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ABSTRACT

LIDAR SYSTEM USING POLARIZATION DISCRIMINATION
TECHNIQUES FOR MOLECULAR AIR
POLLUTION MONITORING
by
Dimitrios S. Kokkinos

Advisor: Professor Samir Ahmed

A differential absorption of scattered energy (DASE)
Lidar scheme which wuses polarization discrimination to
distinguish between simultaneously backscattered Lidar
return signals at two close lying wavelengths was conceived,
analysed, designed and built into a complete Lidar system.
The system was then successfully used to first test out
critical basic design premises related to atmospheric
backscatter processes, and then to demonstrate its practical
viability in field measurements of atmospheric Nitrogen
Dioxide.

Lidar outputs are emitted simultaneously at two
close-lying wavelengths, orthogonally polarized. The output
wavelengths correspond to a peak and trough in the
absorption spectrum of the pollutant being monitored. The
concentration of pollutant is determined by using
polarization discrimination techniques to separate and
measure the relative attenuations of the Lidar backscattered

signals at each of the wavelengths as they traverse the

iv



sample region.

The polarization discrimination system was built
producing orthogonally polarized laser outputs at two
close-lying wavelengths. A similar arrangement was designed
for the Lidar receiver, where the separated signals were
detected by separate photomultipliers. Measurements on
backscatter depolarization, a factor of key importance in
the approach used, were then carried out both in laboratory
tests and field tests. Atmospheric field tests confirmed
theoretical prediction and laboratory tests, and showed
depolarization consistent with a picture of 180° backscatter
depolarization plus depolarization due to multiple scatter.
The latter effect was the predominant one, and could be
largely eliminated by reducing the optical receiver aperture
to match the 1 miliradian divergence of the outgoing Lidar
beam.

Under these conditions, the depolarizations measured in
backscattered signals were of the order of 1 percent.
Because of the relative nature of measurements used in the
scheme, it is found that undesirable backscatter
depolarization effects can be neglected as a practical
source of error in a polarization discrimination DASE Lidar
system,

Finally field experiments were carried out, to measure,
from the 1laboratory window, ~concentrations of Nitrogen
Dioxide at kilometer ranges over the upper East Side of

Manhattan. The results of these experiments, which measured



pollution concentrations of low ppm demonstrated the
viability of the polarization discriminmation DASE Lidar

system.



in conjuction with the error analysis, it is Ffound that
undesirable backscatter depolarization effects can be
neglected as a practical source of error in a polarization
discrimination DASE Lidar system.

Finally field experiments were carried out, to measure,
from the laboratory window, concentrations of Nitrogen
Dioxide at kilometer ranges over the upper East Side of
Manhattan. The results of these experiments, which measured
pollution concentrations of 1low ppm demonstrated the
viability of the polarization discrimination DASE Lidar

system.
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CHAPTER 1

INTRODUCTION AND BACKGROUND

l.]1 Introduction

l.1.1 The air pollution problem

The dangerous effects of air pollution on health are
well known and great attention is given to the matter
especially in heavily populated areas. In general the steps
by the appropriate agencies towards controlling the air
pollution are:

1. Detection of the atmospheric pollutant (kind of
pollutant, physical or chemical procedure of its formation,
sources of the pollutant, consequences in the environment

from possible increase of its concentration).

2. Observation of the pollutant concentration (find an
accurate and cost efficient method for each pollutant to
measure its concentration in atmospheric regions of interest

permanently).

3. Control of the pollution (knowing the sources and the
level of the pollutant from measurements, find possible ways
to prevent the increase of the pollutant concentration above
specific level).

Table 1.1.1 shows classification of atmospheric air

pollutants, while Table 1.1.2 shows typical concentrations



in which air pollutants are found.

Particulate Matter

Solids: Dust, Fumes, Smoke, Aerosols

Liquids: Droplets, Mists, Fogs, Aerosols
Gases
True gases: Ozone, oxides of N, Sulfur Dioxide, etc.

vVapors: Gasoline, Paint solvents, etc.

TABLE 1.1.1 Classification of air pollutants.

1.1.2 Air pollution monitoring

It is apparent that developing methods and using the
appropriate ones for air pollution measurements 1is an
important step towards pollution control.

Pollution monitoring activities can be divided into the
following basic approaches: Space activities 1including
Satellite monitoring and Aerial sensing, and Ground
activities including Remote monitoring, Continuous
monitoring at fixed sites and Air sampling. Space activities
are lowest in resolution and their accuracy may not be
sufficient to address many monitoring problems. Air sampling
is extremely labor-intensive, requiring large number of
samples to determine the air pollution 1levels generally
close to the ground. Continuous monitoring at fixed sites

involve analysis of relatively small volume of air close to



the measuring device and therefore many fixed-site stations
are required to cover a large area like a town. Also the
last two approaches use wet chemical techniques with
integration times varying from one minute to a few hours.
The four monitoring approaches-satellite monitoring, aerial
sensing, continuous monitoring stations and air
sampling-offer decreasing perspective with increasing
accuracy and precision. They also represent increasing
costs.
Table 1.1.3 shows selected remote-sensing techniques3
which may be used for pollution monitoring. These are
classified as either active or passive techniques. In the
active techniques a controlled light source is used while in
the passive techniques the pollutant itself or sunlight
scattered by the atmosphere serves as the 1light source.
Advantages of remote sensing include a 1large distance
between sensor and the pollution being monitored, thus
avoiding distortions due to the presence of the sensor
itself. They also offer the potential for large-scale
surveys of environmental parameters and a wide range of
measurements permitted by the diversity of sensors.
Instrumental remote-sensing methods have been used for
air pollution measurements for the last two decades,
initially wutilising spectroscopic techniques. More recently
the development of tunable lasersa, with adequate energy and
spectral purity, reached a stage of development meeting the

remote monitoring source requirements. Since then tunable



laser sources have became a unique tool in air pollution

monitoring applicationsl and atmospheric studies in general.

1,2 Lidar systems for air pollution monitoring

1.2.1 Introduction

By using laser techniqgues, atmospheric pollution can be
studied in experiments of atmospheric backscatter or
long-path absorption. The laser radar or Lidar (LIght
Detection And Ranging) approach, offers particular
advantages because of 1its single-ended nature and great
flexibility. It is in general a technigque for probing the
atmosphere remotely using a laser as source of pulsed energy
in typical radar fashion. The radar principle was first
applied to atmospheric observations at light wavelengths as

early as 19385

. Pulses of light generated by electric sparks
were reflecled from clouds to determine their height by
reference to the roundtrip time of the 1light energy.
Similarly attempts were made later to probe the
atmosphere6’7. The development of the pulsed laser, however,
marked the beginning of major progress in optical radar
techniques and in 1963 the first laser powered radar (Lidar)
was used for meteorological purpose38’9. Since then a wide
range of Lidar applications have been explored with

increasingly sophisticated technigues.



l.2.2 Earlier Lidar Schemes

Lidar schemes were developed using single freguency
solid or gas lasers initially, and tunable dye lasers more
recently. Their operation 1is based on mechanisms of
atmospheric scattering or absorption of light. The earliest
Lidar scheme for detection of atmospheric constituents,

710'12. In

based on Raman scattering was implemented in 196
that scheme, to obtain adequate sensitivity, it was
necessary to use high-power lasers, large receiveing lenses,
good filtering techniques and expensive signal processing
instrumentation. It had however relatively low sensitivity.
More sensitive Lidar schemes depend upon tuning of the
wavelength of the incident illumination to some resonance
absorption of the species to be measured. Those schemes
include resonance Raman, long path absorption, resonance
fluorescence, and the differential absorption of scattered
energy (DASE) scheme. Using resonance Raman 10 to 1000 times
stronger intensities of the backscattered signal can be

dl3’14, than with non-Resonance Raman. Power

achieve
requirements are still large, however, due to small optical
cross sections for the Raman process.

Resonance fluorescence schemes based on the mechanism of
fluorescence scattering by the molecular pollutants, were
used 1initially for measurements of Sodium in the wupper
atmospherele. Later they were used for NO2 concentration
measurements with relatively good sensitivityl9. The

fluorescence cross section is much larger than the Raman

\n



(100 times for NO,) but the power reguirements are still
too high, and its sensitivities are severely limited during
the day, due to background noise.

