the scattered power comes from a volume containing

many particles and it is necessary to calculate the Rayleigh angular
volume-scattering coefficient, 3„(0)» which is defined as the ratio of
the flux scattered by a unit volume containing the scattering particles
into a unit solid angle in the direction 0, to the flux incident on the
unit cross section of this volume; its dimension is m "'"sr

If the

particles are all the same size and their density is N particles/m ,
then 3n(0) is given by
3R(8) = N aR(0) .

(2.23)

In general, the particles are not all the same size.

If the particle

size distribution is given by n(a), where n(a) is the number of particles
per volume which have radii between a_ and a_ + da, then the Rayleigh
* angular volume-scattering coefficient is given by
a2
SR (0)
|
=
n(a) 0R (0) da ,

'

(2.24)

al

-1

-1

which has the dimensions m sr

. The limits of integration, a^ and a2,

are the lower and upper bounds on the particle sizes, respectively.
Note a2 must be sufficiently small to permit the assumption of Rayleigh
scattering. For atmospheric scattering, the Rayleigh angular scatter
ing cross section, g (0), given in Eq. (2.4) is the most appropriate to
use.
The Rayleigh volume-scattering coefficient, g , which gives the
ratio of total flux scattered due to Rayleigh scattering from a unit
volume to the flux of radiation incident on the unit cross section of

the volume, can be obtained by Integrating the Rayleigh angular volumescattering' coefficient over all possible angles to get

3r

-

r2iv fir
j

I

o

e R (e)

sin 0 de d*

(2 . 2 5 )

o

or

fir t&i
3^ = 2ir

n(a) °r(®) sin0 da d0 .
o

(2.26)

a\

Next, the Mie scattering parameters will be listed.

Their

definition follows that given for the Rayleigh scattering parameters
except that the Mie angular scattering cross section,

is dis

tinctly different than the Rayleigh angular scattering cross section,

0^(0). AS listed in Eq. (2.17), the relationship between the intensity
scattered in the direction 0, and the incident intensity polarized at
45° to the scattering plane for Mie scattering from a single particle
is given by

I X2
IM(e) =

[^(a.n.e) + i2(a,n,0)],

(2.27)

2
which has the dimensions watts/m and where all the parameters have
previously been defined. The total power scattered from the sphere, 1^,
can be obtained by integrating over all possible angles at a distance cl
from the sphere to get
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f2irfir I X2
3 ^ = 1 I s°d2- [i^(a,n,0) + i2(a,n,0)] d2siti0 d0 d<ji . (2.28)
o

o

The Mie angular scattering cross section,

a (®)>
M

is defined such that

12ir ttr

3^ =

1^(0) sin0 d0 d<j> .
o

(2.29)

o

Hence, it easily follows that the Mie angular scattering cross section
is given by
>2
tfM(0) = g^: [i^(ot,n,0) + i2(a,n,0)] ,

(2.30)

which has the units m^/sr and is valid for scattering from a single
sphere.
The angular volume-scattering coefficient for Mie scattering,
&M(0), for a volume containing an assemblage of particles which have a
size distribution given by n(a), is given by the expression

ra2
Ve)"

n(a) aM(0) da ,

(2.31)

al

which has the dimensions of m~l/sr. The integration limits, a^ and a
are the lower and upper bounds on the particle sizes. The expression
for the Mie volume-scattering coefficient, 3^, quickly follows by inte
grating 3jj(G) over all possible angles,
r2ir fir ta.2

o

j

j

o

a^

n(a) oM(0) da d0 d<J> .

(2.32)

The volume-scattering coefficient, also called the extinction coefficient,
gives the ratio of the total flux scattered due to Mie scattering from
a unit volume of particles to the flux incident on the unit cross sec
tion of the volume.

The dimensions of g„ are m

The particles in the atmosphere consist of both Rayleigh type
particles and Mie type particles. Any particular atmospheric scatter
ing parameter can be obtained by the simple superposition of the Ray
leigh and Mie contributions. Hence, the angular volume-scattering
coefficient for the atmosphere can be expressed as

a2

a4

3(6)
|
=
nR(a)aR(0) da + J
al

n^a)^©) da .

(2.33)

a3

Note that the size distribution n (a) and n (a) are not the same.
R
rl

Using

the angular scattering cross section given in Eq. (2.3), 3(0) becomes

a4

3(6) = No
(6) + [
S Kave
I

n^a) <?M(0) da .

(2.34)

a3

Hence, if the atmospheric Mie particle size distribution is known, the
angular volume-scattering coefficient for a given volume of air may be
calculated.

2.7

Stokes Parameters

The bistatic portion of the lidar system measures the intensity
and the polarization of the received angularly scattered light.

It is

convenient at this point to discuss the method by which the state of
polarization is determined. Calculation of the Stokes parameters of

a vector radiation field is the conventional method for analyzing the
field's state of polarization. As given by van de Hulst [1957], the
Stokes parameters are defined by

IA = <EfcE*> ,

(2.35)

Ir - <ErE*> ,

(2.36)

U

= <E&E* +ErE*> ,

(2.37)

V

= <i(EjjE* - ErE*)> ,

(2.38)

where I^, Ir> U and V are the Stokes parameters of the field, E^ and Er
are the projections of the electric field on the

and r_ axes respec

tively (Fig. 2.2), the asterisk denotes the complex conjugate, the
brackets denote the time average of the enclosed quantity and i = /-l .
The Stokes parameters have the units of intensity and the total inten
sity of the radiation field is given by
I - IA + Ir

(2.39)

An alternate definition of the Stokes parameters is sometimes used and
can be found in van de Hulst [1957].
Both the radiation incident on the scattering particle and the
radiation scattered by the particle can be characterized by their
respective Stokes parameters. The two sets of Stokes parameters are
generally related by the scattering matrix, f
from an isotropic scattering sphere is given by

, which for scattering
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The subscripts i^ and s^ denote the incident and scattered Stokes parame
ters respectively and the elements of the scattering matrix are given by

M1

= S1(0) S*(6)

(2.41)

ML,

= S2(0) S*(6)

(2.42)

S21 =

°21

=

I tS2(0) Sl(0)
f

+ Sl(0) S2(0)]

(2,43)

IS2(0) Sl(0)
'Sl(9) S2(0)]

(2,44)

where S^(0) and 82(6) are the Mie scattering amplitudes defined in Eqns.
(2.8) and (2.9) and i = /^1 .
Experiments seldom study the radiation scattered by a single
particle but more often, because of practical considerations, the ra
diation scattered from a collection of particles with varying si2es and
indices of refraction must be considered.

To reduce the complexity of

the calculations involved, all the theoretical investigations for the
bistatic lidar have assumed that all the particles have the same index
of refraction, hence, explicit dependence on the refractive index will
not be listed in the following equations.

The Mie unit volume scatter

ing matrix, F^(0), for a collection of particles with size distribution
n^(a) is given by
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a2

'

F
mn (9)
mnM

=
4ir2

[ f
<0.a) i\,(a) da,
mn^j
J
«
al

(2.45)

where
F
mn^(0) = irm the element of the Mie unit volume scattering
matrix F_,(0) (cross section/unit volume/ster or
M
m""^ ster-^),
a

= radius of the particle (m),

a^ = radius of smallest particle considered (m),
a£ = radius of largest particle considered (m),
3

n(a) = particle size distribution (particles/m

- m),

0

—scattering angle (rad),

X

= wavelength of the incident radiation (m),

fmn (0,a) = mn the element of the Mie scattering matrix for a
M
single particle (dimensionless).

Assuming there are no clouds or precipitation present, light
scattering in the atmosphere is caused by Mie scattering from aerosols
and Rayleigh scattering from molecules and a few very small particles.
Thus, to adequately describe atmospheric light scattering for the
Stokes parameters, the Rayleigh scattering unit volume scattering
matrix, F^(0), must be defined. For single particle scattering, the
Stokes parameters for the incident and scattered radiation are related
by the Rayleigh scattering matrix, f (0), which is defined by the
mnR
relation given below
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=
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(2.46)
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Vi

where the subscripts i^ and s^ denote the incident and scattered Stokes
parameters respectively, 9 is the scattering angle as defined
in Fig. 2.2, Q is the Rayleigh scattering cross section per
s
particle.
The Rayleigh unit volume scattering matrix, F (0), which relates
the incident and scattered Stokes parameters due to Rayleigh scattering
from a collection of particles which have a size distribution, n (a),
K.
is given by

(6) =

?
R

£mn (0,a)
R

Va) da'

(2.47)

where
F (0) = mn the element of the Rayleigh unit volume scattering
mnR
matrix F (0) (cross section/unit volume/ster or

R

m~l ster~l),
a

= radius of the particle (m),

a^ = radius of the smallest particle considered (m),
82 = radius of the largest particle considered (m),
3
nD(a) = particle size distribution (particles/m -ra),

R

0

= scattering angle (rad),
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f

(0,a) = mn the element of the Rayleigh scattering matrix for a
R
single particle (dimensionless).

The atmosphere contains both Rayleigh and Mie particles, and, because the
scattering is a linear process,the total unit volume scattering matrix
is defined as
F(6) = Fm(6) + Fr(0) .

2.8

(2.48)

Measurement of the Stokes Parameters

Now that the Stokes parameters have been defined, a method for
measuring the parameters is needed if they are to be of any value.

The

necessary experimental arrangement is shown in Fig. 2.3 and it is iden
tical to the polarimeter of the bistatic receiver which is discussed
in Section 4.5.1. The incident light, which is in general elliptically
polarized, passes through a quarter wave retardation plate and a linear
polarizer before being focused on the face of the detector. If the com
ponent of the electric field of the incident light parallel to the fast
axis of the retardation plate is denoted as

Ejj

and the component of

the electric field perpendicular to the fast axis of the retardation
plate is denoted as

, and the retardation given by e, then for the

axis of the linear polarizer at an angle <|> to the fast axis, the elec
tric field incident on the detector may be expressed as

E(4>,e) = E|| costj) + Ej^ sinij) e *e .

The intensity of the light can be written as

(2.49)

n

LJ
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Polarizer

Light Detector

Fig. 2.3 Schematic of Experimental Arrangement Used
for Measuring the Stokes Parameters

I(<M) = E(<j>,e) E*(*,e) ,

(2.50)

or
I(«J>»e) = ijj cos2<j) +

sin2<()

+ (E* E^e *e + E^ E^ e*e) cos<|) sinij) ,
(2.51)
which can be expressed in terns of the Stokes parameters as
I(<f>,e) = I. cos2<J> + I sin2<()

+ (U cos E + V sin e) cos<j> sin<f> .

(2.52)

Since the retardation, e, and the angular position, <j>, are known, four
independent measurements of I(<|>,E) are needed to solve for the Stokes
parameters I., I , U and V. In terms of the intensity measurements
IT
1(0,0), I(^r,0), I(-|-,-|-), and l(j,0), the Stokes parameters may be ex
pressed as

1% = 1(0,0),

(2.53)

Ir = I(J,0),

(2.54)

U

= 2I(|,0) - 1(0,0) - l(f,0),

(2.55)

V

= 2I(J,|) - 1(0,0) - l(f,0).

(2.56)

Thus, using the above relations, it is possible to measure the Stokes
parameters of an incident light beam.

These are the same measurements

which are made with the polarimeter associated with the bistatic
receiver.
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Once the Stokes parameters have been determined, it is useful
to recast the information contained in the Stokes parameters into a
more useful form.

The Stokes parameters may fail to reveal the fine

variations exhibited by other physical parameters, the values of which
can easily be determined from the Stokes parameters. Four useful
parameters which can be calculated directly from the Stokes parameters
are the polarization ratio, the degree of polarization, the ellipticity
and the plane of polarization. The advantage of using four parameters
lies in the fact that some of the parameters are more sensitive to cer
tain characteristics of the scatterers than the other parameters for par
ticular scattering angles. Hence, for a given scattering angle, one relies
more strongly on the information provided by the most sensitive parameter.
The theoretical and experimental variations of some of these parameters
for scattering from several specific particulate concentrations are
given in the literature [Deirmendjian, 1964; Eiden, 1966; and Dave,
1969a, 1969b].
The first parameter to be defined is the polarization ratio
which is simply the ratio of the received intensity polarized in the
direction to the received intensity polarized in the r_ direction.

Polarization Ratio = — .
r

(2.57)

The received scattered light is, in general, partially polarized. The
ratio of the intensity of the polarized portion of the light to total
intensity of the received light is called the degree of polarization
and can be expressed in terms of the Stokes parameters as
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Degree of Polarization =

/(I.-I )2 + U2 + V2
SL r
IA + Ir

(2.58)

This parameter provides an indication as to how well polarized the
incident light is.

For non-polarized light the degree of polarization

is zero and for completely polarized light, it has a value of one.
Another useful parameter which indicates the extent to which
the incident light is elliptically polarized is the ellipticity of the
light, tan 3 . As an elliptically polarized wave moves along its axis
of propagation, its electric vector traces out an ellipse in a plane
transverse to the axis of propagation.

This result is shown in Fig. 2.4.

For right-handed elliptically polarized light the electric vector rotates
clockwise when viewed opposite to the direction of propagation. For
left-handed elliptically polarized light, the electric vector rotates
counterclockwise.

The ellipticity of the light, defined as the ratio

of the minor axis to the major axis of the transverse ellipse, is given
by
tan g = ± —
a

(2.59)

where the positive sign denotes right-handed polarization and the nega
tive sign denotes left-handed polarization. In terms of the Stokes
parameters, the ellipticity is given by

.

(2.60)
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I

Direction of propagation is out of the paper
The light is right hand polarized

Fig. 2.4 Polarization Ellipse

Note that the ellipticity is most sensitive to the Stokes parameter V
which in turn is non zero for elliptically polarized light only.
The last parameter to be defined is the plane of polarization
which is also a parameter associated with the polarization ellipse
shown in Fig. 2.4.

The angle, x> between the major axis of the ellipse

and the scattering plane is denoted as the plane of polarization and
can be expressed in terms of the Stokes parameters as
U
X = 0.5 arc tan

(2.61)

V *r
Application of the above defined parameters to infer information
about the atmospheric aerosols from which the incident light was scat
tered is illustrated in Chapter 5. Spiegel [1970] gives a much more
comprehensive study of the application of the parameters for data re
duction involving sophisticated computer techniques.

The graphs in Figs,

2.5, 2.6 and 2.7 show the variation of the ellipticity, degree of polar
ization and the plane of polarization as a function of scattering angle
and the Junge distribution parameter, v, for five different Junge dis
tributions which have a particle size variation from 0.01 microns to
10.0 microns. The data given in Figs. 2.5 and 2.6 was first presented
in a paper by Reagan, Herman and Spiegel [1970]. The numerical com
putations for the data presented in all three figures were performed
by Dr. Herman of the Department of Atmospheric Sciences and General
(Ret.) Browning of the Systems Engineering Department of The University
of Arizona.
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CHAPTER 3

THE LIDAR RANGE EQUATIONS

3.1

Introduction

An atmospheric lidar system is a remote probe used to gather
information about various atmospheric phenomena.

In particular, the

present lidar system is used to study the atmospheric aerosols.

Because

the transmitted and received power are the only two quantities measured,
i t is necessary to have an accurate description of the scattering pro
cess involved if any information about the characteristics of the scat
tering particles is to be inferred from the measurements.