Long path absorptionlé’18

laser techniques were
developed to determine the average pollutant concentration
along a laser beam path, based on resonance absorption of
the laser radiation by the pollutant molecules. That scheme
was first developed in 196815 and was further analyzed as a
double-ended 1long path absorption scheme by Kildal and

Byerlé. A similar scheme, but single ended, using

topographical reflectors was demonstrated in 197417. The
long path absorption system has very good sensitivity but it
does not give range resolved information.

Comparison of earlier laser molecular pollution
monitoring schemes lead to following conclusions: Long path
resonance absorption techniques, while capable of excellent
sensitivities, provide only average ©pollutant density
between measuring points, and require remote detectors or
retroreflectors. Single ended schemes which wuse Raman or
resonance fluorescence backscatter, which in principal are
capable of remotely measuring pollutant spatial
distribution, are in practice severely limited in range and
sensitivity. In the Raman case, the backscattered signal is
small. In the case of resonance fluorescence backscatter,
while the backscattered signal is relatively large, it is
spread over a fairly large optical bandwidth. Therefore

attempts to improve sensitivity by improving signal to noise



ratio by decreasing receiver optical bandwidth, are negated
by the consequent reduction of the signal of interest.

The Differential Absorption of Scattered Energy (DASE)
scheme combines the sensitivity advantages of resonance
absorption measurements, with measurements of atmospheric
elastic backscatterer to provide a generally more sensitive
single-ended method cf cbtaining pollutant spatial
distribution. The improvement and extention of DASE scheme
through the development of Lidar polarization discrimination

techniques is the basic topic of this thesis.

1.2.3 Differential absorption of scattered energy (DASE)

technique.

The DASE scheme was first suggested by Schotland in 1964
using a searchlight as a source?0, He also performed the
early experimental work using lasers to measure the water
a?l,

vapor vertical profile by the DASE metho The method was

developed for Lidar schemes for pollution monitoring by
Ahmed, Gergeley, Igarashi and others16:22-29

Basically, the DASE technique is used to determine the
concentration of a pollutant in a sample region in space by
comparing the relative attenuation of laser signals at two
different, though close-lying, wavelengths as they traverse
the same region twice, both as outgoing signal and
backscattered return signal. Each of the signal wavelengths
corresponds to a peak and a trough in the absorption

spectrum of the molecule being monitored. The relative



attenuation at each wavelength 1is obtained by purely
relative measurements of the backscattered return signals
from the beginning and end of the sample lengths. Important
factors affecting the potential of DASE Lidar systems are
avallable spectrum and output powers of the lasers. Three
types of laser operation have been considered in conjuction
with the DASE method:
1- Broad band laser oscillation overlapping the required

two probe wavelengthsBO,

2- alternate oscillation at the two narrow line327,

3- simultaneous two-wavelength operationBl.

It is apparent that both cases, 2 and 3, are more power
efficient since the power is concentrated in narrow spectral
regions at around the two wavelengths required for the DASE
scheme, rather than distributed over wide spectral region.
However, the rapidity with which the Lidar optical path
changes, due to thermal effects and particle drift in the
atmosphere, makes the simultanecus two wavelength approach3
optimum as far as obtaining accurate real-time range-
resolved Lidar pollution measurements.

In the past, DASE Lidar systems have used two
narrow-band fixed wavelength filters mounted in tHe optical
Lidar receiver to discriminate between the two close-lying
probe laser wavelengths. This approach prevents the DASE
technique from being readily used in a more versatile

tunable wavelength mode. Furthermore, the requiments for two

narrow-band filters makes the use of the DASE technique



impractical and difficult at near UV wavelengths where only
relatively wideband filters are readily available (wideband
filters are wunable to discriminate between each of the
close-lying wavelengths). This is of importance in the use
of simultaneous two wavelength monitoring of several
pollutants of importance, in particular O0Ozone and Sulfur
Dioxide. To overcome these limitations, as well as evolve a
new approach which is also expected to more generally extend
the wutility and application of DASE techniques, the
polarization discrimination scheme was developed. This
thesis is therefore concerned with the definition, analysis,
design and demonstration of a polarization discrimination

scheme for use with DASE Lidar technigues.

1.3 Objective and outline of the work

In the work carried out, the requirements and design
parameters for a polarization discrimination DASE scheme
were analysed and defined and the system was then designed
and built, and its viability demonstrated in laboratory and
field tests. |

In the polarization discrimination approach, the two
close-lying output wavelengths of the DASE Lidar are emitted
orthogonally polarized to each other. As will be seen, it is
found that these initial polarizations are sufficiently well
retained in the signals elastically backscattered from the
atmosphere, to permit the use of polarization discrimination

techniqgues alone, to separate the two close-lying



wavelengths in the Lidar optical receiver. This retention of
polarization is an gssential requirement for the
polarization discrimination scheme to work.,.

Any undesirable depolarization effects are shown to have
negligible impact on the accuracy of measurements by the
Lidar system. The polarization discrimination techniqgue
entirely negates the neccessity for wusing narrow band
filters individually matched to each of the close-lying
laser probe wavelengths. This makes the DASE Lidar scheme,
in its most important simultaneous two wavelength mode of
operation, more versatile and readily applicable to all
wavelength regions, as well as improving its signal to noise
ratio, for a given laser output, and, through the generation
of orthogonally polarized laser outputs greatly reducing
undesirable competition effects between the two output
wavelengths, which otherwise result in unstable outputs.

The tasks accomplished in this work are summarized
below:

l. The basic requirements for a polarization discrimination
scheme were analyzed in the context of Lidar systems in
general, and the DASE system in particular. Basic
parameters were evolved for the polarization
discrimination scheme.

2. To examine the basic feasibility of the polarization
discrimination scheme, atmospheric scattering features
and their effect in depolarization of backscatter were

examined in some detail. Included in the examination was

10



3.

11

Rayleigh backscatter from atmospheric molecules and
water vapor, Mie (particulate) backscatter from
particles with sizes both comparable and large with
respect to wavelength, with symmetric and non-symmetric
shapes, as well as multiple scattering processes. From
this examination, it was determined that depolarization
effects were to be expected primarily from 180°
backscatter from non-symmetric small particles as well
as from multiple scattering (two-step) from particles of
all sizes and shapes.

A comprehensive error analysis was alsoc carried out to
determine the impact of undesirable depolarization
backscatter effects that may still be found to exist.
Because of the relative nature of the measurements
required with the DASE approach, it was found that
undesirable depolarizations, if they are found to exist,
can be expected to have minor impact on the accuracy of
measurements,

The design and construction of a polarization
discrimination scheme, suitable for use with DASE Lidar
was undertaken and completed.

Laboratory tests on polarization retention and
depolarization by particulate backscatter were carried
out. Results showed a large degree of specularity in
scattering, as far as polarization properties are
concerned in scattering by large particles, and

substantial retention of polarization for 180°



backscatter,

6. Field tests using the Lidar system built were carried
out to determine the degree of polarization retention
and depolarization occuring with backscattered Lidar
signals received. The results showed very low levels
of depolarization, and parametric tests with receiver
geometry showed the detected depolarization effects to
be in conformity with the pictures developed earlier
(2 above) and related primarely to multiple scattering
effects. Furthermore, the field tests showed that the
depolarization of backscattered signal is very small,
and when taken in conjuction with the results of the
error analysis (3 above), it is found to be negligible
for polarization discrimination Lidar schemes.

7. The viability of the overall polarization discrimination
DASE Lidar system was demonstrated in measurements of
atmospheric NO2 from the laboratory window at ranges
of a few kilometers over the upper East Side of
Manhattan.

To facilitate the task of the reader, and provide him
orientation, a 1listing of the material covered in each

Chapter of this work follows:

Chapter 1

The main aspects of air pollution problems are presented
and different methods for pollution monitoring are compared.

The possibilities of Lidar schemes are discussed and their



development described. The DASE Lidar system is described
and its simultaneous mode of operation explained. The need
for a polarization discrimination scheme for wuse in
conjuction with the DASE Lidar is discussed and its

potential advantages described.

Chapter 2
The diffential absorption of scattered energy (DASE)

Lidar technique is first examined in the overall context of
Lidar schemes in general. The DASE technique is then more
specifically analyzed in conjuction with the related
atmospheric scattering and absorption mechanisms and their
polarization properties, and relevant DASE Lidar system
parameters are evaluated. This is followed by a description
of the basic approach and expected properties of the
polarization discrimination technique, and the factors
expected to have important impact on its application to the

DASE scheme.

Chapter 3

An examination of atmospheric features is carried out to
determine the degree of polarization retention in elastic
backscatter. In this context scattering from atmospheric
molecules (Rayleigh scattering) 1is first examined, then
particulate (Mie) scattering from symmetrical and
non-symmetrical particles, both small and large compared

with wavelength, is examined. The primary mechanisms



expected to be responsible for depolarization of
backscattered Lidar signal received are 1identified, as
(non-symmetrical) 180° backscatter, and multiple scattering
(two - step). A comprehensive analysis is carried out to
determine the impact on the accuracy of the polarization
discrimination scheme of any undesirable depolarization

effects that might still occur.

Chapter 4

The design and construction and principal features and
components of the polarization discrimination DASE Lidar

system are discussed.

Chapter 5

The results of laboratory and field tests are presented.
Laboratory experiments on smoke, show that incident
polarization is largely retained for 180° backscatter by
large particles, which show a large degree of specularity in
scattering as far as polarization properties are concerned.
Field tests on atmospheric depolarization carried out with
the complete polarization discrimination DASE Lidar system
out of the laboratory window, show that depolarization
detected 1in backscattered Lidar signals is small, and
primarily due to multiple scattering. The results of both
laboratory and field tests confirm the theoretical picture
developed in Chapter 3, while the results of the field tests

show that depolarization of backscattered Lidar signals is

1h



very small, and when taken in conjunction with the results
of the error analysis, it is found to be negligible. Field
tests are carried out with the complete system through the
laboratory window, to measure atmospheric Nitrogen dioxide
concentrations over the upper East Side of Manhattan, and
demonstrate the viability of the polarization discrimination

technique as applied to the DASE Lidar system.

Chapter 6

The main conclusions of the work are presented. The
factors which are relevant to the polarization
discrimination approach and the results of the experiments

and their significance are summarized.
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PERMANENT GASES

Percent Parts per million
Constituent by volume by volume
Nitrogen 78.084+,004 780,800
Oxygen 20.946+,.002 209, 400
Argon 0.934+.001 9,300
Neon 18.2
Helium 5.2
Krypton 1.1
Hydrogen 0.5
Nitrous oxide 0.3
Xenon 0.09

VARIABLE GASES
Water vapor 0-7
Carbon dioxide 0.033+.001 315
Methane 1.5
Carbon monoxide 0.075
Ozone 0.02
Ammonia 0.01
Nitrogen dioxide 0.011-.04
Sulfur dioxide 0.0002
Hydrogen sulfide 0.0002

TABLE 1.1.2

level.

Composition of the clean atmosphere near

sea



TABLE 1.1.3

ACTIVE TECHNIQUES

Technique or Spectral Species or
Instrument Region Parameter
Differential

VIS, UV, IR Many gases
absorption
Lidar VIS Opacity
LDV IR Velocity
Long-path

VIS, UV, IR Many gases
Absorption
Raman Vis,uv Many gases
Fabry-Perot

VIs,uv Some gases
Raman
Fluorescence vis,uv Many gases

Matched filter
correlation
Gas-filter
correlation
Photography
Vidicon
Heterodyne
radiometer

Spectrometer

PASSIVE TECHNIQUES

VIS, UV

IR

VIS

uv, IR

IR

IR

NO,, SO

2772
502
Opacity

502 and velocity
Many gases

Many gases

Summary of selected remote-sensing technigues.

ot
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CHAPTER 2

LIDAR TECHNIQUES AND THE NEED FOR POLARIZATION

DISCRIMINATION

2.1 Introduction

All Lidar techniques for the real time determination of
the spatial distribution of molecular trace constituents in
the atmosphere, rely on time resolved measurements of
backscattered signals. Two basically different categories of
Lidar technigues exist.

In the first category the backscattered signals are
inelastically backscattered by the trace molecular
constituents and are characteristic of these constituents.
This category includes: Raman, Resonance Raman and
Fluorescence.

In the second category the backscattered signals are the
elastically backscattered returns of the outgoing
transmitted signals and have relative intensities that are
related to the absorption spectra of the pollutants in their
path.

Previous work had shown that this second approach, the
Differential Absorption of Scattered Energy (DASE) technique
had the greater potential for accurately monitoring the
density and spatial distribution of atmospheric molecular
pollutants.

In its simplest form, the DASE scheme determines the

18



concentration of a pollutant (Figure 2.3.4), at an arbitrary
point, located at distance r in space, by measuring the
optical resonance absorption due to the pollutant across an
incremental path 1length, Ar. The absorption across Ar is
obtained from the relative attenuation of two collinear
laser beams at close-lying wavelengths, kl, and Az,
respectively on and off the resonance absorption of the
pollutant molecule in question. From comparisons (at the
receiver) of the Rayleigh and Mie atmospheric elastic
backscatter from the two laser beams as they traverse Ar,
the relative attenuation is determined. Appropriate temporal
resolution at the receiver permits determination of r and

Ar, the range and spatial resolution of the pollutant

distribution, respectively.

Some of the advantageous features of this scheme
include:

1. The received signal, due to elastic backscatter from the
atmosphere is relatively large (compared to Raman or
fluorescent backscatter) and easily detected. Furthermore
since it is at the same narrow band frequency as the
outgoing laser beam, relatively narrow band filters can
be used in the receiver, improving attainable signal
to noise ratios.

2. Since the polution concentration is determined by an
absorption method, detection sensitivity is high even
where required spatial resolution is high.

To extend the use of the DASE method, overcome some of



its limitations, and further generalize it, the work
reported on in this thesis developed a polarization
discrimination Lidar system which makes use of polarization
properties of both transmitted and received signals to
differentiate between the backscattered signals at the
different wavelengths.

In the following sections, the basic parameters which
affect pollution monitoring Lidar schemes are examined,
particularly in the context of their impact on a DASE Lidar
scheme using polarization discrimination. The examination
includes the following: |

- basic atmospheric scattering processes and their
effects on polarization,

- a brief background discussion of Raman scattering,

- absorption and fluorescence scattering by molecular
pollutants,

- atmospheric propagation, including attenuation, due to
elastic scattering and molecular absorption (by
pallutants),

- the basic Lidar equation relating received and
transmitted signals,

- a brief background description of Raman and
fluorescence Lidar schemes,

- a description of the DASE Lidar approach and evaluation
of its system parameters in the context of specific
typical values for the scattering, attenuation and

propagation factors discussed above,



- Previous limitations of the DASE Lidar scheme,
- Polarization discrimination approach applied to the

DASE Lidar system,

2.2 Atmospheric Scattering and Absorption

2.2.1 Introduction

The atmosphere contains particles which range from air
molecules, molecules of pollutants and other trace
constituents, dust and condensation nuclei to cloud drops,
rain and snow. An optical beam propagating through the
earth’s atmosphere 1s attenuated and distorted by several

mechanisms: scattering by molecules, fog, dust and other

aerosols, absorption by aerosols and by various atmospheric

molecular trace constituents,including pollutants, and

diffraction or refraction by inhomogeneities in atmospheric

composition and density.

Normally scattering is distinguished from diffraction,
the distinction depending on the ratio of the size of the
scatterer to the wavelength of the radiation involved. For
ratios less than unity, scattering is said to occur. For
ratios of the order of wunity, diffraction effects are
significant and for ratios greater than 10, ray reflection
and geometric shadows begin to be important.

For laser beams at optical wavelengths (4000 - 7000 A)
propagating in the atmosphere, scattering is normally the
dominant mechanism and is especially important as far as

depolarization is concerned. In the case of the polarization

o
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discrimination DASE scheme, it is specifically the
depolarization that occurs in 180° backscatter with which we

are concerned.