The lidar

range equation is the equation which links the transmitted and received
power in terms of the appropriate atmospheric and geometric parameters
characteristic of the particular lidar system.
characteristics of the lidar system,

Thus, if the geometric

the characteristics of the scat

tering particles and the transmitted power are known, then the instan
taneous received power can be predicted by straight-forward calculation
of the parameters contained in the lidar range equation.
The most complicated step in evaluation of the lidar range equa
tion is the theoretical prediction of the characteristics of the light
scattered from the molecules and particles in the atmosphere.

As was

seen in the brief discussion of atmospheric light scattering provided
in Chapter 2, the complexity of the problem is caused by both the com
plicated nature of the scattering phenomena involved and the many
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different sizes, numbers and chemical compositions of atmospheric part
icles.

To solve any such light scattering problem exactly i s not

practical.

The usual procedure is to make a sufficient number of

justified a priori assumptions about the particles so that the result
ing scattering problem is tractable.

Combining these approximate

scattering characteristics with other system information, the lidar
range equation can be determined.

3.2

The Monostatic Lidar Range Equation

The present system is a combined monostatic and bistatic sys
tem, and the monostatic portion of the system is presently being used
in an effort to obtain quantitative information concerning the atmos
pheric particulate [Fernald, in prep.]. I t is also used to gather quali
tative information concerning clouds or atmospheric inhomogeneities
which may affect the results obtained with the bistatic system.

The

monostatic lidar range equation has been expressed by many authors;
however, I choose to use the expression given by Reagan [1969a] which
is listed below

"2

d t

A
PR(r)

=

PoY(r)

"II

6(r)

e

a(r'>drl

6

>

where
P (r) = instantaneous received power (watts),

k

Pq

= peak transmitted power (watts),

Y(r) = geometry and energy density factor to account for overlap
of the transmitter/receiver beam paths,
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L
j = depth of the instantaneous scattering volume; L is the
length of the laser pulse (m),
AR
— = solid angle subtended by the receiver aperture

from

the instantaneous scattering volume (sr),
0(r) = volume backscattering coefficient (m'^sr""''),
a(r) = extinction coefficient; includes losses due to both scattering and absorption (m
r

,

= distance between the instantaneous scattering volume and
the receiver (m).

The atmospheric contribution to the range equation is contained
in the expression

(3.2)

The volume backscattering coefficient, $(r), determines the amount of
light which is scattered back, to the receiver from the aerosols and
molecules in the instantaneous scattering volume.

I t is a special case

of the more general angular volume-scattering coefficient which is de
fined as the ratio

of the flux scattered by a unit volume containing

homogeneous scatterers into a unit solid angle win the direction 0, to
the flux incident on the unit cross section of the volume and has the
dimensions m

—1

sr

—1

.

When the scattering angle 0 is equal to 180°,

corresponding to backscattering, the angular volume-scattering co
efficient becomes the volume backscattering coefficient.

In general,

3(r) consists of contributions from both aerosol (Mie) and molecular
(Rayleigh) scattering and is a function of the wavelength of the in
cident light, the size, number, shape and index of refraction of the
scattering particles.

When making theoretical calculations, i t is

usually assumed that all the particles are spherical and that a l l have
a given average index of refraction.

These assumptions are necessary

to make the calculations tractable.
The signal attenuation on the path to and from the instantan
eous scattering region is expressed by the term

(3.3)

9

where i t has been assumed that the losses in each direction along the
path are identical.

The extinction coefficient, a(r'), accounts for

signal losses caused by both scattering and absorption.

As mentioned

previously, the scattering losses are due to the aerosols and air mole
cules in the atmosphere.
also exhibit wavelength

Certain gaseous constituents in the atmosphere
dependent absorption.

This absorption can be

a benefit or a hindrance depending on the purpose of the lidar system.
For example, the ruby line, 6943A, at 20°C has negligible atmospheric
molecular absorption.

However, Long [1963] has shown that water vapor

o

absorption bands exist within 1a on either side of the room temperature
ruby line.

This result has been used advantageously by Schotland, Chang

and Bradley [1965] in a lidar system which monitors the water vapor
density of the atmosphere as a function of altitude.

The geometry and energy density factor Y(r) accounts for any
energy variations which may exist in the cross section of the laser beam
and the effect due to the overlapping of

the transmitted laser pulse and

the receiver field of view as shown in Fig. 3.1.

A detailed discussion

of Y(r) and i t s effects on the monostatic lidar equation has been pre
sented by Reagan [1968].

A progressive cross section of the overlapping

laser beam and receiver field of view is shown in Fig. 3.2.

The cross

hatched area represents the portion of the laser beam cross section
which contributes to scattering detected by the receiver.

Assuming that

the energy distribution within the laser beam cross section can be ex
pressed in polar coordinates and that the energy distribution is uniform
along the length of the laser pulse, the total energy per unit length
of the laser pulse can be expressed by

E(r,p, <|>)pd<!>dp
o

(3.4)

o

where
E^,(r)

= energy per unit length at distance r ,

E(r,p,<f>) = energy distribution in laser beam at distance r from
receiver,
p

= radial distance from center of laser beam,

(j)

= polar angle about center of laser beam,

R_

= radius to outer extent of laser beam.

l

In a similar manner, the expression for the amount of energy per unit

49

Complete
Overlap

Overlap Region

Laser
Beamwidth

Receiver
Field of View

Initial
Overlap

Laser
Transmitter

Fig. 3.1

Monostatic
Receiver

Geometric Overlap of the Monostatic System

Cross section
of Receiver
Field of View

Cross section
of Laser Beam

7

No Overlap
Distance = r

Partial Overlap
Distance = r, > r
1
o

c

Backscattered Energy
Detected from Cross
Hatched Volume

No Backscattered
Energy Detected
at the Receiver

Fig. 3.2

Complete Overlap
Distance = ^ > r^
Backscattered Energy
Detected from Entire
Laser Pulse

Progressive Cross Sections of the Receiver Field
of View and the Transmitted Laser Pulse

length which is contained within the receiver field of view is given
by

[RL

<f>2(p)
E(r,p,«J))pd4>dp ,

yr).
L

(3.5)

X (P)

where
E (r) = energy per unit length of the laser beam contained in the
receiver field of view at a distance

r ,

^(pJ-^Cp) = angle of arc radius p defined by the intersection of a
circle of radius p and the boundary of the circular
receiver field of view cross section.

For portions of

the beam completely within the receiver field of view,

-^(p) "
p .
mm

2ir>

= either zero or the distance to the boundary of the
receiver field of view if the receiver field of view
does not contain the center of the laser beam,

R

= radius to the outer extent of the laser beam.

The limits of integration on the expression for E (r) are determined
by the geometry of the overlap at distance r from the receiver.

Note

that, in general, the integrations involved in the calculation of
E„(r) and E (r) are performed numerically.

r

R

The expression for the overlap function, Y(r), can now be
written explicitly in terms of E T (r) and E R (r) and is given,by
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/•RL

rteC P)
E(r,p,<f>)pd<j>dp

Ep ( r )

JP

.

J <t>,

(p)

« * > • y r t •7 ^
J

I

o

o

•

«•»

E(r,p,<|>)pd<}>dp

For a properly designed system, i . e . , the receiver field of view is
larger than the transmitter beam angle, a range is eventually reached
at which total overlap occurs,and Y(r) = 1.0 at any greater range.
Plots of Y(r)/r

2

as a function of r and for several different values

of laser beam energy weighting expressions are given by Reagan [1968].
The plots indicate that the energy distribution can have significant
effect on the general shape of the lidar return and that such studies
could lead to a method of diagnosing the energy distribution of laser
beams of particular lidar systems.
The instantaneous scattering depth for the monostatic system
is given as

W2,

a

result which at first may seem to be in error.

The

apparent discrepancy is that the instantaneous scattering depth is
equal to one half the physical length of the laser light pulse.

Refer

ence to Fig. 3.3 will help to illustrate that this result is true.

At

any instant of time, t Q , the scattered light detected at the receiver
is the summation of a l l the scattered light wavefronts which arrive
simultaneously at the aperture of the receiver.

Hence, as shown in

Fig. 3.3, if one considers a l l the light in the puise which is scat
tered in coincidence with the light scattered from the leading edge of
the pulse, when the pulse is a distance, r D , from the receiver, i t i s

Range to Wavefront
Scattered from Leading
Edge of Laser Pulse

L = Length of Laser Pulse
c = Velocity of Light
Range of
Laser Pulse

^o

r

o

2

L
- -7T
2

Time =

Fig. 3.3

+t

fc o

+

2c

Sequential Depiction of the Monostatic Laser Pulse
for Determination of the Scattering Depth
V«n

u9

easily seen that after the pulse has moved a distance equal to half
i t s length,'light scattering in coincidence with the initial wavefront
scattered from the leading edge of the pulse can no longer occur.

This

result fixes the length of the instantaneous scattering volume to be
equal to one half the length of the emitted laser light pulse.
There is now enough information to interpret a sketch of a
hypothetical monostatic lidar return as shown in Fig. 3.4.
of actual monostatic returns are given in Chapter 5.

Photographs

As is shown in

the figure, there is no signal until after a delay time, t^.

This

dead zone represents the time before the laser pulse and the field of
view of the receiver have intersected.

As the receiver field of view

begins to encompass more and more of the propagating laser pulse, the
signal sharply increases to a maximum,at which point the receiver field
of view completely encompasses the transmitted laser pulse. Beyond this
point the magnitude of the signal is controlled by the normal 1/r

2

dependence and attenuation and scattering fluctuations caused by the
atmospheric scatterers.

Such atmospheric inhomogeneities as clouds and

inversion layers can cause very strong fluctuations in the signal.

3.3

The Bistatic Lidar Range Equation

A bistatic lidar system differs from a monostatic system in that
the laser transmitter and receiver are separated by a significant dis
tance thus permitting angular scattering measurements to be made.

The

laser transmitter and bistatic receiver of the present system are sep
arated by a distance of 9.5 kilometers.

A diagram of a bistatic lidar

system including pertinent parameters such as elevation angles and the

Hypothetical Signal from a
Real Atmosphere
Hypothetical Signal from an Ideal
Homogeneous Atmosphere (1/r 2
Dependence)

Intensity

Scattering from an Inhomogeneity
Such as a Dust Layer

-

0

t.
Range or Time

Fig. 3.4

Hypothetical Monostatic Lidar Return

u1
ui
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scattering angle is given in Fig. 3.5.

One significant difference

between the signals measured by the monostatic and the bistatic systems
i s that the bistatic signal is a short pulse of scattered light and not
a continuous ranging signal as for the monostatic system.

The short

pulse occurs because for angular scattering the transmitted laser pulse
traverses the bistatic field of view rather than propagating parallel
to i t .

In i t s most general time dependent form, the bistatic lidar

ranging equation is given by

rR
P U 3(9 )Y(t)
V W V0 "

2r*

- j a R (r')dr'

rx
-J a T (r*)dr'

sin2 (.—)
(3.7)

where
P T ,(r t ,,r t r ,0 , t) = instantaneous received power (watts),

k k

1 8

rD

= distance from receiver to center of scattering
region (m),

r^,

= distance from transmitter to center of scattering
region (m),

t

a

Pq

= peak transmitted power (watts),

L

= length of laser pulse (m),

A„

= effective aperture of the receiving optics (m^),

k

time (sec),

\

Transmit ter/Receiver
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Scattering
Angle

Instantaneous
Scattering Volume

Transmitter
Elevation
Angle

Receiver
Elevation
Angle
Receiver

Transmitter

Fig. 3.5

Vertical Plan View of the Bistatic Lidar Configuration
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s

= scattering angle which is the angle between the
directions of the transmitted and scattered light
(radians),

g(0 ) = angular volume scattering coefficient (m ^ sr ^),
s
a^,Cr) = extinction coefficient along the path between the
transmitter and the instantaneous scattering
volume (m ^),
a (r) = extinction coefficient along the path between the
receiver and the instantaneous scattering volume

(m_1)»
fP ? (t)

f<i> ? (t)

•
E(p, <(>) pdpd<j>

•'p 1 (t) '(^(t)
Y(t) =

r°° 12it
E(p,<f>)pdpd<j>

If

o

o

Y(t) = time dependence of the equation and i s equal to 1.0
at the center of the received signal pulse.

In a manner similar to the monostatic range equation, the
atmospheric contribution to the bistatic range equation is contained
in the expression

B(0 ) e
s

(rR
o R (r')dr'

°

e

0

\(r')dr»
.

(3.8)

The angular volume-scattering coefficient, 3(0 ), which was previously
s
defined, determines the amount of light scattered toward the receiver

by the particles in the instantaneous scattering region.

Both Mie

scattering and Rayleigh scattering are accounted for by 3(6 ) .
s

I t is

sometimes convenient to differentiate between the two types of scatter
ing,and, since the total scattering is merely a linear superposition of
Mie and Rayleigh scattering, the angular volume scattering coefficient
can be separated as

"V - W

+

W

<3-9)

•

where $,.(0 ) denotes the Mie scattering contribution and 3„(0 ) denotes
Ms
K s
the contribution due to Rayleigh scattering.
Since the path between the transmitter and the instantaneous
scattering region and the path between the instantaneous scattering
region and the receiver are different, two distinct extinction coeffici
ents a„(r) and a (r) are needed to account for the light attenuation due

i

r

to scattering and absorption by the atmospheric constituents along the
traversed light path.

If the atmosphere is assumed to be horizontally

stratified, then the attenuation of the signal may be expressed as

- f a(r')dr'

„ i

=

e"t(h)

csc e _

(3<10)

where x(h) i s the optical depth of the atmosphere at an altitude of h
kilometers and 0 is the elevation angle of the light path.

The optical

depth at an altitude of h kilometers is defined by the relation
h
t(h) =|
a(z)dz

,

(3.11)

where a(z) is the vertical extinction coefficient at an altitude of z
kilometers.

The optical depth for a standard atmosphere is tabulated

by Elterman [1968] as a function of altitude and wavelength of the ra
diation.
If the light pulse from the transmitter completely f i l l s the
transmitter-receiver common volume,then i t is that volume which is used
as the scattering volume.

If, as in the case of the present system,

the light pulse does not f i l l the common volume, then an instantaneous
scattering volume must be determined.

The instantaneous scattering

volume, as shown in Fig. 3.5 [Eccles and Rogers, 1968] is defined as
that volume, contained within the transmitter-receiver common volume,
from which a l l the energy comprising the instantaneous received signal
at a given instant was scattered.

The depth of the scattering volume

along the receiver axis is defined as the scattering depth.

I t is of

interest to note that the depth of the instantaneous scattering volume
along the receiver axis or the transmitter axis is the same.

This

equality is due to the fact that the top and bottom planes of the in
stantaneous scattering volume bisect the scattering angle.
The term

L/2

sin 2 (0 /2) of the bistatic range equation repres

sents the scattering depth of the instantaneous scattering volume, and i t
0s
differs from the monostatic case by a factor of sin^-^—) in the de
nominator.

However, in the limiting case when the bistatic system

reverts to monostatic operation, i . e . , 0 g = 180°, the bistatic scatter
ing depth is then identical with the monostatic scattering depth,
namely

L/2.

Calculation of the expression for the depth of the bistatic

instantaneous scattering volume is accomplished using the same philoso
phy used for the monostatic case.

In both cases, the beam angle of the

transmitter and the field of view of the receiver are assumed to be
sufficiently small to permit the approximation of the transmitter light
cone and the receiver cone of acceptance by cylinders in the vicinity of
the instantaneous scattering volume.

In most practical cases, the above

mentioned cylindrical approximation produces negligible error in the
bistatic lidar range equation.
The boundaries of the instantaneous scattering volume are deter
mined by finding the region within the transmitter-receiver common
volume from which coincident scattering is directed toward the receiver.
The illustrations given in Fig. 3.6 will be used to simplify the dis
cussion.

In part (a) of Fig. 3.6, the laser pulse has just entered the

transmitter-receiver common volume.

The scattered wavefronts from the

particles in the plane in the pulse indicated as the scattering plane
will be coincident in the direction of the receiver because the scatter
ing plane is defined by a constant radius from the receiver.

At a

later time when the pulse has moved a distance L/2 from i t s original
position as shown in part (b) of Fig. 3.6, the scattered light which is
coincident with the first plane of scattered light will come from a
scattering plane which is L/2 closer to the receiver.

Allowing the

pulse to proceed sequentially in steps of L/2 locates the planes which
scatter in coincidence toward the receiver.

If the laser pulse is

moved through the scattering region continuously rather than' sequential
ly as performed above, then an instantaneous scattering volume is swept

Transmitter/Receiver
Common Volume

Radius from
the Receiver
Coincident
Scattering
Plane

/
if

Laser Pulse

(a)

(b)

Instantaneous
Scattering
Volume

r\
\/

(c)

(c)

Fig. 3.6

Graphical Determination of the Instantaneous Scattering Volxime
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out by the instantaneous coincident scattering planes which are
generated as the light pulse moves through the common volume.

The

boundaries of the coincident scattering planes define the boundary of
the instantaneous scattering volume as i s shown in cross section in
part (d) of Fig. 3.6.
All the scattered light which is received at the receiver at
any instant of time comes from an instantaneous scattering volume simi
lar to the one derived above.

The instantaneous power received at the

receiver is identical to that which would be received from a stationary
light pulse which had a volume identical to the instantaneous scattering
volume and a power density equal to that of the original transmitted
laser pulse.
Many interesting facts about the instantaneous scattering
volume can easily be obtained from simple geometric considerations.
When viewed from either the transmitter or the receiver, the projection
of the instantaneous scattering volume onto a plane normal to either
optical axis is a circle.

This fact will be useful in the discussion

of the temporal dependence of the received signal.

The above projection

result is straightforward when i t is realized that the top and bottom
boundaries of the instantaneous scattering volume define planes which
bisect the scattering angle, 0 .
s

Perhaps the most important calculation

is the result that the scattering depth of the instantaneous scattering
volume is given by the expression

This result can be derived by dividing the volume of the instantaneous
scattering volume by the area i t projects on a plane normal to the
optical axis of the receiver.

In order to discuss the temporal aspects

of the bistatic range equation, a subtle approximation used in the prev
ious discussion of instantaneous scattering volume must be eliminated.
The assumption that the transmitted laser beam has sharply defined
boundaries is not strictly true.

This is due to the fact that the in

tensity distribution in the cross section of the laser beam is approxi
mately Gaussian in nature.

Hence, the previous sharply defined

boundaries can now be redefined to be the location of the half power
points of the intensity distribution function of

the laser beam.

This

new definition does not affect any of the previously derived results
except that i t causes the instantaneous scattering volume to be expanded
in the lateral direction until i t intercepts the boundaries of the re
ceiver cone of acceptance as shown in Fig. 3.7.

This then i s the correct

definition of the instantaneous scattering volume.
To obtain the proper perspective for the discussion of the time
dependence of the range equation consider again the fact that projection
of the instantaneous scattering region on a plane which is normal to
either optical axis is a circle.

Also, each position of the instantan

eous scattering volume along the axis of the transmitter corresponds
to a unique instant of time at the receiver, and thus, permitting time
to increase at the receiver, corresponds to shifting the instantaneous
scattering volume along the axis from the receiver in the direction
pointing away from the receiver.

Such a situation is depicted in

Transmitter/Receiver
Common Volume

Half Power
Boundary of
Laser Pulse

Instantaneous
Scattering
Volume

Instantaneous
Scattering
Volume

Receiver

Receiver
Transmitter

Transmitter
Original Definition

Fig. 3.7

New Definition

Comparison of Original and New Definitions of the
Instantaneous Scattering Volume

sequential form in Fig. 3.8.

Note that for different times different

portions of the transmitted light beam will intercept the appropriate
instantaneous scattering volumes.

Since the projection of any of the

instantaneous scattering volumes on a plane normal to the transmitter
optical axis is a circle, the projection of the time sequence presented
in Fig. 3.8 on the normal plane will appear as shown in Fig. 3.9.

Note

that power is received even when the two circles depicted in Fig. 3.9
do not overlap because the laser circle represents the half power points
only.

If time is allowed to vary continuously rather than sequentially,

the cross section of the laser beam will shift continuously to the right
through the projection of the instantaneous scattering volume, and, at
any instant of time, the scattered power may be obtained by finding what
portion of

the total laser beam cross section lies within the projection

of the instantaneous scattering volume.

Hence, if E(p,<j>) is defined as

the energy distribution in the cross section of the laser pulse, the
total energy per unit length in the laser pulse can be expressed as

n

2ir

E(p,<f>)pdpd<j> ,

(3.13)

o o

where i t has been assumed that the energy distribution can be conven
iently expressed in polar coordinates.

In a similar manner, the amount

of energy which falls within the projection of the instantaneous scat
tering volume at some time, t , may be expressed as
rpy(t) r<j>„(t)
E(t) =

E(p,<J»)pdpd<J> ,
'p 2 (t) J <p x (t)

(3.14)
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See Fig. 3.8 for definition of Times

Fig. 3.9

Relation Between the Laser Beam and the Instantaneous
Scattering Volume as Time Increases

where the limits p^(t),

<|>^(t), and ^ ( t ) define the limits neces

sary to effect the integration over the projection of the instantaneous
scattering volume in the laser beam coordinates.

Hence, the fraction

of the total power which is available for scattering at any time, t , is
given by Y(t) where
fP,(t) r<l> 2 (t)
E(p,<|>)pd<|>dP
pi/fX
Y(t) =

e

P-l (t) <J>1 (t)
fir
I
I
E(p,$)pd<j>dp
o

.

(3.15)

o

The curve in Fig. 3.10 represents a hypothetical variation of Y(t) for
the present lidar system.
of one microsecond.

Note that the pulse length is on the order

An actual bistatic lidar return as shown in Chap

ter 5 is very similar to Y(t) except for intensity fluctuations due to
the inherent noise in the system and the variation of the volume angu
lar scattering coefficient, 3(0 ), as the instantaneous scattering
s
region moves along the receiver's optical axis.

3.4

The Stokes Parameter Range Equation

The bistatic lidar range equation listed in Eq. (3.7) is not
in a form which is very useful for predicting the received Stokes param
eters in terms of the transmitted Stokes parameters.
has an easy solution.

This situation

The bistatic range equation relating the Stokes

parameters can be generated by replacing the angular volume-scattering
coefficient, 3(6 ), of the normal bistatic lidar range equation given
s
in Eq. (3.7) with the total unit volume Stokes parameter scattering
matrix listed in Eq. (2.46).

The resulting range equation is given by

3(0 ) constant throughout common volume
s
3(6 ) non constant
s

Intensity

approximately 1 ys

Time

Fig. 3.10

Hypothetical Bistatic Lidar Signal

OLCr'Jdr* -

a./r'Jdr'

LA R Y(t) e
P ( R ) (6 , r ) =

m

s' r

2 r | sin 2 C^-)

(3.16)
m = &,r,u or v

where F (0 ) is the mn
mn s

n ~ &»r,u or v
tVi

element of the unit volume-scattering matrix,

p ^ is the transmitted power of the n 1 "* 1 Stokes parameter and P ^ ( 0 , r )
n
IB
s K

til

is the received power in the m

Stokes parameter.

The range equation

listed in Eq. (3.16) relates all the parameters of the bistatic lidar
system in a form which can be used to describe the particular measure
ments made with the present bistatic system.

3.5

Geometrical Aspects of the Lidar Range

In i t s normal operating mode,the bistatic lidar system scans
the atmosphere by taking scattering measurements at a constant altitude
for several specified scattering angles.

The computations involved in

calculating the receiver and transmitter elevation angles necessary for
obtaining a measurement at a given scattering angle and altitude and
are somewhat involved.

Figure 3.11 gives the necessary geometrical

relationships to effect the calculations.

Since two unknowns are to

be determined from two knowns, two independent equations relating the
knowns and unknowns must be obtained from Fig. 3.11.
which are immediately obvious are

Two equations

\
\

Receiver
Site

Transmitter
Site

Fig. 3.11

Geometry of the Bistatic Lidar Range
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cotO R + a) + cot(9 T - a) =

^

1 +

,

(3.17)

and
H cosa = h D +

k

k

- H sina) tana

,

where a l l the parameters are defined in Fig. 3.11.

(3.18)

From these two equa

tions and other auxiliary equations used to eliminate the extraneous
parameters, the solution for the transmitted elevation angle,0^, may be
obtained from the solution of the quadratic equation given by

&b

o

(1 + v— cot 0 ) tan z (0 -a) - r— (1 - tana cot0 ) tan(0 -a)
"T
s
T
hT
s
T

+ (1 - — tan a) = 0
T

.

(3.19)

where, again, a l l the parameters are defined by Fig. 3.11.

Once the

transmitter elevation angle has been determined, the receiver elevation
angle can be obtained from the simple relation

e
r

= 0s "

e
t

•

(3-20>

The equation given by Eq. (3.19) would be tedious to work with
if the necessary values were hand calculated each time they were needed.
To avoid this difficulty, computer programs were developed which solve the
above quadratic equation and l i s t the results in two types of tables.

The

first table lists scattering angle and associated transmitter and re
ceiver elevation angles for horizontal scanning with the scattering angle
incremented in 1° steps for scattering angles between 80° and 170°.

Tables are made for altitudes between 0.2 kilometers and 12.0 kilome
ters in 0.2 kilometer steps.

The second set of tables l i s t the eleva

tion angles necessary for maintaining a constant scattering angle at
the different altitudes.

This set of tables converts the same range

of parameters as the first tables.

CHAPTER 4

THE LIDAR SYSTEM

4.1

Introduction

A lidar system is very simple in concept.

I t consists of a

pulsed light source and an optical receiver to detect the scattered or
reflected radiation.

However, the design of a workable system requires

the adaptation of knowledge from many areas of science such as optics,
electronics, electromagnetic field theory and mechanics.

The complex

ity of the design problem is a direct function not only of the desired
preciseness of the measurement, but also depends on the requirements of
the specific application.

For example, a lidar system used for making

high altitude atmospheric soundings has a much different set of require
ments than a simple range finding lidar.

The basic requirements for

the present lidar system are given below.
1.

The system must be able to make accurate soundings through the
lowest 10 km. of the atmosphere.

2.

The system must be able to operate in either the bistatic or
monostatic configuration or both configurations simultaneously
if necessary.

3.

The bistatic receiver must be able to measure the Stokes param
eters of the scattered light.

4.

The system must be semi-mobile.

75

With the above "requirements as a goal, the present lidar system was
designed and developed and i t s more salient points are discussed in
this chapter.

4.2

Geographic Location

Once the desired atmospheric sounding region is chosen, the
geographic site of the system must satisfy two requirements; the dis
tance between the transmitter and the bistatic receiver should be such
that the system can function effectively in the bistatic configuration
and, in addition, visual sighting between the transmitter and the bi
static receiver should be possible.

Visual sighting reduces the pro

blems involved in the alignment of the bistatic system.
security of

To insure the

the system from possible vandalism and to reduce the possi

bility of eye damage,the system is located on University of Arizona
property.

After surveying several possible locations on the school

property, a suitable location for the system was found.

The bistatic

receiver location was chosen to be on Tumatnoc Hill (lat. 32° 13' 0",
long. 111° 0 1 10") and the monostatic system location was chosen to
be on the University of Arizona Farms at Tucson Boulevard and Roger
Road (lat. 32° 16' 50", long. 110° 56' 10").

Visual sighting between

the two sites is possible,and the distance between the sites, 5.6 miles
(9.5 km.), is adequate for bistatic operation.

The system is semi-

mobile so that,if adequate power is available at a new site, the system
can be moved and operating within several days.

4.3

The Laser Transmitter

An atmospheric lidar system functions by measuring the intensity
of the light which is scattered from the incident laser light pulse by
the particles and molecules
be effective,

suspended in the atmosphere.

In order to

the transmitter must have sufficient power to compensate

for signal attenuation caused by the small amount of light which is
actually scattered, the normal 1/R

2

attentuation from the scattering

region to the receiver and the attenuation due to atmospheric absorption.
In addition, if the lidar system is operated in the daytime, the re
ceived signal must be larger than the noise caused by the natural solar
background radiation in the atmosphere.

At the present time, the Q-

switched laser best satisfies the necessary requirements.

A schematic

depiction of the laser transmitter is shown in Fig. 4.1 and the per
tinent specifications of the transmitter are given in Table 4.1.
The solid state ruby laser of the transmitter operates in the
"Q-switched" mode as opposed to the "normal" mode.
is also called the Q-spoiled or giant pulse mode.

The Q-switched mode
As shown in Fig. 4.2,

a normal mode ruby laser consists of two parallel plane reflectors
separated by a distance with a ruby rod and i t s associated flash lamp
optical pump between the reflectors.

A high voltage is applied across

the terminals of the flash lamp causing i t to emit an intense burst of
light.

The light from the flash lamp excites the chromium atoms in

the ruby rod to a higher energy state from which they eventually spon
taneously decay to the ground state.

As the flash lamp emits i t s

pumping light, a point is reached where more than half of the chromium

Photodiode

Laser Head

Objective

Pockel 1 s
Cell

Eyepiece

Energy
Monitor

Laser

Fig. 4.1

Collimating
Telescope

Schematic of Laser Transmitter

Highly Collimated
Laser Light
Pulse
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TABLE 4.1
LASER TRANSMITTER CHARACTERISTICS

Laser:
1.

Type

Korad K15-Q Pulsed Ruby

2.

Rod

4" x 9/16", 60° C-axis Ruby
crystal, flat-flat cut

3.

Q-switch

Pockel's Cell

4.

Front Reflector

Sapphire resonant etalon

5.

Rear Reflector

Thin film interference filter

6.

Maximum Energy

2 joules/pulse

7.

Peak Power

100 megawatts

8.

Pulse length

20 nanoseconds

9.

Wavelength

6943 A

10.

Linewidth

0.1 A

11.

Beam divergence

approximately 6 milliradians

12.

P.R.F.

1 pps

13.

Cooling

Water,

70°F + 1°F

Collimator:
1.

Configuration

Gallilean

2.

Objective

f/5, 6" dia.

3.

Eyepiece

focal length = -3.75", dia. 1"

4.

Collimation Factor

8

5.

Beam Divergence

Approximately 0.75 milliradians

Laser Cavity

Flash Lamp

Front Reflector

Output Laser
Light Pulse

n_r\

Bvo
Rear Reflector

Ruby Rod

Fig. 4.2

Normal Mode Laser Cavity Configuration
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atoms are in the excited state.
inversion.
gain.

This situation is known as a population

I t is at this point that the ruby crystal exhibits optical

Some of the photons which are spontaneously emitted come in con

tact with other excited chromium atoms and induce them to emit photons
which are identical in phase, wavelength and direction of travel to the
incident photon.