2.2.2 Rayleigh Scattering

Atmospheric scattering by particles with size small
compared to the wavelength of the incident radiation is
known as Rayleigh scattering. Rayleigh scattering theory has
been developed for scattering of 1light by spherical
particles of radius less than 1/10 the wavelength, A, of the
light, and for very small particles, such as molecules,
which are not necessary spherical. In general when the
dimensions of a particle is much smaller than A it is the
volume of the particle that is most important, the shape
being of secondary importance. Based on the standard problem
of an isotropic, homogeneous, dielectric sphere in a uniform
field, Rayleigh theory gives the intensity and polarization
distributions of scattered 1light at different scattering
angles. Generally changes in polarization due to the process
of scattering are considered with respect to a reference
plane, which is usUally defined by the propagation
directions of both, the incident and the scattered wave.

A convenient geometrical view is depicted in Figure
2.2.1, where the incident wave 1is propagating along the
z-axis, the scattering plane is fixed as the yz-plane, and
the incident electric vector is in the xy-plane. The two

components of the field, Ex’ Ey are referred to as the



perpendicular and parallel components (E,,E, ), or in the
case where the yz-plane is horizontal, as the vertical and
horizontal components (EV,EH) respectively. If © is the
angle of scattering, and ¢ the polarization angle of the
incident linearly polarized light, the intensity I' of the
scattered radiation at range R will be the sum of two terms

corresponding to the components of the E field, E, and EL36:

2 2 2 ,,2
I; = I 217 (mz—l) !Z cosz9c052§ (2.2.1)
R m-+2 A
2 2 2 ,,2
L =1, 2% (&=h Losin®e (2.2.2)
R m-+2 A
and
o0y, 2 2 2 ,,2
D=+ = 1, 25 (521 Lo(cos®Deos%+sing)  (2.2.3)
R m-+2 A
where
I0 = the intensity of the incident wave
m = the index of refraction of the scatterer
V = the volume of the scatterer
A = the wavelength of the incident radiation

and where
the polarization angle ¢ for the incident radiation is
defined by:

(1_ /1 )l/zztan ¢ (2.2.4)

oL Oy

Now if we make the normal Rayleigh assumption that



scattering is by small isotropic dielectric particles, there
will be no phase difference, introduced beween the two
components as a consequence of the scattering. From
Equations 2.2.1 and 2.2.2, the polarization angle 9'0? the

Rayleigh scattered radiation will be given by:
/ ’
(1. /1,)172 = tan¢'= tang/cos® (2.2.5)

Thus the polarization angle @' will be rotated for all
scattering angles except for forwarq and backscattering
(8=0°, 9=180° respectively). Furthermore, for ?:00, ?;OO,
and for ¢ =909, ?/=900. The incident polarization is
therefore retained both in forward and backscattering as
well as for any other scattering angle where the incident
field 1s parallel ©or perpendicular to the plane of
scattering. From Equation 2.2.1 it is also apparent that the
maximum scatter intensity occurs for 9-0° or 9-180° i.e.
for forward and backscattering respectively, and that for
5=90° the scattered field has only a component
perpendicular to the plane qf scattering. Figure 2.2.2 is a
polar diagram of the Rayleigh scattered radiation for
linearly polarized incident radiation at ¢ =459,

As previously mentioned, the above results are based on
the assumptions that Rayleigh scatterers - are small,
homogeneous, isotropic non absorbing spheres. If, however,
the scattering particle is non isotropic, or absorptive, it

will be characterized by a complex relative refractive



index. This results in a phase difference between the
parallel and perpendicular component of the scattered field
which therefore becomes elliptically polarized. In fact,
light from a linearly polarized source 1is elliptically
polarized after undergoing Rayleigh scattering in the
atmosphere, since, as is discussed later there is anisotropy

associated with atmospheric molecules.

2.2.3 Atmospheric particles and Mie scattering

Elastic scattering when due to particles with sizes
comparable to or larger than the wavelength of the incident
radiation is called Mie scattering. The scattered radiation
in this process has the same frequency as the incident
radiation. Mie scattering is highly variable as a function
of particle size and wavelength. Mie scattering therefore
varies greatly with changing atmospheric conditions, in
contrast to molecular Rayleigh scattering which obviously
remains fairly constant.

Minute particles of various substances in the solid and
liquid state, of both natural and industrial origin, are
always present in suspension in normal atmospheric air.
Owing to the small size of many of the particles, they
remain in a suspended state in the atmosphere for a 1long
time, and are transported by vertical and horizontal streams
of air. The collective term aerosol 1s applied to these
dispersed particles. Side by side with these particles,

under different specific conditions, larger particles of



moisture, as well as large particles of dust are also found

in the atmosphere. A significant fraction of these act as

so-called condensation nuclei, which are necessary for the

formation of fog, clouds and the elements of precipitation

(raindrops, snowflakes etc.). According to origin, aerosols

may typically include:

- particles of soll and products of rock weathering,

- particles of organic origin (microorganisms, plant pollen,
etc.),

- particles of smoke of industrial origin as well as those
formed in forest and peat fires,l

- volcanic dust ejected by active volcanos,

- sea-salt particles entering the atmosphere in the
evaporation of sea spray,

- particles which are products of the operation of
industrial enterprises,

- Cosmic dust formed during the vaporization of meteors,

The shape and density of Mie scatterers are important

factors for their depolarization properties.

Size Distribution of Particles

Since Mie scattering depends on the size of particle, it is
important to know the side distribution of the particles in
the atmosphere for the development of Mie scattering models.
The sizes of atmospheric aerosols have been found
experimentally to be mostly in the range 0.00lum<r<l10um,

where r is the particle radius. The size distribution is



determined to a considerable extend by coagulation and
sedimentation (settling), processes. Coagulation controls
the lower size limit. Below a certain size this process is
so rapid that particles cease to exist as independent
species almost immediately. Coagulation also controls the

v

size distribution of Ypitken particles (r<0.1lum).

Sedimentation controls the upper size limit.

Based on experimental measurements, Junge32

proposed a
power law model for the size distribution of particles. The
model considered that particles are distributed throughout
the atmosphere by eddy diffusion and have upper size limit
of 20um radius for the atmosphere above a continental
landmass. The model proposed the relationship:

pm(v+l) (2.2.6)

N(r) = C
where C, v are fitting parameters (2<v<4)}. A typical curve
for a distribution based on this method is shown in Figure
2.2.3. Distributions more closely related to the actual
atmospheric aerosol size were developed by Deirmendjian33,
and serve as the basis for the models discussed below. Table
2.2.1 gives values for the vertical distributions for two
such aerosol models describing clear and hazy atmosphereza,
corresponding to visibility of 23 Km and 5 Km, respectively,
at ground level. The aerosol size-distribution function for

both models is the same at all atmospheric altitudes and the

relationship between the number density N(r) and the

no
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particle radius is given by34:

Clr'4 for 0.1 um<r<100 upm
Ngi) = clxm4 for 0.02 pm<r,0.1 um (2.2.7)
0 for r<0.02 um

This differs from Deirmendjian’s model in that the 1large
particle cutoff has been extended from 5 to 100 um. This
distribution is normalized with Ar=lum and Cl=0.883x10'3
(i.e. the integral over the whole size range becomes 1) and
is shown in Figure 2.2.4. Multiplying the normalized
distribution function by the values of N in Table 2.2.1 we
can obtain the actual size distribution at any height in the
atmosphere. The numbers in the table have been adjusted so
that the optical ©properties of the atmosphere (i.e.
attenuation) at A=5000 K are identical to those predicted by
the model. The highest concentrations of particles are
recorded in cities and especially in industrial cities,
where values up to 4,000,000 particles/cm3 have been found.
Another important quantity for the atmospheric particles
is the 1index of refraction and its variation with the
wavelength of the radiation propagated. A complex index of
refraction indicates finite conductivity (absorption) that
increases as the imaginary part increases and is responsible
for depolarization of linearly polarized radiation scattered

by particles.
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Refractive Index of particles

Values of the refractive index for aerosol particles are
given in Table 2.2.2 based on experimental data for a clear
atmosphere of 23 Km visibility, published by Volt235. From
the table it 1is apparent that for X=4500 E, ﬁ:l.SB—j0.00S
that has very small imaginary part. Urban aerosols at sea
level, actually have larger values of the imaginary part,
typically 1.5-j0.03, in the visible region (as obtained from

Department of Air Resources, N.Y.C.)

Mie Scattering Parameters

From the foregoing discussion it 1is clear that the
aerosol parameters such as the index of refraction, size,
shape, density and distribution are variable quantities in
the atmosphere. For that reason only simplified models have
been considered, especially for the particle shape, in
theoretical studies of scattering by particles.