This result is known as stimulated emission.

A photon

which travels in a path normal to the two reflectors will cause stimu
lated emission at each excited chromium atom i t encounters as i t travels
back and forth through the ruby crystal reflecting from the end reflec
tors.

The reflectors are normally made so that the rear reflector is

100% reflecting and the front reflector has only a nominal reflectance,
thus allowing some of the light to escape out the front of the laser
cavity.

If the gain due to spontaneous emission exceeds the losses on

a round trip through the laser cavity, then the system will continue to
act as an amplifier and an intense, well collimated beam of coherent,
monochromatic light will be emitted from the front of the laser.

At

room temperature, the light emitted by a ruby laser has a wavelength
equal to 6943 A.
The laser is caused to operate in the Q-switched mode by spoil
ing the Q of the optical cavity.

As shown in Fig. 4.3, this is

accomplished by placing an optical shutter or Q-switch in the cavity.
The present laser uses a Pockel's cell Q-switch.

The Q-switch is kept

closed,thus, preventing the excited chromium atoms from being depleted
by stimulated emission.

When the population inversion has reached a

maximum, the Q-switch is suddenly opened, restoring the normal cavity

Laser Cavity

Rear Reflector

Pockel's
Crystal

Flash Lamp

Ruby Rod
Polarizer Stack

Pockel's Cell
Q-Switch

Fig. 4.3

Q-Switch Laser Cavity Configuration

Q.

This sudden restoration of the cavity Q,combined with the very large

population inversion,results in a giant pulse of stimulated emission
being emitted from the laser causing a l l the excited chromium atoms to
decay almost simultaneously to the ground state.
occurred, the Q-switch is closed.

Once the pulse has

Q-switching a laser allows light beams

with enormous power to be generated because a l l the energy stored in the
population inversion in the ruby crystal is emitted in a very short time
period.

The laser used in this system is capable of generating a 100

Megawatt light pulse by emitting 2 joules of stored energy in a period
of 20 nanoseconds.
The laser is the heart of the laser transmitter.

I t provides the

high power, highly collimated, ultra short, monochromatic light pulse
which is necessary for a high resolution remote atmospheric sounding sys
tem.

The primary disadvantage of the laser transmitter is that i t s ef

ficiency and usable pulse repetition rates are low thus forcing most
laser lidar systems to function on a single shot basis.

Hence, the data

processing and noise reduction schemes commonly used in microwave radar
systems cannot presently be applied to lidar systems.
The preceding discussion on the operation of the ruby laser was
brief and simplified and was presented for the information of those
readers who are not familiar with lasers.

The interested reader can find

more detailed and complete discussions of lasers in many books, one of
which is An Introduction to Lasers and Masers by Siegman [1968].
The light which is emitted by a laser i s highly collimated.
laser in the present lidar system has a half power beam width of

The

approximately 6 milliradians.

The field of view of the receiver optics

i s made slightly larger than the beam width of the transmitted beam for
optimum system performance.

The divergence of the transmitted beam

should be made as small as possible, thus,allowing a small receiver field
of view to be used which increases the receiver's signal to noise ratio
by decreasing the noise due to the background radiation.

However, the

field of view of the receiver and the beam width of the transmitted pulse
should not be made so small that the sampled region of the atmosphere is
not representative of the atmosphere in i t s close vicinity.

That is, the

sampled region should be large enough to average non-representative inhomogeneities in the sampled region of the atmosphere.
As a result of the above considerations, a Galilean collimating
telescope is placed in front of the laser to further collimate the trans
mitted laser

pulse.

The collimating telescope consists of a 6 inch

diameter, f/5 positive objective and a 1 inch diameter, f/-3.75 negative
eyepiece which in combination decrease the divergence of the transmitted
laser pulse by a factor of 8.

The resulting transmitted laser pulse has

a divergence of 0.75 milliradians.

Assuming that the intensity distri

bution across the laser rod is approximately Gaussian in nature, essential
ly a l l the energy of the beam is contained within a radius equal to twice
the half

power radius.

Thus, to insure that all the transmitted power

enters the monostatic receiver's field of view, the smallest field of
view of the receiver is set at two milliradians which is slightly larger
than twice the size of the beam width of the transmitted pulse.

Lasers are typically very inefficient devices, and, as a result,
a large amount of energy must be expended by the flash lamp to achieve
reasonable laser output energies.

Except for the small amount of energy

emitted, the energy expended in the flash lamp is converted to heat,
thus raising the temperature of the flash lamp, the ruby rod and the rest
of the laser head.

As a result, the laser head must be adequately cooled

if the characteristics of the emitted laser light are to remain constant
on a shot to shot basis.
The laser head on the present system is water cooled by a tandem
combination of a water to water heat exchanger and a water refrigeration
unit.

Refrigeration is necessary because the tap water in Tucson can be

as warm as 90°F.

Hence, tap water cannot be used as the heat sink in the

water to water heat exchanger if the desired operating temperature is 70°F.
By alternately heating and cooling the water circulating at 4 gallons per
minute through the laser head, the temperature of the head is controlled
to within +1°F at a normal operating temperature of 70°F.
Such strict temperature control of the ruby rod of the laser
head is necessary for two reasons.

As shown by Long [1963], two strong

atmospheric absorption bands due to water vapor exist within an angstrom

o
on either side of the room temperature ruby laser wavelength of 6943.3 A.
The wavelength of the light emitted by a ruby laser is temperature
dependent.

In order to maintain the wavelength of the emitted light

o
within the atmospheric window centered at 6943.1 A, the temperature of
the ruby rod must be accurately controlled.

The second necessity for

accurate temperature control arises from consideration of the character
istics of the narrow band thin film interference filters which are used

in both the monostatic and bistatic receivers to reduce the background
radiation.

Thin film interference filters typically exhibit a tempera

ture dependent, bell-shaped transmission profile as a function of wave
length.

If the overall system is to remain in calibration, both the

temperature of the interference filter and the wavelength of the received
laser light must remain constant so that the signal attenuation due to
the thin film filter remains constant.
The output power of the laser must be known for each shot, and,
since the output power varies from shot to shot, i t must be constantly
monitored.

The monitoring device used can measure either power or energy

and i t s schematic is shown in Fig. 4.4.

As shown in the schematic, the

,incident light is. .doubly scattered by two pieces of opal glass thus
spatially averaging the light which is incident on the face of
photodiode.

the

This spatial averaging helps compensate for variances in the

laser beam across i t s cross section.

In order to prevent the photodiode

from becoming saturated due to the power of the incident beam, a neutral
density filter is inserted between the photodiode and the opal glass
scattering plates.

The photodiode i s an EGG SGD 100A and is biased by

a -90 VDC power supply.
der of 0.5 joule/volt.

The energy response of the monitor is on the or
There are three such monitoring devices on the

system and each is individually calibrated.

Two of the devices monitor

the light reflected from the glass faces of the objective lens of the
collimating telescope, and the third device monitors the laser light
emitted from the rear of the laser cavity.

Three devices are used so

that if necessary, one can be used as a zero time base for the system,

Neutral Density
Filter

Bias
Voltage

Interference
Filter

Opal Glass
Scattering Plates

-90 V Q

Fast Response
Photodiode

To Oscilloscope

Incident
Laser Light

Energy Mode

Power Mode

220 pf

Fig. 4.4

Schematic of Energy/Power Monitor
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the second can measure power while the third measures the energy of the
emitter light pulse.

4.4
4.4.1

The Monostatic Receiver

Monostatic Optics
The purpose of the monostatic receiver is to detect the laser

light which is backscattered from the transmitted laser light pulse and
then generate an output voltage which is directly proportional to the
received power.

The mechanical layout of the device is relatively

straightforward as shown in Fig. 4.5.

An f/12 Schmidt-Cassegrain

telescope with an eight inch diameter primary mirror is used as the
optical receiver.

An eyepiece and an associated flip mirror are pro

vided to allow visual inspection of the receiver's field of view.

A

field stop is inserted at the focus of the telescope to limit the field
of view of the telescope.

After passing through the field stop and

the collimating lens, the received light passes through a thin film
interference filter and is then focused onto the photocathode of a photomultiplier tube.

The photocathode of the photomultiplier tube converts

the photons of the incident light into electrons which are amplified
by secondary emission on the dynodes of the tube.

The resulting

electric current collected at the anode of the tube is run through a
load resistor to ground thus generating the desired output voltage.
This voltage is then fed into an oscilloscope and presented in an
A-scope (signal vs. range) presentation on the face of the cathode ray
tube.

If a permanent record of the signal is desired, the face of
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the cathode ray tube is photographed with a polaroid or a 35 mm. camera
which contains very fast film.

The pertinent parameters of the monosta-

tic receiver are summarized in Table 4.2.
The transmission characteristics of

thin film interference filters

vary significantly as the angle of incidence of the incident light
changes.

The light which passes out of a normal telescope is highly

convergent or divergent with the most angular rays corresponding to light
received from the edge of the field of view.

If this light were then

passed through a thin film interference filter, the system would have a
very nonlinear response across i t s field of view.

This situation is

remedied by insertion of a field lens at the focus of the telescope.

The

focal length of the field lens is equal to the optical distance between
the field lens and the exit pupil of the telescope.

Such an arrangement

causes the light rays leaving the field lens to be highly collimated and
parallel to the optical axis of the system to within two or three degrees.
Hence, the thin film interference filter can be used in this region of
the system without causing a nonlinear response across the field of view.
After the light has passed through the interference filter, i t is
then focused by the imaging lens onto the face of the photomultiplier
tube.

The focal length of the imaging lens is equal to the distance

between the lens and the face of the photomultiplier tube.

As a result,

the image on the face of the photomultiplier tube is a one inch diameter
image of the exit pupil of the telescope.

Thus, the intensity at each

point in the image on the face of the photomultiplier tube is a summation
of intensities from the entire field of view of the telescope and any
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TABLE 4.2
MONOSTOTIC RECEIVER CHARACTERISTICS

1.

Telescope

Schmidt Cassegrain

2.

Aperture

8"

3.

f HI

f/12

4.

Acceptance Angle

1»2,4 milliradian

5.

Optical Efficiency

Approximately 50%

6.

Imaging Scheme

Fresnel Optics

7.

Wavelength

6945.4 A

8.

Optical Bandwidth

14 A

9.

Electronic Bandwidth

50 MHz

10.

Temperature Control for
Interference Filter

70°F + 1°F

11.

Signal Detector

RCA 7265 Photomultiplier

12.

Signal Display

Oscilloscope

o

variation of the sensitivity of the photoeathode across i t s surface will
affect all points in the field of view equally.

This arrangement im

proves the linearity of the receiver's response across i t s field of view.
The baffling in the tube between the imaging lens and the face of the
photomultiplier tube eliminates any stray light and insures that the
light incident on the photoeathode comes only from the telescope's exit
pupil.
The interference filter reduces the system noise due to the solar
background radiation.

Because of the high degree of monochromaticity

o
of the laser light, the linewidth is less than 0.1 A, i t is possible to
use narrow band interference filters to significantly reduce unwanted
background radiation.

The interference filter which i s used in the mono-

o

®

static system has a bandwidth of 13.5 A, a central wavelength of 6945.5 A,
and a peak transmission of 61.5%,

Although interference filters greatly

reduce the background radiation, the system will eventually become back
ground noise limited at some range from the system.

Calculations involv

ing the noise generated by the background radiation are given in Section
4.6.
Another factor which can seriously effect the response of the
system is the variation of the transmission characteristics of
film interference filter with changes in temperature.

the thin

Temperature vari

ations cause changes in the center wavelength, the peak transmittance
and the bandwidth.

Normally such temperature effects are minimal, but

because the monostatic system must function outside during the day in
desert terrain, a temperature variation of 40°C can occur so that thermal
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effects are indeed significant.

As shown by Blifford [1966], the effect

of temperature variations is chiefly exhibited as a shift in the center

o

wavelength on the order of -0.2 A/°C depending on the particular f i l t e r .
Thus, with a 40°C temperature change, the center wavelength could be

o
expected to shift as much as 8 A, which is too large a deviation for the
system to remain in calibration.

The present system cools the interfer

ence filter to 70°F + 1°F with a portion of the water which is used to
cool the laser head.

Such an arrangement provides more than adequate

temperature control for the filter.

4.4.2

Monostatic Electronics
The electronics associated with the monostatic receiver are rudi

mentary.

They consist of a high voltage power supply for biasing the

photomultiplier tube, a resistor capacitor network for biasing the photomultiplier tube, a load resistor and an oscilloscope to monitor the re
ceived signal.

The high voltage power supply supplies up to -2400 VDC

for the photomultiplier bias network shown in Fig. 4.6.

Because the sig

nal current of the latter dynodes can be more than an order of magnitude
greater than the bias current of 11 milliamperes, i t is necessary to add
the biasing capacitors as shown in the schematic.

The capacitance of each

capacitor is chosen so as to maintain i t s associated dynode voltage to
within 1/2% of the no signal dynode voltage for at least 10 microseconds.
Without these capacitors, the photomultiplier tube would saturate and i t s
gain would be nonlinear for the signal levels present in the monostatic
receiver under normal operating conditions.
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Fig. 4.6

Biasing Network for the Monostatic
Photomultiplier Tube

The signal current from the anode of the photomultiplier tube is
fed into a 75 ohm resistive load.

The load matches the impedance of the

RG-59 coaxial cable which carries the signal voltage to the oscilloscope.
For maximum versatility, a Tektronics 556 dual beam/dual trace oscillo
scope i s used to monitor the received signal.

One of the oscilloscope

beams is used to display the received signal while the second beam is
used to monitor the energy in the laser pulse from which the magnitude
of the received signal can be normalized for comparison with other sig
nals.

4.4.3

Monostatic Mount
The mount for the monostatic system consists of the transmitter-

receiver

platform, the positioning section and the leveling platform as

shown in Figs. 4.7 and 4.8. The transmitter-receiver platform consists
of a firm aluminum plate on which crossing 2x5 inch aluminum tubing has
been welded.

Two parallel 50 inch pieces of the aluminum tubing separated

by 40 inches support the laseir transmitter and the monostatic receiver.
The platform is designed so that the maximum deflection due to loading is
less than 0.01 inches (0.4 milliradians).

When mounted, the monostatic

receiver remains fixed while the laser transmitter has a fine adjustment
mount which can be moved up to +1° in two normal directions in order to
align the optical axis of the laser with the optical axis of the monosta
tic receiver.
Alti-azimuthal positioning of the monostatic system is provided
by a modified positioning mount which was originally used in an army T9
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Fig. 4.8

Photograph of the Monostatic Lidar System
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tracking radar system.

New sychronous-stepping motors were used to

replace the drive motors and a position resolution of 0.1 degree is
possible.

The system i s balanced about the elevation axis in order to

minimize the starting torque on the drive motor.

Mechanical counters

are used as azimuth and elevation position indicators.
The supporting structure of the system consists of the frame
which supports the modified positioning mount, the leveling platform and
three pedestals which support the leveling platform above a concrete slab.
Three wedge levelers are inserted between the leveling platform and the
pedestals to provide the leveling which is required for proper alignment
with the bistatic receiver.
The entire monostatic system is housed in a modified army radar
trailer.

The floor of the trailer has three holes in i t through which

the pedestals pass so that the transmitter receiver system is supported
on a stable concrete slab under the trailer.

During normal operation and

alignment procedures, the roof and part of the rear wall of the trailer
are removed.

The rest of the trailer is partitioned from the section

which houses the transmitter and receiver, and i t is used to house the sys
tem electronics and personnel.

When the system is not in operation, the

trailer provides adequate protection from the weather and the elements.

4.5
4.5.1

The Bistatic Receiver

Bistatic Optics
The bistatic receiver is a bit more sophisticated than the mono-

static receiver.

Whereas the purpose of the monostatic receiver is to

measure only the intensity of

the incident light, the bistatic receiver

is capable of measuring both the intensity and the state of polarization
of the incident light.

The additional capability of measurement of the

state of polarization is obtained by the addition of a polarimeter to
the bistatic optics.

As shown in Fig. 4.9, the bistatic receiver con

sists of a Dall-Kirkham Cassegrain telescope which serves as an optical
antenna, an eyepiece for visual sighting, a field lens to collimate the
light exiting the back of the telescope, a field stop to limit the field
of view, a one quarter wave phase retardation plate, a linear polarizer
which acts as an analyzer, a thin film interference'filter to limit the
background radiation, an imaging lens to focus an image of the exit pupil
of the telescope onto the face of the photomultiplier tube, and the
photomultiplier tube which converts the incident light into an electrical
signal and then amplifies the signal to a usable level.

All the listed

optical components except the quarter wave plate and the linear polarizer
perform the same purpose as described for the monostatic receiver.

The

quarter wave plate and the linear polarizer are used to determine the
state of polarization of the incident radiation by measuring the Stokes
parameters of the incident radiation using the method described in Section
2.8.

The quarter wave retardation plate can be manually inserted or re

tracted from the incident light beam, so that the necessary measurements
can be made.

The specifications for the bistatic system are listed in

Table 4.3.
The bistatic telescope is an f/15 Dall-Kirkham Cassegrain with an
eight inch diameter primary mirror and a maximum field of view of one
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TABLE 4.3
BISTATIC RECEIVER CHARACTERISTICS

1.

Telescope

Cassegrain

2.

Aperture

8"

3.

f/#

f/15

4.

Acceptance Angle

17.5 mr (1°)

5.

Optical Efficiency

Approximately 50%

6.

Imaging Scheme

Fresnel Optics

7.

Wavelength

6944.4 A

8.

Optical Bandwidth

25.2 A

9.

Electronic Bandwidth

30 MHz

10.

Signal Detector

RCA 7265 Photomultiplier

11.

Refrigeration for
Photomultiplier

Thermoelectric, -20°C + 1/2°C

12.

Special Features

a) Reflecting optics specially
coated to be polarization
independent;
b) Polarimeter section.

13.

Signal Display

Oscilloscope
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degree.

The design for the telescope and the associated imaging lenses

were generously provided by Dr. Roland Shack of the Department of Optics
at The University of Arizona.

Construction of the telescope and lenses

was performed by the Optical Shop of the University.
view insures a reasonably long signal pulse.

The large field of

In addition, the wide field

of view somewhat eases the alignment requirements between the transmitter
and the bistatic receiver.

Since the bistatic receiver is used to measure

the state of polarization of the received light, the optical components
preceding the quarter wave retardation plate must not alter the state of
polarization of the light incident on them.
polarization.

The lenses will not alter the

Reflection coatings applied to reflecting optics using

standard methods have been found to be polarization dependent.

To avoid

this pitfall, the reflection coatings on the primary and secondary mirrors
of the telescope were applied by a special process which makes the coat
ings polarization independent.
Through proper design of the field lens, the light rays between
the collimating lens and the imaging lens are collimated to within two
degrees of the optical axis of the system.

Such collimation makes the

region ideal for the location of optical elements because any adverse
affects due to converging or diverging rays are minimized.

The first

optical element in the collimated region is the quarter wave retardation
plate which has i t s fast axis in the vertical position (in the scatter
ing plane).

Next comes the linear polarizer, the thin film interference

filter and the imaging lens, all three of which are mounted in a rotatable holder.

The interference filter is rotated with the linear polarizer
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to minimize the effect of any inherent polarization dependence the f i l 
ter may exhibit.

The polarimeter is optically aligned such that the

linear polarizer can be locked in positions parallel, perpendicular or
at a 45 degree angle to the fast axis of the quarter wave plate.

Such

an arrangement minimizes the number of measurements which are necessary
to determine the Stokes parameters of the received light.

In i t s present

configuration, the four measurements shown in Section 2.8 are required
to determine the four Stokes parameters.
The imaging system used in the bistatic receiver is the same as
that of the monostatic receiver which was explained in Section 4.4.1.
Such an imaging system insures that the system response is constant across
the receiver field of view.

This is necessary to insure that the system

does not alter the received signal.
The temperature dependence of the bistatic interference filter is
not as serious as the temperature dependence of the monostatic interfer
ence filter.

This is due to the fact that the bistatic system is operated

only in the late evening or at night time and the operating temperature
range of the bistatic filter is, therefore, not as severe as that of the
monostatic filter.

The temperature of the bistatic filter is monitored

with a thermometer and an appropriate correction can be applied if neces
sary.

4.5.2

Bistatic Electronics
The electronics for the bistatic system are essentially the same

as the electronics for the monostatic system.

Because the signal levels
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of the bistatic system are much smaller than the signal levels of the
monostatic system, a photomultiplier bias current which i s one tenth the
monostatic bias current is sufficient.

The biasing circuit for the bi

static photomultiplier tube is similar to that shown in Fig. 4.6 for the
monostatic system.
One aspect of the bistatic electronics which will eventually be
different than the monostatic system is the use of an analog to digital
converter to record and store the bistatic measurements.

At the present

time the analog to digital converter for the bistatic receiver is being
developed by Mr. Leslie Palocsay as part of the requirements for a
Master's degree at The University of Arizona.

The converter will sample

the signal at ten points which are separated by 100 nanoseconds and the
resulting digitized information will be stored on a tape which can then
be used directly with a digital computer for data reduction. This part of
the system should be operational sometime in 1971 [Palocsay, in prep.].

4.5.3

Bistatic Mount
The bistatic positioning mount is shown in Figs. 4.10 and 4.11.

It consists of a converted surplus airborne gun mount which is capable
of positioning the bistatic optical receiver azimuthally and vertically
to within a resolution of better than 0.1 degree.

New synchronous-

stepping motors are used to drive the mount, and fine positioning is
accomplished by operating the motors in the DC stepping mode.

Mechan

ical counters are used to indicate the angular headings.
The positioning mount is located in a surplus army gun mount
trailer which sits on a concrete slab.

Leveling is accomplished by
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first roughly leveling the trailer with screw jacks and then finely
leveling the'positioning mount using wedge type levelers.

A section of

the roof and a section of the front wall of the trailer are removable to
allow a sufficient field of view for operation of the system.

4.6

System Noise

Except for the random variations of the scattering coefficient
within the scattering volume, most of the noise in the system is genera
ted in the photomultiplier tube.

Photomultiplier tubes are very compact,

extremely high gain amplifiers, and, as such, they are intrinsicly noisy.
Noise in photomultiplier tubes is generally attributed to the several
sources listed below.
1.

Thermionic emission from the photocathode.

2.

Shot noise due to the signal.

3.

Shot noise due to the background radiation.

4.

Shot noise due to dark current.

5.

Radioactivity within the tube.

6.

Dark pulses of unknown origin.

7.

After pulses caused by gas ionization.

8.

After pulses caused by light feedback from the dynodes.

9.

Regenerative effects at high dynode bias voltages.

10.

Current leakage due to dirty pins and socket connections.

Host of the above noise sources are significant only when very weak light
signals are being measured.

For each light measurement application,
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sensitivity is eventually noise limited.

The limitation is a function

of the parameters of the particular measurement.

By proper system

design, some of the noise can be eliminated or drastically reduced.

4.6.1

Signal Noise in the Monostatic System
The monostatic system i s usually operated during the daytime.

As

a result, the most significant source of noise is the shot noise due to
the D.C. signal caused by the background solar radiation.

Because the

o

transmitted light is essentially monochromatic (6943 A), most of this
noise can be sharply reduced by inserting a narrow band interference f i l 
ter into the light path.

The average anode current due to background

solar radiation is then given by

I B = yyfi R x A R T R AX

,

(4.1)

where
M

= current amplication factor of the photomultiplier tube,

Y

= photocathode sensitivity (amp/watt),
= receiver field of view (sr.),
= irradiance of the scattered solar radiation

2

(watt/m

0

-sr. - A),

2

A^ = clear aperture of the receiver (m ),
T

k

= transmittance of the receiver optics,
o

AA = bandwidth of

the optical filter (A).

As would be expected, the irradiance of the scattered solar radiation,
R^, is highly variable and depends on the time of day, the weather
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conditions and the location of the sun with respect to the receiver's
field of view.

For clear midday conditions, the solar irradiance at sea

level, not looking directly into the sun, is given by Harris, Nugent
and Cato [1965] as

R^ = 0.01034

watts/m^ - A - sr.

(4.2)

The expression relating the anode current and i t s associated rms
anode shot noise current is given by the RCA Photomultiplier Manual [1970]
as

i

rms

= y[2e I Af] 1 / 2
c

,
'

(4.3)

where
I = yl = anode signal current (amps),
Si
c
= photocathode current (amps),
e

= charge of an electron (coulombs),

Af = bandwidth of the detector (Hz.).

The photocathode current, I c > may represent signal current or shot noise
current.

The expression in Eq. (4.3) pertains to the noise statistics

of the photocathode and neglects the noise generated by the dynode ampli
fication statistics.

The dynode generated noise may increase the total

noise current by a few percent but i t will be ignored in this discussion.
Using Eqns. (4.1), (4.2) and (4.3) and the appropriate system parameters
to determine the anode shot noise due to the solar irradiance yields

i_
= 1.81 x 10" 4 a @ -1700 VDC.
firms

(4.4)
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when an RCA 7265 photomultiplier tube is used as the detector.
bias

The

voltage of -1700 VDC is the bias voltage usually used for the-

monostatic receiver.

For daytime operation, ig r m s limits the system's

sensitivity.

4.6.2

Signal Noise in the Bistatic System
The bistatic system is operated only during the night, and, as a

result, the noise due to background radiation is negligible compared to
noise generated by thermionic emission, shot noise due to signal and dark
pulses of

unknown origin.

monostatic signals.

Bistatic signal levels are much smaller than

As a result, noise i s a more important consideration

for the bistatic system.
When photomultipliers are used to detect signals of very low
light intensity, the photomultiplier's sensitivity is usually limited by
noise due to thermionic emission from the photocathode and dynode sur
faces.

The expression for calculating the thermionic noise is the same

as Eq. (4.3) with I

replaced by i ^ , the dark current due to thermionic

emission from the photocathade.

Using parameter values which are valid

for the bistatic system, the thermionic component of the noise is found
to be equal to

i , = 1.86 ya @ -2000 VDC.
th

(4.5)

A photomultiplier bias voltage of -2000 VDC has been found to be the
maximum useful bias voltage.

Further increases in the bias voltage

increases the thermionic noise relative to the signal.

The noise
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current given in Eq. (4.5) i s smaller than the usual signal currents.
However, i t is an rms value for delta function type shot noise.
ual noise pulses may be large enough to degrade the signal.
this possibility, the photomultiplier is cooled to -20°C.

Individ

To prevent
Rodman and

Smith [1963] indicate that the optimum temperature for cooling S-20
photocathodes is -20°C.

Cooling the photocathode below -20°C does not

reduce the thermionic dark current any further, but i t does cause serious
reduction of the photocathode sensitivity.

A thermoelectrically refri

gerated photomultiplier tube chamber is used to cool the tube to -15°C
stabilized to + 0.5°C or -20°C unstabilized.

This mode of cooling was

chosen because the chamber can be quickly disassembled, i t was readily
adapted to the existing system and thermoelectric cooling systems are very
convenient for remote station applications because they are self-contained.
Once the photomultiplier tube has been cooled sufficiently, except
for random spikes of residual dark current, the sensitivity of the tube
is limited by the shot noise due to the signal current.

Shot noise due to

signal is caused by the statistical fluctuation of the rate of photoemission from the photocathode and the rate of secondary emission from
the dynodes.

Its analytical expression is given by Eq. (4.3).

The mini

mum signal detected by the bistatic system is on the order of 0.005 volts
across a 75 ohm lead when the bias voltage on the photomultiplier is
-1800 VDC (the bias voltage used for normal operation).

Using Eq. (4.3)

and the specifications for the photomultiplier tube, the shot noise due
to signal i s found to be equal to
i„
= 0.046 ma @ -1800 VDC.
Srms

(4.6)
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Across the 75 ohm load, the above shot noise current generates a voltage
equal to
v_
= 3.44 mv @ -1800 VDC.
Srms

(4.7)

Assuming the only significant noise source is the shot noise due to sig
nal, the signal to noise ratio is equal to 2.1, which indicates that the
system is noise limited at these signal levels.
Even when the photomultiplier is cooled and light tight, there
s t i l l exists some random dark noise pulses which have considerable magni
tude.

All attempts to eliminate these dark pulses have failed.

sions with other experimenters has led to the belief

Discus

that the RCA 7265

and other photomultiplier tubes characteristically exhibit this type
noise.

The noise pulses do not effect the signal to noise ratio listed

above, but they do hamper proper triggering of the oscilloscope.

Ways of

circumventing this problem are now under investigation.

4.6.3

Noise Reduction by Integration
The bistatic signal is a singular pulse and the usual noise re

duction schemes employed for periodic signals cannot be applied.

One

method used to reduce the effect of the random noise pulses and to
increase the signal to noise ratio is to integrate the signal using a
passive RC filter.
noise.

The filter averages the signal and thus reduces the

As shown by Bendat and Piersol [1966], the normalized variance

of a measurement made with an RC filter is given by
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(4-8)

where
e

= normalized variance,

B = statistical bandwidth of the noise,
s
K

= time constant of the RC filter (sec.),

T

= length of the sample (sec.).

They also point out that the minimum attainable normalized variance is
given by
e

= -1

.

(4.9)

This value of variance is rapidly approached as K approaches T r .

Thus,

making the time constant of the filter, K, greater than the length of
the signal pulse, T r , gains very l i t t l e .
The.improvement in the signal to noise ratio can now be deter
mined using Eq. (4.8).

Before addition of the filter, the system is

essentially a high pass RC filter with time constant K^.

If the RC time

constant of the new filter is equal to or greater than T r , then the
reduction factor in the signal variance is given by

a =

ir_

(1 - e-2tr/kl) ^

2k1

(1 - e~tr'kl)2

(4.10)

The system has a bandwidth of 50 MHz and the length of the bistatic
pulses is on the order of 1.0 ys which results in an a equal to 12.5.
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Hence, the voltage signal noise should be reduced by a factor of 12.5
and the power signal to noise ratio is improved by a factor of 156 by
using an integrating filter.

When the integrating filter is being used,

the primary remaining source of error is the width of the trace on the
face of the oscilloscope.

This source of error is minimal except for

small signals (less than one centimeter deflection), and i t can be mini
mized by proper adjustment of the trace intensity, focus and astigmatism
controls of the oscilloscope.

4.7

System Calibration

The present method of data reduction for the bistatic measurements
requires that the system be calibrated in some manner which allows the
Rayleigh component *crf the measured signal to be determined.

The Mie com

ponent can then be obtained by subtracting the Rayleigh component from
the total signal.
an absolute sense.