Mie theory was developed for spherical, homogeneous
isotropic particles, dielectric or otherwise, with radius
comparable to or larger than the wavelength of the incident
radiation. Single scattering mechanism is also assumed,
which as will be seen later is the predominant mechanism of
concern to the Lidar schemes being investigated here.
Considering Figure 2.2.1, again as a geometrical view of
scattering for linearly polarized incident radiation, it can
be shown that, based on the simplifying assumptions above,

the two components of the scattered field perpendicular and

Y
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parallel to the scatering plane at range R, are given

respectively by 36’37:

2 2
’ A ~ 2 .2 A .. 2
I, =1 |S(9,n, )| “ sin“¢ = i, sin“¢ (2.2.9)
O 4n2g2 '+’ 4m2R?
and
I = 1 )\ 1S(9,7,1)1?% cos?e = 12 i cosz? (2.2.10)
= ? ’ = i . .
i 0 4,"2R2 0 4172R2
where IO: the incident lineary polarized radiation

A : the wavelength of the incident radiation
: the incident polarization angle
: the scattering angle
r :+ the radius of the spherical particle
A : the index of refraction (A=n-jn’)
Syy Sy ¢ the amplitude functions
i, , iy ¢ the intensity functions
In the case of absorbing spheres with a complex refractive
index, the amplitude function will be a complex quantity.
Therefore in general there will be a phase difference
between the two components E, and E, of the scattered field
which will therefore be elliptically polarized. From the
above equations it is also apparent however, that, for @:OO,
or ?=9OO, only parallel or perpendicular components exist
respectively for the scattered field. Therefore, when the

incident field is either parallel or perpendicular to the



scattering plane, the polarization is retained after single
scattering. The polarization is also retained for 8 :OO,
forward or 9:1800, backscattering, because any plane can be
considered as the scattering plane for those scattering
directions. Using the theoretical results for spherical
aerosol particles with radius r and index of refraction n,
scattering intensity functions il,(ﬁ,9,x) and iz(ﬁ,ﬂ,x) have
been generated for different size papameter x=(2w7r/)2), at

many scattering angles and indices of refraction R.36137
For known size distribution the intensity functions are
averaged with respect to the distribution to give averaged

Mie Scattered intensity components (designated by subscript

M)

A 2, 2 A
Iy =1, —5— sin“¢ J il(n,8,x)n(r)dr (2.2.11)
41°R T,
2 T
A 2 2 . A
Iyy = I, —5— cos“¢ J 12(n,9,x)n(r)dr (2.2.12)
471°R T

In general, however, atmospheric scattering is not isotropic
and particles are not spherical. Therefore a deviation from
the theoretical results should be expected in experiments
involving atmospheric scattering, depending on geographical
location and atmospheric conditions. For those reasons
empirical expressions have been developed to estimate values

of atmospheric parameters related to scattering. Furthermore
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the depolarization due to scattering by spherical particles
of known size may not apply for atmospheric aerosols. The
depolarization due to Mie scattering will be discussed in
more detail in the next chapter, while estimated values for
other atmospheric parameters will be discussed in the

following sections.

2.2.4 Raman Scattering

"In the previous sections, elastic scattering processes
(Rayleigh and Mie) have been considered. In those processes
there is no exchange of energy between the photons of the
incident radiation and the molecules or atoms of the
atmospheric constituents. Consequently the scattered
radiation is of the same wavelength as the incident
radiation.

In contrast, inelastic scattering is a process in which
there is an exchange of energy between the incident photons
and the molecules in the atmosphere.

Raman scattering is an inelastic process that can be
considered as a detail of Rayleigh scattering. The portion
of the incident 1light that is temporarily absorbed in the
Rayleigh process does not ralse the molecule to an excited
energy level as 1in classical resonance absorption. The
molecule, after absorption, is in a virtual excited state
and generally, all the energy is re-emitted in very short
time (lO12 sec.), at the same wavelength as that of the

incident light.



Raman scattered light is however, also emitted, from a
small portion (10"2 - 10'6) or less of the irradiated
molecules, at slightly different wavelengths than the
incident 1light. 1In the spectrum of monochromatic 1light
scattered by molecules, the Raman 1lines are weak lines
displaced from the 1line of the incident radiation. The
intensity of Raman lines is proportional to the density of
molecules. Raman scattering results from the excitation of
either vibrational-rotational or pure rotational transitions
in a molecule.

Raman lines at wavelengths greater than the incident
(Stoke’'s lines) are due to light absorption by molecules in
the ground state, and reemission from those molecules
returning to an excited vibrational 1level, instead of a
ground level. Raman lines at wavelenghts shorter than the
wavelength of the incident light (Anti-Stoke’s lines), are
due to the process of absorption of photons by the molecules
while being in an excited vibrational level, instead of
ground level, and reemission from these molecules returning
to ground level. Figure 2.2.5 shows the Raman process. The
frequency shifts A of the Raman lines are characteristic
of the molecules causing the scattering, and are important
pieces of information for identification of the molecules.
For atmospheric gases, Raman scattering intensity 1is very
weak, due to the small portion of molecules emitting Raman
radiation. For N, at atmospheric pressure one (1) part in

1010 of incident light is Raman scattered, over a 1 cm path



length38. When the exciting frequency is tuned near or close
to a resonance of a molecule, the fraction of light absorbed
increases, causing a proportional increase in the intensity
(1000 times higher) of the scattered radiation. This process
is described as resonance Raman scattering and can be better
utilized than Raman scattering for Lidar applications, as

discussed in section 2.3.3 below.

2.2.5 Absorption and Fluorescence scattering by molecular

Pollutants

When molecules are illuminated by monochromatic
radiation with a wavelength within their resonance
absorption band, a portion of the radiation 1is absorbed
(Resonance Absorption). Some of the absorbed radiation will
be re-emitted as fluorenscence radiation by the molecules
over a broad spectral range characteristic of the specific
molecular species. In that process, each excited molecule
decays by isotropically re-emitting a photon spontaneously.
This fluorescence radiation will be in all directions and,
generally, shifted toward the longer wavelength end of the
spectrum and will resemble the absorption spectrum of the
molecules.

Figures 2.2.6 and 2.2.7 show the absorption spectra for

NO, and SO2 respectively. Nitrogen Dioxide has a clearly

2
structured absorption spectrum in the blue, with well

defined peaks and troughsaz. Sulfure Dioxide has strong,

discrete and sharp absorption bands in the near ultraviolet

)
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region.

For the design of the DASE system the absorption spectra
of the molecular pollutants as well as the fluorensence
spectra of the available dyes wused in lasers must be
carefully examined. With knowledge of their fluorescence
spectra, the proper dyes can be selected to give maximum
laser efficiency at the two close-lying wavelengths (peak
and trough) selected in the resonance absorption spectrum of
the pollutant. These two wavelengths must be close enough to
assure approximately the same behavior for other factors
affecting beam attenuation,namely wavelength dependent
elastic scattering processes.

In the DASE scheme, as discussed earlier, the two Lidar
signals are transmitted simultaneously at close-lying
wavelengths. Of the two elastically backscattered signals
received and compared at Lidar receiver, clearly that at the
absorption peak will be diminished relative to that at the
absorption trough. The bigger the difference in the
absorption coefficients of the pollutant at the two selected
wavelengths, the larger the difference in the backscattered
intensities compared, and therefore the measurements will be
more accurate, for the same density of pollutant.

Both the absorption spectra of NO and SO

2 2
particularly well suited for the DASE approach discussed. In

are

ND2 for instance, the absorption peak at 4478.5 A is close
to the absorption trough at 4500 K, and the two make good

candidates for this purpose.



2.2.6 Atmospheric Propagation

The atmosphere attenuates a transmitted optical beam by
elastic (Rayleigh, Mie) and inelastic scattering and by
molecular absorption. Transmittance of radiation in the
atmosphere is complicated by the dependance of scattering
and absorption on a number of different physical properties
of the atmosphere. In general, for propagation of
monochromatic radiation of intensity IO, along an

atmospheric path, the attenuation is given by

r
I =1, exp{-/ adr} (2.2.14)
0

where I is the intensity at distance r from the source, and
o is the atmospheric volume extinction coefficient, at r,
given by

a = ap * o (2.2.15)

Mt %aBs
where Qpy Qyy Qppg are the Rayleigh, Mie and absorption
coeficients respectively. The optical interaction of the
molecules or particles with the incident radiation can be
better formulated in terms of cross sections.

Considering a single particle illuminated by parallel
light, and assuming that particle density is low enough to
ensure the validity of a single scattering approach, the

scattered field has the character of a spherical wave,in
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which energy flows outward from each particle. If IO is the
incident intensity, k=(2n/A) the wavenumber, then I, the
intensity of the scattered light at large distance ,r, from

the particle is given by

1 =1 9,8 (2.2.16)

where F(9,¢) is a function of the scattering direction

(9,¢). The total power scattered from the particle will be

IOF(9,q)

= f IdS = S—ss5—
k2r2

F(2,¢)
(Piot) ds = IOI—EE—LK de  (2.2.17)

scat

where d@ is the scattering solid angle element. Since the
total scattered power 1is constant, the integral is also
constant and has dimensions of area. That integral is the

cross section, C for the scattering process and is

scat’
given by
1
Cocat = 7 J F(9,¢)dR (2.2.18)
and
I=I0 Cocat (2.2.19)

The total energy scattered in all directions is in fact

equal to the amount of energy of the incident wave falling



on the area C Likewise the energy absorbed inside the

scat”’
particle may by definition be put equal to the energy
incident on the area Cabs and the total energy removed from
the original beam may by definition be put egual to the
energy incident on the area Cext' Then the law of

conservation of energy requires that

(2.2.20a)

ext scat abs

or

C (2.2.20b)

ext = “sm ST abs

where the quantities Csm’ C C

sr’ “abs are the scattering cross
sections for Mie scattering, Rayleigh scattering and
absorption respectively.

For identical particles with density N the attenuation

due to scattering is given by

dl _
E; - NCext

or integrating for distance r

I = Iexp ST NC . dr (2.2.21)

xt
o e

and comparing the last equation with Equation (2.2.14),
gives:

ext (2.2.22)
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Thus for identical particles of density N the volume
extinction coefficient 1is proportional to the extinction
cross section.

The scattering from molecules or particles in general is
not 1isotropic. Thus the cross section is a function of
direction, depending on 8, the scattering angle, and ¢ the
polarization angle, as is defined in section 2.2.2 and shown
in the geometric view for Rayleigh scattering Figure 2.2.1.

In this case differential cross section o is used
o(0,9) = do/dn (2.2.23)
where the angles and are shown in the geometric view for

Rayleigh scattering Figure 2.2.1.

The differential cross section for molecular Rayleigh

scattering of polarized light is given by 28
do 2.2 2
R_=I (na-%) (c0529c052?+sin2?) (2.2.24)
AQ 3A°N

where n is the refractive index, N the density of meolecules
and A the wavelength. For backscattering the Rayleigh
backscatter coefficient is given by

By = S Nog(m) | (2.2.25)

Mie scattering, as discussed earlier, is more complicated



depending on the geometrical and physical properties of the
scatterers. Assuming that the size distribution and the
physical properties of the scatterers are known, the volume

extinction coefficient can be written as

aM(x)sfro(r,x,m) N(r)dr (2.2.26)
0

where o is the scattering cross section, r the radius of the
particle, A the wavelength of the incident light, m is the
index of refraction of the particles and N(r) the number
density of particles. Since the particle size distribution
is wunknown, empirical expressions are normally used for
a(Ar). A wuseful empirical relationship for Mie scattering

cocefficient is given by 16

3

sgsyl/ -1

a(A)yie = (3.91/V) (.55/A)° Km (2.2.27)
where A is the wavelength in um, of the incident radiation,
V is the visibility in Km.

The above expression is an approximation and may not
hold wunder wunusual atmospheric conditions. (i.e. high
particulate concentrations)za. Typical values for Mie
scattering coefficients based on the empirical formula, as
well as for Rayleigh scattering coefficients, are given in
Table 2.2.3. Table 2.2.4 shows values of scattering cross
sections for the different processes of elastic and

inelastic scattering.



The third parameter in the atmospheric volume extinction
coefficient is absorption. For wavelengths longer than about
2500 R in the visible region, no problems are normally
encountered with atmospheric absorption, other than that due
to molecular pollutants discussed later in section 2.2.5 and
the range of the beam is limited by the elastic scattering
loss. At wavelengths shorter than 2500 K, oxygen absorption
becomes important for longer pathlengths (>100 m), and at
wavelengths shorter than 1850 A the atmosphere is totally
opaque. At heavy ozone concentrations additional obsorption
occurs due to the wide ozone absorption bands between 2000
and 3000 K. At an ozone concentration of 0.1 ppm the
absorption compares with the oxygen absorption at 2500 A.

In the infrared, the atmosphere has several absorption
bands because of water vapor and 002 absorption which limits
the useful spectral region to the atmospheric windows. For
visibility 5km, relative humidity 75% and air temperature
60°F, the absorption in the window 4.3 to 6éum is 0.08 km~1
while the corresponding Mie scattering coefficient is only
0.08 km~1.

Two other properties of the atmosphere are important in
remote sensing. They are atmospheric scintillation and
background signal levels during both daytime and nighttime
operating conditions. Atmospheric background radiation is of
concern in evaluating detector signal to noise and system
receiving parameters, and is discussed in section 2.3.2.

Scintillation is discussed at the end of Chapter 2 where

Ll



other effects of the atmosphere on laser beam propagation
are considered.

In the previous discussion the atmospheric scattering
and absorption processes were considered. In the following
sections monostatic Lidar schemes for pollution monitoring
utilizing those processes are discussed, including

1. The Raman Lidar
2. The Fluorescence Lidar
3. The DASE Lidar
The Raman and Fluorescence lidars are only briefly
discussed for background purposes, and emphasis is given to
the Differential Absorption of Scattered Energy (DASE) Lidar
scheme and the development of polarization discrimination to

improve and extend its capabilities.

2.3 LLidar Schemes, and the DASE approach

2.3.1 Basic Lidar Equations

In its basic form Lidar uses a laser as a source of
pulsed energy. Laser 1light in short pulses (a few hundred
nanoseconds in duration), is transmitted into the
atmosphere, and 1light ©backscattered from molecules or
particles is collected by an optical receiver telescope and
detected by a photomultiplier. The resulting signal 1is
observed as a function of the time starting from the
transmission of the pulse, in radar fashion, and is

typically displayed on an oscilloscope.
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For a bLidar, the backscattered optical signal, Pr(R)’

received from range R is of the f‘orm22

R

Pr(R)= K(p/n)§7 Py exp{—2£ a(r,l)dr} (2.3.1)
where
K = The optical effiency of the receiver telescope,
(p/m) = the effective reflectivity of the remote target,
A = The optical telescope area,
Py = the transmitted power,
al(r,x) = the volume extinction coefficient, which is

composed of a sum of terms due to atmospheric

scattering , absorption and pollutant absorption.
The effective reflectivity term (p/v) in Equation 2.3.1 is
for a Lambertian topographical reflector.22 When the signal
is backscattered from a distributed reflector, consisting of
atmospheric molecules and particles, the corresponding
reflectivity can be thought of in terms of an equivalent
topographical reflectivity. For comparison purposes, Table
2.3.1 shows the equivalent topographical reflectivities for
different types of Lidar schemes.

The depth resolution AR attainable from time-of-flight

measurements in conjuction with backscatter methods is seen

in Figure 2.3.1 to be given by:

AR = g—f (2.3.2)



where 1 is in general the sum of the laser pulse width Tpy
the detector integration time Th and in the —case of
fluorescence Lidar schemes the fluorescence lifetime Tee

The expression P exp{—ZfRa(r,x)}dr in Equation 2.3.1
accounts for the attenuation due to scattering and absortion
processes, of the transmitted pulse out to range R and is

common to all Lidar schemes.

2.3.2 Lidar Receiver parameters

Before considering the relative merits of each different
Lidar scheme, the parameters related to the detection of
received signal, which are common to all schemes, need to be
considered. These 1include sources of noise etc. and
determination of minimum detectable 1levels of received
power.