Initial attempts were made to calibrate the system in
Problems in such approaches occur due to the necessity

of calibrating the laser and the receivers by two different standards.
The laser was calibrated with a TRG thermopile and the optical receivers
were calibrated with an EG&G standard lamp.

This method was thought to

be unreliable due to the uncertainty of the "standards" used.
What is needed is a method to calibrate the receivers directly
in terms of the laser itself.

The next calibration scheme [Hall and

Ageno, 1970] involved construction of a standard Lambertian reflection
surface.

The reflecting surface was located a known distance from the

system with the optical receivers and the laser transmitter aimed
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directly at i t .

The laser was fired at the reflector and the laser out

put and the optical receivers' response were monitored simultaneously
resulting in a direct calibration between the laser transmitter and the
optical receivers.

Calibration by this method was found to have an

accuracy of +5% when the laser i s operated with an output energy of one
joule.

Because the receiver and the transmitter must both be located at

the same physical site, this method of calibration cannot be effectively
used to calibrate the bistatic system.

This calibration method will be

attempted again once an accurately calibrated neutral density filter with
an optical density of 6.0 is obtained.
Another more effective method of bistatic calibration has been
derived.

Basically,the new method consists of

taking a bistatic sounding

at an altitude at which only Rayleigh scattering occurs and then trans
lating this measurement to whatever altitude and scattering angle are
desired.

That only Rayleigh scattering is occurring can be verified by

taking measurements at several different scattering angles at the given
altitude and then checking to see if the measurements are the same as
those which would occur from a Rayleigh scattering phase function.

This

method of calibration is effective because the Rayleigh component of
scattering in the atmosphere can be calculated directly.

Hence, if i t s

value at one location is known, the value at any other location can be
calculated.

The effectiveness of the method also depends upon knowing

the optical depth of the atmosphere at the time the measurements are
taken.

The project currently has a solar radiometer which monitors the

optical depth of the atmosphere on a daily basis [Shaw, in prep.]
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To obtain the Raylelgh contribution to the received signal at
other scattering angles and altitudes from a known Rayleigh signal at a
given scattering angle and altitude, the following parameters must be
r.

considered.
1.

The altitude of

2.

The scattering angle, 0 g .

3.

The receiver elevation angle, 0 .
K

4.

The attenuation over the signal path, e

5.

The sensitivity of the photomultiplier tube, p.

6.

The Rayleigh extinction coefficient,

If the

the scattering volume, h.

K

—T (csc0 +CSC0 )
R
T .

.

is the known Rayleigh intensity component measured perpen

dicular to the scattering plane, then the Rayleigh component at another
scattering angle and altitude is given by
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where the subscript 1 denotes the parameters associated with the known
Rayleigh intensity and the subscript 2 denotes the parameters associated
with the new scattering volume.

The optical depths

and x 2 are calcu

lated from the total optical depth measured for the day in question in
conjunction with the information given in Elterman's [1968] tables.

The

Rayleigh component parallel to the scattering plane can be easily calcu
lated from the expression
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The preceding calibration scheme is the method now used in the
data reduction to extract the Rayleigh scattering contribution from the
received signal.

One distinct advantage that this method has over the

two previously mentioned calibration schemes i s that the present method
i s executed each time data is taken thus negating any long term varia
tions in the response of any of the individual components of the system.

4.8

Alignment of the Bistatic System

Alignment of the bistatic system consists of orienting the monostatic and bistatic mounts so that bistatic measurements can be made.
The alignment is checked before each evening's operation.

Since the

monostatic and bistatic mounts are designed to be very stable, only small
corrections, if any, are usually required.

Proper alignment is achieved

when the optical axes of the laser transmitter and the bistatic receiver
remain in the scattering plane for all elevation angles of interest.
The alignment procedure is accomplished in three steps.

First,

the elevation axis of rotation is made level by adjusting three wedge
levelers which support the system.

The optical axis of the telescope

is then adjusted so that i t is perpendicular to the elevation axis of
rotation.

Thus, now

the telescope is aligned so that i t will scan a

true vertical path when i t is rotated about its elevation axis of rota
tion.

The next step is to align the telescope with the scattering plane.

This is accomplished by adjusting the azimuth and elevation controls of
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the telescope until the image of the other trailer is located in the
center of the field of view of the telescope.

The telescope i s now

aligned with the scattering plane and the azimuth control is deactivated
to avoid i t s accidental use.

Both the monostatic and bistatic mounts

are aligned using the preceding procedure.

One additional step must be

completed to insure proper alignment of the system.

The laser align

ment controls are adjusted until the transmitter's optical axis i s para
llel to the optical axis of the monostatic receiver.

The bistatic

system is now aligned and ready for operation.

4.9

Laser Hazards and Safety Precautions

In general, the safety standards set forth in the paper "A Lidar
Safety Guide" fThird Conference on Lidar Probing of the Atmosphere, 1970]
are followed.

There are two potentially hazardous aspects of the lidar

system when i t is operating.

Both the high voltage used to operate the

flash lamps and the intense pulse of light emitted by the laser can in
flict serious injury to humans.

Fortunately, the laser system is well

designed, and a l l the high voltages are well shielded and not accessible
under normal operating conditions.

Extreme caution must be used when

servicing any of the high voltage components.
A very real chance of serious irrepairable eye damage exists
whenever lasers are operated by personnel lacking proper eye protection.
Danger exists not only in viewing the laser beam directly but also in
viewing any portion of a reflected or diffused laser beam.

To insure

no eye damage accidently occurs to the operating personnel, eyeshields
are worn by a l l personnel working on the laser or in the laser
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compartment of the trailer.

The eyeshields are sufficiently opaque

O
at the ruby wavelength (6943 A) to prevent eye damage even if the laser
beam is viewed directly.

The eyeshields do transmit enough other visible

light to allow adequate sight in a well-lighted room.
safety

An additional

precaution taken is not to fire the laser when someone is in the

laser compartment unless i t is absolutely necessary.
Another potential eye hazard occurs when the laser beam i s
reflected off a standard Lambertian surface during one of the methods of
system calibration.

The reflector is located 200 meters or more from

the receivers and any personnel.

Calculations were made using a safe

level of eye pupil irradiance of 0.7 watt/cm
to determine if any eye danger existed.

2

as given by Wyman [1969]

The results showed that, if per

sonnel remained at least 200 meters distant from the reflector, the
irradiance on their pupils would be seven times less than the safe level
of pupil irradiance given above.

Note that the safe level of pupil i r 

radiance given by Wyman [1969] includes a safety factor of 1000.
Danger of eye damage to personnel not directly associated with
the lidar system also exists.

The primary danger is eye damage to pilots

and passengers of aircraft flying within the volume of atmosphere
which is sampled by the lidar system.

To minimize the probability of

such accidents, the lidar firing range is continuously checked by sight
and sound for the presence of aircraft during operation of the system.
System operation is terminated when aircraft are inside or anywhere in
the vicinity of

the firing range.

CHAPTER 5

SYSTEM OPERATION AND PERFORMANCE

5.1

Introduction

This chapter presents some of the preliminary results which
have been obtained with the lidar system.

Emphasis is given to bistatic

operation because operation in the bistatic mode is the new contribu
tion of this system.

The results indicate that the bistatic system can

make the measurements for which i t was designed.

Should the reader

desire more information about monostatic lidar systems, he is referred
to the papers listed in the List of References of this dissertation.

5.2

The Monostatic System

Most lidar systems operate in the monostatic mode.

The mono-

static portion of the present lidar system operates in essentially the
same manner as the many previous monostatic systems which have been re
ported in the literature.

A hypothetical monostatic sounding and an

interpretive discussion of the sounding were given in Section 3.2.

The

hypothetical sounding may be compared with the pictures of actual sound
ings obtained with the present system given in Figs. 5.1, 5.2, and 5.3.
The vertical scale on the soundings is 0.1 volt/cm. and the horizontal
scale is 2 ys/cm. which corresponds to a range of 300 m/cm.

The sound

ings were taken at 11:13 A.M., 11:14 A.M. and 11:20 A.M. on May 5, 1970.
Two traces appear on each picture.

The lower trace is the output of
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Fig. 5.1

Monostatic Lidar Sounding Taken at 11:13 A.M. on May 5, 1970

Fig. 5.2

Monostatic Lidar Sounding Taken at 11:14 A.M. on May 5, 1970
1--'
N
N

Fig. 5.3

Monostatic Lidar Sounding Taken at 11:20 A.M. on May 5, 1970

1--l
N

w
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the energy monitor and the upper trace is the monostatic sounding.

Both

the soundings shown in Figs. 5.1 and 5.3 had a 1000 picofarad filter
capacitor in parallel with the 75 ohm load resistor.

Filtering the

signal reduces some of the noise but s t i l l allows display of the fine
structure of the atmosphere.

As one can see in the soundings, the fine

structure of the atmosphere can be rather rapidly varying in time.
Mr. Frederick Fernald of the Department of Atmospheric Sci
ences at The University of Arizona is currently using the monostatic
system to gather atmospheric soundings.

He is working on a method to

make use of both the lidar soundings and independent measurements of the
atmospheric optical depth to calculate the extinction and backscattering
coefficients as a function of height [Fernald, in prep.].

In order for

his method to work, the lidar system must be calibrated in, at least, a
relative sense.

The system calibration was accomplished in a manner

similar to that described by Hall and Ageno [1970] whereby the calibra
tion is performed with the aid of a standard reflector using Eastman
White Reflectance Standard paint,the reflector approximates a Lambertian
reflecting surface and, for normal incidence, the backscattered reflec
tance is 0.992.
The reflector was set up at 186 meters from the system with both
the laser transmitter and the monostatic receiver aimed at the center of
the target.

The diffusely reflected laser pulse is much too intense for

the sensitive monostatic receiver to monitor without further attenuation.
Thus, to avoid saturation of the photomultiplier tube, a neutral density
filter with an attenuation of 0.877 x 10^ was inserted in the field stop
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of the telescope.

The laser was fired at the reflector and both the

laser energy and the instantaneous monostatic receiver signal were
monitored simultaneously.

The area under each instantaneous receiver

signal was measured with a planimeter and then normalized to i t s associ
ated energy as measured by the laser's energy monitor.

At the laser

output levels normally used, these ratios had a maximum variation of
+ 10% which would indicate that the error in each parameter was on the
order of +5%.

Errors of this magnitude are to be expected from the

measurement techniques which were employed.

If the 10% variation in

the normalized monostatic signal is too large, a number of samples can
be taken and averaged.

The expected error of the average sample is

equal to 10% divided by the square root of the number of samples used
to calculate the average value.
The monostatic system performs two important tasks for bistatic
operation.

First, i t i s used during the bistatic alignment procedure

which must be performed before each bistatic operation.

During bista

tic operation, several simultaneous monostatic soundings are also taken
to insure that the scatterers within the common volume remain stable
over the period of a set of bistatic soundings.

5.3

The Bistatic System

After several months of operation with suitable improvements,
the bistatic system is now a functioning data acquisition system.
Initial measurements indicate that the atmosphere over Tucson has a
smaller concentration of aerosols on the average than is given in
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Elterman's [1968] tables.

As a result, the signal levels are somewhat

lower than expected and the noise reduction techniques listed in Section
4.6 were employed as a partial remedy.

The mechanical portion of the

system appears to be well designed, and no problems with system align
ment have been encountered.

Alignment of the system is checked prior to

each evening's operation, and only minor, if any, corrections have been
needed.

During the very first night's operation, signals were obtained

from as high as 13 kilometers.

5.3.1

Different Modes of Bistatic Operation
During the effort to reduce the noise problem, the bistatic sys

tem was operated in three different modes to determine which mode of
operation was the best.

The three modes of operation were the Q-switched

mode, the RC filtered normal mode, and the RC filtered Q-switched mode.
Originally, the system operated in the Q-switched mode.

In this mode of

operation, the laser is Q-switched and the full 50 megahertz bandwidth
of the receiver electronics is used.

With such a wide bandwidth and the

low signal levels characteristic of bistatic operation, the noise in
this mode of operation is excessive.

The average signal is difficult

to determine even by visually averaging the trace on the polaroid film.
In addition, the noise has so many high frequency excursions that the
trace i s difficult to photograph with Polaroid Type 47 ASA 3000 speed
film.

It quickly became apparent that this mode of operation was un

satisfactory.
The system was operated in the RC filtered normal mode to see
if any improvement in the signal to noise ratio could be gained.

In
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this mode of operation, the laser is operated in the normal mode and
the bistatic receiver is sufficiently RC filtered to act as an integra
tor.

Integration i s necessary because the power output of the laser

in the normal mode is in the kilowatt range and, hence, the amplitude
of the instantaneous signal at the receiver is very small.
increases the signal level.

Integration

In the normal mode, the laser can emit up

to ten times the amount of energy i t emits in the Q-switched mode.

Thus,

by integrating the received signal, one might hope to gain ten times the
signal amplitude in this mode of operation.

In addition, the integrated

signal is much smoother than the instantaneous signal.

Despite these

advantages, this mode of operation is impractical because alignment of
the bistatic system when the laser is operating in the normal mode is
very difficult.

Incorrect alignment results in an incorrect pulse length

which, in turn, gives rise to an erroneous signal when the pulse is
integrated.

The above considerations indicate that the RC filtered

normal mode is not practical for bistatic operation.
The mode of operation presently used i s the RC filtered Qswitched mode.

Several variations have been used, from mild RC filter

ing to strong integration type RC filtering.

As pointed out in Section

4.6.3, increasing the RC time constant of the filter reduces the vari
ance of the noise.

Once the time constant is equal to the length of

the pulse, no further improvement is obtained.

This result makes

sense because,when the time constant equals the pulse length, the
pulse is essentially integrated and no further signal smoothing is
possible.
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Signal integration has another advantage.

During normal bi-

static operation, the sky is scanned at a constant altitude at a
number of scattering angles.

Due to the geometry of the bistatic con

figuration, the signal's amplitude decreases and i t s pulse width
increases for increasing scattering angles.

The variation in the am

plitude of the unfiltered signal is shown in Table 5.1.

When the sig

nal i s integrated, the combined effect of the decreasing amplitude and
the increasing pulse width tend to cancel one another.

The integrated

signal, therefore, remains relatively constant as the scattering angle
is increased as i s indicated by the calculated integrated signal values
given in Table 5.2.

Integration of the signal insures a relatively uni

form smooth signal from a l l points of interest in the scattering plane.
Note that the above angular dependencies do not include the variations
in the volume angular scattering coefficient with scattering angle and
altitude.
Some typical bistatic signals are shown in Figs. 5.4, 5.5, and
5.6.

Figure 5.4 shows a bistatic return for the Q-switched mode.

The

vertical scale is 0.05 volt/cm and the horizontal scale is 0.2 ys/cm.
This particular signal was obtained from an altitude of 1.4 kilometers
with a scattering angle of 110°.
sent on the pulse.

Note the large amount of noise pre

As previously mentioned, one method to reduce the

noise is to RC filter the signal.

The bistatic signal shown in Fig.

5.5 is lightly RC filtered with a load consisting of a 75 ohm resistor
in parallel with a 500 picofarad capacitor.

The vertical sdale i s 0.02

volt/cm and the horizontal scale is 0.2 ps/cm.