In most Lidar receivers, the low level backscattered
light 1is collected by a receiver telescope and then
detected by a photomultiplier (PMT). The noise in Lidar
receivers may arise from background radiation, from photon
generated shot noise and dark currents. Those different

factors are considered below:

Background and Shot Noise in the photomultiplier

An important source of noise in a Lidar system may be
due a background of scattered radiation of sunlight etc.
This sky background noise is considered in the following

discussion. In this situation the background noise can be



considered to come from extended source filling the field of
view. The background power, PB’ at the receiving mirror, due

to an extended source filling the field of view is given by
28

Pg = T, 4, @ A B(}A) (2.3.3)
where
TA = The atmospheric transmittance at A,
AA = the optical bandwidth of the detection system,
Q = the field of view of the receiver, (solid angle),
A = the area of the receiving optics,

B(A) = the spectral radiance of the background source,

The spectral radiance of the clear daytime sky peaks in
the visible due to scattered solar 1light at a wvalue
approximately 10‘2(w cm™2 um"l sr'l). In Infra-red, the
spectral radiance again peaks due to thermal radiation near

2 -1 e
um sr. Below 3000 A the

13 uym at approximately 107> W cm
ozone absorption layer in the upper atmosphere screens the
solar radiation, thus producing an effective night
condition. Equation 2.3.3 shows that the background signal
is reduced by decreasing the field of view, the optical
bandwidth and the receiver area. In a receiver of the type
used in this work, the daylight background noise in the 4500

A region is of the order of 10”7

Watts.
The other two sources of noise in the photomultiplier

are photon noise from the detected signal (Shot noise) and



L6

internally generated dark current-noise.

For shot-noise limited detectors the signal-to-noise

ratio, S/N, for single pulse, is given by40:

2
_ ts (2.3.4)
2qB(1S+1D+1B)

Zln

where
is, iB, iD are the average photodetector currents due
to signal radiation, background radiation and dark

current, respectively, and

B = the electrical bandwidth of the detection system,

q the electronic charge.

Introducing a detector sensitivity Sd’ the signal and
background radiation powers PS and PB are proportional to iS

and iB respectively:

Depending on which source gives the largest contribution,
the detectors are said to be photon shot noise, background
or dark-current limited. If the minimum acceptable signal-

to-noise ratio is (S/N) the detector is dark current

16

min?
limited when

2qB(S/N)min<iD (2.3.6)

for single pulse operation. The minimum detectable power,



- . 16,
Pr,min would be given by 7:

2qB(S/N)min (2.3.7)
Pr,min = 54

For photon noise limited detection the opposite of Equation

2.3.6 is true, i.e.

2aB(S/N) ;11 (2.3.8)
and the minimum detectable signal power, Pr min® would be16:
b4
. 2
qu(S/N)minlol/ (2.3.9)
Pr,min = 54

Now the detector available for the experiments, the Amperex

56 AVP, has sdzsoxlo‘3

A/W, a Bandwidth of 3 MHz and and
iD=lSnA. If the minimum acceptable signal to noise ratio is
conservatively set at 10, then substituting 1in Equation
2.3.8, the detector is found to be dark current and/or
background radiation 1limited. Under these conditions the
minimum detectable signal power Pr,min is found from
Equation 2.3.9 to be 6.32x10'9w, for dark current limited
detection. For the Lidar system used in the experiments,
this represents a higher power than the background noise
(10‘9w) in the 4500 A region, and dark current limits, are
therefore the dominant ones.

Now the minimun detectable change, AP relative to

r,min

L



the received signal power at the detector, for a dark

current limited system, is given by16:

AP i

r,min _ 4gB (§) (
Pr SdPr N

D ) 1/2 (2.3.10)

l4=—p—

min SdPR

For the Amperex 56 AVP, if the minimum acceptable
signal-to-noise ratio is maintained at 10, and it is
conservatively assumed that a 5 percent change in the
received signal 1is the minimum that can be measured
accurately, Equation 2.3.10 shows that the total received
power into the photomultiplier must be at least 0.25 uWatts.
This 1limitation, set by dark current values is much higher

=% Watts for

compared with powers of the order of 10
background noise.

The receiver requirements, discussed above, and the
impact they have on the overall Lidar system will be further
examined in detail in the context first of the Raman and
Fluorescence schemes, and then in more detail in the DASE
scheme, first without polarization discrimination, then with
polarization discrimination. Evaluation of system parameters
are carried out in all cases for the detection of N02, in
the 4500 5 region. As equipment was available, this was the

spectral region chosen for the development of the

polarization discrimination scheme.
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2.3.3 The Raman Lidar

The Raman scheme shown in Figure 2.3.2 determines the
concentration of the pollutant at any arbitrary point in
space by measuring the backscattered radiation at the
characteristic Raman shifted frequencies. Using the
expression of the effective reflectivity for Raman
scattering (Table 2.3.1) in the basic Lidar equation 2.3.1,
and assuming a free atmosphere up to the sampled region,
AR, the received backscatter power, Pr(R), from distance R
is given by

cTo (AN
RAM r (A o
Pr(R)=KPOF B (ﬁg)exp{-ZascR—oABS(A)NrAR} (2.3.11)

and
®sc = g * oy
where
OpaM = The Raman cross section,
dr = the average pollutant concentration over the
sampled region AR,
F = the fraction of the total Raman scattering

detected by the receiver.

Ogos Qpy Oy = the total, the Rayleigh and Mie atmospheric
volume scattering coefficients without
absorption respectively, averaged over AR.

The other quantities have been previously defined in section

2.3.1.

The Raman differential cross section is given byléz



_ 2,2 V2.2
(do/dQ)RAM = (l/2neoc ) \3 Hr o (2.3.12)
where
Vl = the pump frequency,
v2 = the Raman frequency,
ra = the Raman polarizability,

9 Watts

To obtain the minimum detectable power 6.32x10°
at the Amperex AVP 50 photomultiplier receiver (discussed in

section 2.3.2) from Raman backscatter and a very low average

pollution concentration of, say, 0.03 ppm of NU2 over 100
meters at a range of 1000 meters, Equation 2.3.11 yields a
9 7

required transmitted power of 1.8x10° MW, or 4.43x10° J of
energy for the typical flashlamp-pumped dye laser pulse.
This is very large indeed as will be seen in comparison to
the DASE schemes. To detect more typical pollution levels of

0.1 ppm, the power and energy requirements are reduced by

approximately a factor of 3.

Resonance Raman

To reduce transmitted power requirements the Lidar can
be operated in the resonance Raman mode. The expression for

the Resonance Raman cross section (do/dQ) is given

RES
approximately in terms of the Raman cross section (do/dQ)

byl6:

RAM



do Y (2.3.13)

) = (=)
da RES g RAM (v _ v )2e(av/2)2

Where
vo = the electronic transition frequency
vl = the laser pump frequency, and
AV = the linewidth of the electronic transition.
For NO2 at a pump frequency vl = V0=6.69x1014Hz and
AV=2.24x1012Hz, Equation 2.3.13 yields Resonance Raman
cross section of l.21x10_23 cm2. Inserting the value for the

resonance Raman backscattering cross section into Equation

2.3.11 and evaluating the expression for 0.03 ppm NO2

concentrations as for Raman case, the value 504 Mw(126]j) is

obtained for the required transmitted power. Again, if more
typical concentrations of 0.1 ppm are used, power and energy
requirements are reduced by a factor of 3 approximately.

The limitations of the Raman and resonance Raman schemes
are summarized below.

l. The cross sections for Raman backscattering are 10 to lO3
smaller than the Rayleigh and Mie backscattering cross
sections.

2. The cross section for resonance Raman backscatter is
larger that the sum of Rayleigh and Mie backscattering

23 2 28

cross-section (1.21x10" cm® as compared to 3.21x10"

respectively for NOZ)' However the strength of the
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resonance Raman return signal, as a function of the
corfesponding backscattering coefficient depends, upon
the concentration of the molecular pollutant. Therefore,
the advantage of large resonance Raman cross section is
lost for low concentration of pollutant; since, the
strength of the elastically backscattered signal depends
upoh the concentration of the atmospheric molecules and
particles, which is much higher than the average
pollutant concentration.