In this case, the

TABLE 5.1
VARIATION OF THE GEOMETRIC FACTOR FOR BISTATIC OPERATION IN THE Q-SWITCHED MODE
Altitude

Scattering Angle

(km.)
90°

105°

110°

120°

130°

135°

140°

150°

160°

8.0

—

—

—

0.0124

0.0077

0.0064

0.0055

0.0039

0.0026

6.0

—

0.0207

0.0157

0.0108

0.0079

0.0069

0.0060

0.0045

0.0031

4.0

0.0273

0.0160

0.0139

0.0108

0.0085

0.0076

0.0068

0.0053

0.0039

2.0

0.0210

0.0149

0.0134

0.0112

0.0094

0.0086

0.0079

0.0066

0.0052

1.6

0.0201

0.0146

0.0133

0.0112

0.0095

0.0089

0.0082

0.0069

0.0056

1.0

0.0182

0.0137

0.0126

0.0108

0.0094

0.0088

0.0083

0.0072

0.0061

0.6

0.0155

0.0120

0.0111

0.0097

0.0086

0.0081

0.0075

0.0070

0.0061

Geometric Factor =

Sin20R

a—
h^sin 2(|2)

H
ro
vo

TABLE 5.2
VARIATION OF THE GEOMETRIC FACTOR FOR BISTATIC OPERATION IN THE INTEGRATED Q-SWITCHED MODE

(km.)

90°

105°

110°

—

—

120°

130°

O
0

Scattering Angle

Altitude

135°

150°

160°

0.1490

0.1262

0.1223

0.1220

0.1296

0.1525

0.1630

0.1383

0.1280

0.1263

0.1275

0.1380

0.1660

0.1650

0.1530

0.1380

0.1328

0.1328

0.1365

0.1500

0.1850

0.2050

0.1590

0.1500

0.1410

0.1395

0.1415

0.1470

0.1680

0.2040

1.6

0.2000

0.1570

0.1495

0.1410

0.1403

0.1435

0.1490

0.1720

0.2210

1.0

0.1910

0.1525

0.1457

0.1385

0.1394

0.1426

0.1500

0.1755

0.2310

0.6

0.1760

0.1420

0.1364

0.1310

0.1330

0.1370

0.1440

0.1710

0.2300

8.0

—

6.0

—

0.1840

4.0

0.2330

2.0

S±n

®R

Geometric Factor =
h sinG

s

sin 2 (-=—)
i.

u>
o

Fig. 5.4

Bistatic Lidar Signal for Operation in the Q-Switched Mode

I-'

v.>

I-'

Fig. 5.5

Bistatic Lidar Signal for Operation in the Lightly
RC Filtered Q-Switched Mode
1--"

w
N

Fig. 5.6

Six Bistatic Lidar Signals for Operation in the
RC Integrated Q-Switched Mode
1--'

w
w
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scattering volume was located at 1.0 kilometer, and the scattering
angle was 110°.

Had this signal been unfiltered, the signal to noise

ratio would have been smaller than that signal to noise ratio for the
unfiltered bistatic signal shown in Fig. 5.4.

It is evident that even

light RC filtering of the signal will enhance the signal to noise ratio.
At the present time, measurements are taken in the integrated
Q-switched mode, and the signals for six such measurements are shown in
Fig. 5.6.

The vertical scale is 0.05 volt/cm and the horizontal scale

i s 500 vis/cm.

The scattering volume was at an altitude of 6.0 kilome

ters and the scattering angle was 160°.

As is seen in Fig. 5.6, the

amplitudes of the integrated pulses can be read much more accurately
than the amplitudes of the pulses shown in Figs. 5.4 and 5.5, even
though, the altitude and scattering angle used in Fig. 5.6 are such
as to decrease the signal level for non-integrated operation.

The

integration network used for these measurements is shown in Fig. 5.7.

5.3.2

Bistatic Data Taken December 10, 1970
Some preliminary observations are presented in this section to

verify that the system can make the type of measurements for which i t
was designed.

This data was obtained on the evening of December 10,

1970 when the system was operated in the RC integrated Q-switched mode.
Integration was obtained with the RC integrating filter shown in Fig.
5.7.

The filter was inserted between the anode of the photomultiplier

tube and the input of the oscilloscope.
On the evening of December 10, the atmosphere was very clear
and calm.

That afternoon, the total optical depth of the atmosphere

500 kC2

oFrom Anode of
Pho tomult iplier

">

-WV—O

220 pf

10

o

Fig. 5.7

Signal Filter Used on Dec. 10, 1970

To Input of
Oscilloscope
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was measured by a solar radiometer and was found to be 0.10,

Elterman

[1968] l i s t s the total optical depth of his standard atmosphere as 0.258
and the combined Rayleigh and ozone optical depth as 0.045.

Thus, the

measured total optical depth is less than half that predicted by Elter
man' s [1968] clear atmosphere.

Since the Rayleigh-ozone optical depth

remains essentially constant, i t is apparent that the total optical depth
due to aerosols was about one quarter i t s expected value.

This result

was exhibited by the fact the atmosphere was visually very clear.
During the winter months, the atmosphere over Tucson usually
has a temperature inversion which exists from early evening to the fol
lowing mid-morning.

These temperature inversions trap the atmospheric

aerosols beneath them and prevent the aerosols from mixing with the
atmosphere above the inversion.

Such inversions are readily discern

ible on monostatic soundings as a sudden sharp signal decrease at the
point on the sounding which corresponds to the altitude of the inver
sion layer.

Monostatic soundings on the afternoon of December 10 indi

cated that an inversion layer was forming at an altitude of 1.5 kilome
ters .
The combination of the temperature inversion and the very small
total atmospheric optical depth for that day provided an excellent
opportunity to test the accuracy of the system.

Most of the small num

ber of aerosols which were present in the atmosphere would be trapped
beneath the 1.5 kilometer temperature inversion.

As a result, any

scattering measurements taken above 1.5 kilometers would be expected
to be very nearly Rayleigh in character.

Preliminary analysis of

the
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monostatic soundings taken that afternoon confirms that a Rayleigh type
atmosphere existed above the temperature inversion [Fernald, in prep.].
The measurements collected on the evening of December 10 were
taken at an altitude of 2.0 kilometers and at five scattering angles:
105°, 110°, 120°, 135°, and 150°.

Each measurement was repeated six

times and the averaged result was used.

As pointed out in Section 2.8,

only four intensities need be measured to determine the Stokes parame
ters of the scattered light.

Prior operation of the system has indi

cated that temporal variations between measurements taken on a single
scattering volume can lead to some error in the calculation of the
Stokes parameters.

At the present time, these variations are believed

to be caused either by temporal fluctuations of the aerosol concentra
tion within the scattering volume or by a bias within the system.

Mea

surements made with a standard lamp have indicated that system bias is
most likely not a factor.

The correction for these temporal variations

is obtained by measuring six intensities instead of the necessary four
intensities.

The six intensities consist of three independent sets of

orthogonal intensities.

Since the sum of each orthogonal set of in

tensities is equal to the total intensity of the measured scattered
light, the sum of each set of orthogonal intensities should be equal.
In general, i t has been found that the total intensities do not agree.
When the total intensities do not agree, the three sets of orthogonal
intensities are normalized such that their associated total intensities
are equal.

The validity of such a normalization scheme and i t s associ

ated effect on the final results can be checked with each set of
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measurements.

From appropriate combinations of the six intensities

which are measured, i t is possible to calculate the U and V Stokes
parameters by three different methods.

If the above normalization scheme

is valid, then the three different values for U and V should match very
closely.

Most of the measurements taken to date have shown the normal

ization scheme a valid and necessary procedure for effective data re
duction.
The averaged measurements taken on the evening of December 10
after having been normalized by the above procedure are presented in
Table 5.3.

The Stokes parameters associated with these measurements are

listed in Table 5.4, where the subscripts on U and V represent the values
of U and V as calculated by three different combinations of the six in
tensities listed in Table 5.3.

As is seen in the table, the values of

the Stokes parameters U and V, when calculated by the three different
methods, correspond very well.
Initial analysis of the data presented in Table 5.3 indicated
that the system was not functioning correctly because the parallel com
ponent of intensity, I 0 , was much smaller than would be expected even
At
for pure Rayleigh scattering.

Any Mie scattering would only enhance 1^.

Upon further study, i t was decided that the most probable explanation
of the problem was that the plane of polarization of the light emitted
from the laser was not canted at the expected 45° to the scattering
plane.

If the plane of polarization were actually canted at 55° to the

scattering plane, then the measurements are very close to those expected
for pure Rayleigh scattering.

TABLE 5.3
BISTATIC DATA TAKEN THE EVENING OF DEC. 1*0, 1970 AT AN ALTITUDE OF 2.0 KILOMETERS

Intensity Measurements

Scattering
Angle

*45 °
I
r

I 135°

Retardation
Plate Out

x 45°

Il

35°

Retardation
Plate In

105°

0.0014

0.1280

0.0394

0.0900

0.0647

0.0648

110°

0.0055

0.1427

0.0361

0.1121

0.0680

0.0800

120°

0.0216

0.1531

0.0324

0.1420

0.0845

0.0900

135°

0.0313

0.1576

0.0089

0.1800

0.0804

0.1085

0.2260

0.0208

0.2880

0.1500

0.1585

150°

0.0827

TABLE 5.4
STOKES PARAMETERS FOR THE BISTATIC MEASUREMENTS TAKEN ON DECEMBER 10, 1970

Stokes Parameters

Scattering
Angle
I
r

U1

u2

u3

V1

V2

V3

105°

0.0014

0.1280

-0.0506

-0.0506

-0.0506

0.0000

0.0000

0.0000

110°

0.0055

0.1427

-0.0760

-0.0760

-0.0760

-0.0120

-0.0122

-0.0118

120°

0.0216

0.1531

-0.1096

-0.1099

-0.1093

-0.0055

-0.0057

-0.0053

135°

0.0313

0.1576

-0.1711

-0.1800

-0.1711

-0.0281

-0.0281

-0.0281

150°

0.0827

0.2260

-0.2672

-0.2879

-0.2673

-0.0085

-0.0087

-0.0083
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I t had been assumed that the plane of polarization of the
emitted laser light was perpendicular to the C-axis of the ruby crystal.
The C-axis was accurately determined using the crossed polaroids tech
nique and then aligned so that i t was 135° to the scattering plane.
This procedure apparently is not accurate.
An experiment was set up for measuring the orientation of the
plane of polarization of the emitted laser light.

Theoretically, back-

scattered signals from spherical particles have polarization properties
identical to those of the incident radiation except that right handed
ness becomes left handedness and vice versa.

Atmospheric particles and

molecules are not perfect spheres, and, as a result, the light backscattered during monostatic operation i s very slightly depolarized by a few
percent.

This depolarization was ignored for the following measurements.

The polarization of the backscattered light was measured by placing a
sheet of polaroid in front of the monostatic receiver.

The measurements

were taken with the polaroid in two orthogonal positions.

Analysis of

the measurements indicates that the plane of polarization was canted
at 53° and not 45°.

This measurement should be accurate to within + 1°.

It i s possible to correct the measurements to those which would
be obtained if the incident plane of polarization were correctly canted
at 45° to the scattering plane.

The Stokes parameters for the linearly

polarized transmitted laser light are given by
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x li

E? cos 2 cb
0

"""ri

E? sin 2 $
0
(5.1)
E2
0

i
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i

0

where E q is the amplitude of the electric field and <f> is the angle
between the plane of polarization and the scattering plane.

Using

Eq. (5.1) and the Stokes parameter scattering matrix relations given
Eqns. (2.38) and (2.44), the expressions for the corrected Stokes
parameters can be obtained.

Assuming the <J> = 53° for the measured

Stokes-parameters, the Stokes .parameters for <j> = 45°. can be calculated
from

1,(45°) =
Jos

W 45#)

C ° S 2^I
cos 53

=

U (45°) = U (53°)
S

(5.2)

I

(5.3)

rs
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,

(5.4)

.
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9

V (45°) = V (53°)
S

lo^0)
&s

b

The corrected Stokes parameters, polarization ratio, degree of polari
zation, plane of polarization, ellipticity and the function -U/(21^)
are listed in Table 5.5 and plotted in Figs. 5.8, 5.9, 5.10, 5.11, and
5.12.

The error bars around the experimental data points represent the

TABLE 5.5
CORRECTED STOKES AND ASSOCIATE PARAMETERS FOR THE BISTATIC DATA TAKEN DEC. 10, 1970

Stokes and Associated Parameters

Scat
Angle
X£

I

r

U

V

VX r

Deg
Pol

Plane
of Pol

tan g

-U/2I

r

105°

0.0019

0.1000

-0.0506

0.0000

0.019

1.075

103.4°

0.0000

0.253

110°

0.0076

0.1115

-0.0760

-0.0222

0.068

1.100

108.1°

-0.0850

0.341

120°

0.0298

0.1200

-0.1099

-0.0055

0.248

0.950

115.4°

-0.0194

0.460

135°

0.0432

0.1232

-0.1711

-0.0281

0.351

1.130

122.5°

-0.0747

0.695

150°

0.1142

0.1765

-0.2672

-0.0087

0.650

0.940

128.5°

-0.0159

0.756
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Plot of Degree of Polarization Data Taken on Dec. 10, 1970
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170

180

Scattering Angle (degrees)

100

90

i

110

©

r

\

\
\
\
\

120
T

130

140

T

T

150

160
T

170
^nr

180

7*1

/
/

-0-

/

\
\

/
/
\

-o-

0

O

Date Taken Dec. 10, 1970
Pure Rayleigh
Curran's Model

Fig. 5.12

Plot of Ellipticity Data Taken on Dec. 10, 1970
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variation possible due to a + 2° error in the determination of the
plane of polarization of the transmitted laser pulse.

Also plotted

in the figures are the curves for pure Rayleigh scattering and a set
of curves which represent the theoretical parameters expected from a
mixed Rayleigh-aerosol atmosphere.

The mixed atmosphere calculations

were performed by Curran [1970] and represent light scattering expected
from a model atmosphere which has a Junge aerosol distribution with
v = 3.5 for a l l altitudes, and extinction coefficient versus height
profiles which have the same shape as those given by Elterman [1964].
The extinction profiles are normalized to give the desired optical
depths.

The model atmosphere shown in the figures has a molecular

optical depth of 0.037 and an aerosol optical depth of 0.080.

Thus,

the total optical depth, 0.117, closes matches the total optical depth,
0.10, measured on the afternoon of December 10, 1970.

Except for the

presence of the temperature inversion on that day, these theoretical
calculations would provide a good model with which to compare the mea
sured parameters.
After consideration of the curves presented in Figs. 5.8, 5.9,
5.10, 5.11, and 5.12, some general comments can be made.

Except for the

ellipticity, tan 3, the experimental data points tend to follow the
curves expected for pure Rayleigh scattering.

This result was ex

pected because the inversion layer which existed at 1.5 kilometers
trapped most of the aerosols beneath i t .

Thus, the atmosphere above

the inversion was essentially molecular, and, as a result, would be
expected to exhibit Rayleigh-type scattering characteristics.

The pure
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Rayleigh cos 2 0

s

curve for polarization ratio should represent a minimum;

however, a l l the data points lie on or below this curve.

Likewise, the

pure Rayleigh curve for degree of polarization should represent a maxi
mum, but some of the data points l i e above i t .

Whether these apparent

errors are errors or real characteristics of the scattering involved
will be determined only when more data have been collected.
The ellipticity data points are somewhat erratic as is seen in
Fig. 5.12.

One of the data points falls on the Rayleigh curve (tan g =

0.0) and the others are erraticly located around the theoretical results
of Curran's [1970]

model atmosphere.

One might say that Curran's model

represents a visual average of the data points.

The most probable ex

planation of the results obtained is that the atmosphere was not suffici
ently stratified to give uniform results.

The scattering volumes were

located very close to the top of the temperature inversion.

Small scat

tered vertical inhomogeneities could have existed near the top of the
inversion causing the results obtained.

In addition, the aerosol size

distribution may have been somewhat different than the assumed Junge
distribution.
In conclusion, one can say that, except for the ellipticity, the
measured data followed the expected Rayleigh scattering laws.

The el

lipticity seems to be the parameter which is most sensitive to the
presence of aerosols.

The results also indicate that the system can

make the type of measurements which are necessary for i t to be used to
infer information about the aerosol size and height distributions.

CHAPTER 6

CONCLUSIONS

This dissertation has presented the pertinent parameters which
were considered in the design and development of a combined monostatic/
bistatic lidar system.
adequately designed.

Operation of the system has shown i t to be
From the preliminary data presented in Chapter 5,

i t is seen that the bistatic system is sufficiently sensitive to moni
tor even the weak signals received from very clear atmospheres in which
few, if any, particulates are present.

Although no inversion technique

has been applied to that data, i t is evident that the bistatic measure
ments contain more information about the scatterers than is contained
in monostatic measurements.

For example, the Stokes and associated

parameters which were calculated from the bistatic data in Chapter 5
indicated that the scatterers exhibited Rayleigh type scattering, a fact
which could not have been obtained from a monostatic sounding.

Contin

ued system operation combined with the present data inversion techniques
should eventually indicate the most effective scheme of taking measure
ments to obtain the desired information.
The basic monostatic/bistatic lidar system has been shown to be
sound, although preliminary operation of the system has generated a few
ideas for improvements which would be beneficial to system operation.
Of primary concern to the monostatic system i s the fact that the signal
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decreases rapidly with range, thus, making the signal difficult to
determine, even at moderate altitudes (3 km.).

One solution to this

problem is to channel the received signal through a logarithmic ampli
fier.

Using such an arrangement, the signal over a much larger range

can be displayed on one trace.

Problems with logarithmic amplifiers

revolve around temperature stability, calibration, dynamic range and
frequency response.

An effort is presently being made to design a

logarithmic amplifier which will meet the criteria demanded by the
monostatic system.
An analog to digital converter is currently being developed to
facilitate bistatic data measurement and storage [Palocsay, in prep.].
This device will digitize the bistatic pulse and then store the digi
tized information on magnetic tape.

An additional single channel analog

to digital converter will be used to digitize and store the output of
the energy monitor on the laser transmitter.

The information stored on

both tapes will then be analyzed by an electronic computer.

This pro

cedure will greatly reduce the time now needed for taking measurements
and reducing the data obtained with the bistatic system.
Another area which could use some further study i s the further
reduction of the noise associated with the bistatic receiver.

One

approach would be to investigate the use of other types of photomultiplier tubes such as the RCA C7164R tube.

One might be able to find a

tube which has a smaller shot noise signal at the same level of ampli
fication.

A second approach to the noise problem would be to use a

pulse length discrimination circuit.

Since the noise pulses are much
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shorter in length than the signal pulses, a circuit could be developed
which would pass only the longer signal pulses.

Thus, the noise pulses

could not trigger the signal recording device.
Ideally, one would like to have a system which was completely
automatic, requiring only the push of a button to obtain a l l the neces
sary measurements and their analysis.

In addition, i t would be nice

if all electronic circuits functioned exactly as theoretically predicted.
But, as everyone knows, the realities of the world force one to design
a system which will cope with both the problem at hand and the financial
budget of .the program.

From this standpoint, the present monostatic/bi-

static lidar system is an effective piece of experimental apparatus.

LIST OF REFERENCES

Barrett, E. W., and 0. Ben-Dov. "Application of Lidar to Air Pollu
tion Measurements," Jour^^o^ApgL^Jfeteor., Vol. 6, 1967.
Bendat, J. S., and A. G. Piersol. Measurement and Analysis of Random
Data. New York: John Wiley and Sons, Inc., 1966.
Blifford, I . H., Jr., "Factors Affecting the Performance of Commerical
Interference Filters," Appl. Opt., Vol. 5, 1966.
Collis, R. T. H., F. G. Fernald and M. G. H. Ligda. "Laser Radar
Echoes from a Stratified Clear Atmosphere," Nature, Vol. 203,
1964.
Collis, R. T. H., and M. G. H. Ligda. "Laser Radar Echoes from the
Clear Atmosphere," Nature, Vol. 203, 1964.
Collis, R. T. H., and J. W. Oblanas. "LIDAR Observations of Forest
Spraying-Operations,"Stanford Research Institute Final Report,
Contr. 26-120, Forest Service, U. S. Dept. of Agric., 1967.
Curran, Robert J .

Private Communication, 1970.

. "A Numerical Solution to the Horizontally-Inhomogeneous
Time-Dependent Transfer Equation," Ph.D. Dissertation,
Dept. Physics, Univ. of Ariz., 1971.
Dave, J. V. "Effect of Coarseness of the Integration Increment
on the Calculation of the Radiation Scattered by Polydisperse
Aerosols," Appl. Opt., Vol. 8, 1969a.
. "Effect of Varying Integration Increment on Computed Polari
zation Characteristics of the Radiation Scattered by Polydis
perse Aerosols," Appl. Opt., Vol. 8, 1969b.
Deirmendjian, D. "Scattering and Polarization Properties of Water
Clouds and Hazes in the Visible and Infrared," Appl. Opt.,
Vol. 3, 1964.
Dunkelman, L., and R. Scolnik. "Solar Spectral Irradiance and Vertical
Atmospheric Attenuation in the Visible and Ultraviolet,"
Jour. Opt. Soc. Amer., Vol. 49, No. 4, 1959.

154

155
Eccles, P., and P. Rogers. "The Bistatic Radar Equation," Proc. of
the Thirteenth Radar Meteorology Conference, 1968.
Eiden, R. "The Elliptical Polarization of Light Scattered by a Unit
Volume of Air," Appl. Opt., Vol. 5, 1966.
Elterraan, L. "Atmospheric Attenuation Model, 1964, in the Ultraviolet,
Visible, and Infrared Regions for Altitudes to 50 km," Report
AFCRL-64-740, Air Force Cambridge Research Laboratories, 1964.
. "Aerosol Measurements in the Troposphere and Stratosphere,"
Appl. Opt., Vol. 5, 1966a.
. "An Atlas of Aerosol Attenuation and Extinction Profiles for
the Troposphere and Stratosphere," Report AFCRL-66-828, Air Force
Cambridge Research Laboratories, 1966b.
. "UV, Visible and IR Attenuation for Altitudes to 50 km, 1968,"
Report AFCRL-68-0153, Air Force Cambridge Research Laboratories,
1968.
. "Vertical-Attenuation Model with Eight Surface Meteorological
Ranges 2 to 13 Kilometers," Report AFCRL-70-0200, Air Force
Cambridge Research Laboratories, 1970.
Fernald, F. Ph.D. Dissertation, Dept. of Atmos. Sci., Univ. of Ariz.,
in preparation.
Fiocco, G., and G. Grams. "Observations of the Aerosol Layer at 20 km
by Optical Radar," Jour. Atmos. Sci., Vol. 21, 1964.
Fiocco, G., and L. D. Smullin. "Detection of Scattering Layers in the
Upper Atmosphere (60-140 km) by Optical Radar," Nature, Vol. 199,
1963.
Friedland, S. S., J. Katzenstein and M. R. Zatzick. "Pulsed Searchlighting the Atmosphere," Jour. Geophys. Res., Vol. 61, 1956.
Goyer, G. G., and R. Watson. "The Laser and Its Application to Meteor
ology," Bull. Amer. Meteor, Soc., Vol. 44, 1963.
Hall, F. F., and H. Y. Ageno. "Absolute Calibration of a Laser System
for Atmospheric Probing," Appl. Opt., Vol. 9, No. 8, 1970.
Harris, E. D., L. J. Nugent and G. A. Cato. "Laser Meteorological
Radar Study," Final Report, Contr. No. AF 19(628-4309),
AD No. 615 444, 1965.

156
Harris, F. S., Jr., G. C. Sherman, and F. L. Morse. "Experimental
Comparisons of Scattering of Coherent and Incoherent Light,"
IEEE Trans. Ant. Prop., Vol. AP-15, No. 1, 1967.
Herman, Benjamin M. "Determination of Aerosol Size Distributions from
Lidar Measurements," Presented at the Third Conference on
Laser Radar Studies of the Atmosphere, Ocho Rios, Jamaica W. I . ,
1970.
Horman, M. H. "Measurement of Atmospheric Transmissivity Using Backscattered Light from a Pulsed Light Beam," Jour. Opt. Soc. Amer.,
Vol. 51, 1961.
Johnson, E. A., R. C. Meyer, R. E. Hopkins and W. H. Mock. "The Mea
surement of Light Scattered by the Upper Atmosphere from a
Search-Light Beam," Jour. Opt. Soc. Amer., Vol. 29, 1939.
Junge, C. "The Size Distribution and Ageing of Natural Aerosols as
Determined from Electrical and Optical Data on the Atmosphere,"
Jour. Meteor., Vol. 12, 1955.
. Air Chemistry and Radioactivity.
1963.

New York: Academic Press,

Junge, C., E. Robinson, and F. L. Ludwig. "A Study of Aerosols in
Pacific Air Masses," Jour. Appl. Meteor., Vol. 8, No. 3, 1969.
Kent, G. S., B. R. Clemesha, and R. W. Wright. "High Altitude Atmos
pheric Scattering of Light from Laser Beam," Jour. Atmos. Terr.
Phys., Vol. 29, 1967.
Ligda, M. G. H. "Meteorological Observations with Pulsed Laser Radar,"
Proc. of the First Conference on Laser Technology, U. S. Navy,
San Diego, 1963.
Long, R. K. "Atmospheric Attenuation of Ruby Lasers," Proc. IEEE, Vol.
51, 1963.
Masterson, J. E., J . L. Karney and W. E. Hoehne. "The Laser as an
Operational Meteorological Tool," Bull. Amer. Meteor. Soc.,
Vol. 47, 1966.
Middleton, W. E. K., and A. F. Spilhaus. Meteorological Instruments.
Toronto: University of Toronto Press, 1953.
Mie, G.

"A Contribution to the Optics of Turbid Media, Especially
Colloidal Metallic Suspensions," Ann. Physik, Vol. 25, 1908.

Morita, N. "Scattering of a Beam Wave by a Spherical Object," IEEE
Trans. Ant. Prop., Vol. Ap-16, 1968.

157
Munick, R. J . "Turbulent Backscatter of Light," Jour. Opt. Soc. Amer.,
Vol. 55, 1965.
Palocsay, L. J. Master's Thesis, Dept. of Elec. Engr., Univ. of Ariz.,
in preparation.
Penndorf, R. "Tables of the Refractive Index for Standard Air and the
Rayleigh Scattering Coefficient for the Spectral Region Between
0.2 and 20.0 Microns and Their Application to Atmospheric
Optics," Jour. Opt. Soc. Amer., Vol. 47, 1957,
. "Angular Mie Scattering," Jour. Opt. Soc. Amer., Vol. 52,
1962.
Perlat, A., and M. Petit.
Villais, 1961.

Mesures en Meteorologie.

Paris:

Gauthiers-

Powell, R. S., R. R. Circle, D. C. Vogel, P. D. Woodson III and B. Donn.
"Optical Scattering from Non-Spherical Randomly Aligned, Polydisperse Particles," Plant. Space Sci., Vol. 15, 1967.
RCA.

Photomultiplier Manual, Technical Series PT-61.
Electronics Components, 1970.

Harrison: RCA

Reagan, J . A. "An Investigation of Atmospheric Structure in the Lower
Troposphere by Lidar Probing," Ph.D. Dissertation, Dept. of
Elec. Engr., Univ. of Wise., 1968.
. "Lidar Probing of the Atmosphere," Paper presented at the
49th Annual Meeting of the Amer. Meteor. Soc., New York,
1969a.
"Comments on Bistatic Lidar," Atmospheric Exploration by
Remote Probes, Vol. 2, Proc. of the Scientific Meetings of
the Panel on Remote Atmospheric Probing, National Academy of
Sciences, 1969b.
Reagan, J . A., and B. M. Herman. "Bistatic Lidar Investigations of
Atmospheric Aerosols," Proc. of the 14th Conf. on Radar Meteor.,
Tucson, Ariz., 1970.
Reagan, J . A., B. M. Herman and R. J. Spiegel. "On the Use of Bistatic
Lidar in the Study of Atmospheric Aerosols," 1970 SWIEEECO
Record of Technical Papers, Dallas, Texas, 1970.
Reagan, J . A., and W. P. Webster. "A Bistatic Lidar for Measuring
Atmospheric Aerosol Distributions," Presented at the Third
Conference on Laser Radar Studies of the Atmosphere, Ocho Rios,
Jamaica W.I., 1970.

158
Rodman, J . P., and H. J . Smith. "Tests of Photomultipliers for
Astronomical Pulse-Counting Applications," Appl. Opt., Vol. 2,
1963.
Ross, M.

Laser Receivers. New York:

John Wiley and Sons, Inc., 1966,

Sandford, M. C. W. "Laser Scatter Measurements in the Mesosphere and
Above," Jour. Atmos. Terr. Phys., Vol. 29, 1967.
Schotland, R. M., D. Chang and J . Bradley. "Optical Sounding II,"
Final Report under Contr. DA-36-039 AMC-03511(E), Research
Division, College of Engineering, New York University, 1965.
Shaw, Glenn E. "An Experimental Study of Atmospheric Turbidity Using
Radiometric Techniques," Ph.D. Dissertation, Dept. of Elec.
Engr,, Univ. of Ariz., in preparation.
Siegtnan, A. E. An Introduction to Lasers and Masers.
McGraw-Hill, 1968.

New York:

Sinclair, D. "Light Scattering by Spherical Particles," Jour. Opt.
Soc. Amer., Vol. 37, 1947,
Spiegel, R. J . "A Random Search Technique Using Laser Light Scattering
Measurements to Estimate Parameters Associated with the Size
Distribution of Atmospheric Aerosols," Ph.D. Dissertation,
Dept. of Elec. Engr., Univ. of Ariz., 1970.
Stair, Ralph, and Russell G. Johnston. "Some Studies of Atmospheric
Transmittance on Mauna Loa," Jour. Res. Nat. Bur. Stan.,
Vol. 61, No. 5, 1958.
Third Conference on Lidar Probing of the Atmosphere.
Guide," Jamaica W.I., 1970.

"A Lidar Safety

Twomey, S. "The Application of Numerical Filtering to the Solution of
Integral Equations Encountered in Indirect Sensing Measure
ments," Jour. Franklin Inst., Vol. 275, 1965.
van de Hulst, H. C. Light Scattering by Small Particles.
John Wiley and Sons, Inc., 1957.

New York:

Volz, F. E., and R. M. Goody. "The Intensity of the Twilight and
Upper Atmospheric Dust," Jour. Atmos. Sci., Vol. 19, 1962.
Wyman, P. W. "Laser Radar Eye Hazard Considerations," Appl. Opt.,
Vol. 8, 1969.