3. Interference due to the Raman backscatter of other
atmospheric species along with large amounts of
backscattered power in the form of elastic scattering and
resonance fluorescence, puts limits on the use of the
Raman scheme. Sensitive pollution concentration
measurements would require increased transmitted power
because of the necessity to reject these forms of

interference.

2.3.4. The Fluorescence Lidar

The fluorenscence scheme shown in Figure 2.3.3
determines the pollution concentration at a distance r in
space by measuring the fluorescence backscatter from
pollutant molecules emitted after absorption of energy from
the incident Lidar beam.

The effective fluorescence cross-section o is given in
Table 2.2.4 for several common molecular pollutants. The

value of o. is determined by:

F

\Ji

[&V]



oaps{A) tegL 2

= (2.3.14)
F (I+{tgp/z tog ) tgp

g

where
1/z = the probability of quenching per collision,
tCOL = the collision time, and
t = the spontaneous decay time,

SP
Quenching caused by collisions with other molecules in the
atmosphere, reduces the fluorescence intensity and shortens
the decay time of the re-emission. Substituting Equation

2.3.14 into 2.3.1, yields:

Pr(R) = (CTF/z)KPOGF(x)NrF A/4TR

exp{-ZaSC(A)R - oABSﬁrAR} (2.3.15)

where F is the fraction of the total fluorescence detected
by the receiver and the other quantities as previously
defined, in section 2.3.1 and 2.3.2.

For an average low pollutant concentration of 0.03 ppm
across the sampled region, and a range of 1000 m, F=1
(Detection of the entire background spectrum), a depth
resolution of 100 meters and a mininum detectable received

power 6.32x10"°

W (for dark current limited detection), the
required transmitted power turns out to be 382 MW (95.5 J,
energy for typical dye laser pulses). During daytime
operation, the blocking of the background radiation noise is

necessary, and that results in reduction of the useful

25



fluorescence signal. Thus for a typically required reduction
of F to F=0.1 at daytime operation, a transmitted energy of
995 J is required to detect 0.03 ppm. For a more typical
average NO2 concentration of 0.1 ppm yields a required

transmitted power of 0.352 MW (8.8xlD"2

J) for nightime
operation and 1.4 MW (3.52x10"1 J) for daytime.

As can be seen the resonance fluorescence backscatter
scheme suffers from the disadvantage that the detection
sensitivity 1s severely limited for daytime operation, and
in any event, as will be seen in the next section, very much

higher pulse energies are required to achieve the same

results as the DASE scheme.

2.3.5 The DASE Lidar approach

The previous two schemes, i.e. Raman and fluorescence
backscatter, are capable of abtaining spatial distribution
of pollutants. However thelir detection sensitivities are
relatively 1low. On the other hand, 1long path optical

absorption techniques, 16,38

which are capable of excellent
sensitivities in the measurement of average pollutant
concentration (along a probe beam path), do not give
information on spatial distribution.

The DASE technique, briefly introduced in section 2.1,
is used to determine Figure 2.3.4 the concentration of an
atmospheric molecular pollutant at a distance r, averaged

over a path length Ar, by comparing the relative

attenuation of the elastically backscattered signals at two



laser wavelengths. 0One wavelength, Al corresponds to an
absorption peak of the pollutant to be measured, while the
other wavelength , Az, corresponds to a trough, (as shown in

Figure 2.2.6 for NO The DASE scheme combining the

2)-
advantages of resonance absorption measurements with those
of elastic backscatter measurements, is a sensitive method
of obtaining pollutant spatial resolution. The pollutant
concentration is determined by an absorption method, thus
achieving high detection sensitivity, even if high spatial
resolution (100m) is required. Furthermore, the relative
attenuation of the +two collinear 1laser beams, as they
traverse the sample length Ar, is easily detected, since it
is determined from comparison (at the optical receiver) of
elastically backscattered signals (at the same wavelengths
as the transmitted signals) which are relatively large. The
two close-lying wavelengths xl and kz can be easily achieved
using tunable dye lasers.

For the DASE case the effective reflectivity of the

atmosphere, as shown in Table 2.3.1 is given by:

p/m = (ctp/2) Ba(R,A)+B,(R,A) = (ct1p/2)B(R,A)  (2.3.16)

where

BR(R,A), BM(R,A), BE(R,X) are the Rayleigh, Mie and total

Elastic backscatter coefficients respectively, at
range R and wavelength A, and

c = the speed of light

\A

I
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T = the laser pulse length.
Using the above expression for the reflectivity and the
basic Lidar equation, the received power Pr(R,A) from range

R at wavelength A, is given by:

PL(R,A) = (e1p/2)Bc(R,A)kP_(A)(A/R?)expi-2/Na(r,\)dr
+0,5s (T, N_(1) ) (2.3.17)
and

al(r,x) = aR(r,A)+aM(r,A)+0 (r,l)Nr(r) (2.3.18)

ABS
where
asc(r,x) = the atmospheric volume scaftering
coefficient without absorption,
aR(r,A), aM(r,k) = the Rayleigh and Mie volume
scattering coefficients respectively,

oABS(r,X) = the absorption cross section,

Nr(r) = the concentration of the pollutant molecules.

An expression for the concentration of the molecular
pollutant Nr’ averaged over a distance. AR can be obtained
from Equation 2.3.17 by forming twice the difference of the
logarithms of Pr(R) and Pr(R+AR), first for the wavelength
A, (absorption peak), and second for the wavelength A

2
(absorption trough), as shown below:

1nP_(R,A;)-1nP_(R+AR, A ) = (-28R/R)+1n[Bo(R, 2 )+
By(RyA )] - In[Bo(R + AR, A ) + By (R +
AR,xlﬂ + 205 (A)BR + 20,5<(A )N _AR.
(2.3.19)



InP_(Ry2,) = 1nP (R + AR,A,) = (-28R/R) + 1In[Bg(R, +
By(RsA,)] -1n[Bo(R + AR, A,) + By (R+

AR,kz)] + 205:(2,)0R + 20 (A, IN_AR.

ABS
(2.3.20)

Then N the value of Nr averaged for the depth

r’

resolution AR at range r can be obtained from Equations

2.3.19 and 2.3.20 as:

— l Pr(R,Xl) PI‘(R’)\Z) [
Ny = shemRI" PR+ Ry " I"PFP R+ vy TE*E ]
T 1 by 2
(2.3.21)
where,
asc(k) = aR(A) + aM(k), the total volume scattering
coefficient neglecting absorption, averaged over AR,
Ao = oABS(Al) - GABS(AZ)’ the difference in absorption
cross sections for the material of interest, and
! . BR(R+AR,A1) + BM(R+AR,A1)
= n -
B(R, A1) + By(R,A )

(2.3.23)
BR(R+AR,k2) + BM(R+AR,A2)

in{
B(R,A5) + B, (R,1,)

+

For simultaneous two wavelength Lidar operation at two
close 1lying wavelengths the scattering properties of the

atmosphere, and therefore the a..’s and B’s are the same for

SC



both wavelengths. Therefore E and E can be approximately

26,28,43

taken to be zero and Equation 2.3.21 reduces to

-

Pr(R,Al)
Pr(R,Az)
Pr(R+AR,Al)

r = 3A6AR (2.3.24)

Pr(R+AR,A2)

N v

or,
1In(1 + AF.)
N_ = L

T 2A0AR

(2.3.25)

where,

AFr = the fractional change in the ratio of ratios of

the received signals.

As can be seen from Equation 2.3.25 the sensitivity of

pollutant detection is improved by:

l. The ability of the instrumentation to detect smaller
changes in AFr,

2. Increasing the sampling length, Ar (at a cost of
decreasing spatial resolution), and

3. A large resonance absorption cross section, Oy s and a

1

small off-resonance cross-section ay -
2



2.3.6 Evaluation of required system parameters

2.3.6.1 Transmitted signal requirements

Figure 2.2.6 shows the absorption spectrum of NO, as

2
measured in our laboratory. It is seen that at 4478.5 and
4500 A there is an adjacent peak and trough which are
sufficiently close to be an ideal pair for application of
the DASE scheme. Their cross sections are

(4478.5 R) = 6.38 x 10”17 cm?

(4500 A) = 3.5 x10"1% cm?

%8s
%aBS

Now if for simplicity an NO2 free region is assumed up
to the sample region AR, then solving Equation 2.3.17 for
transmitted power yields:

Pr(R + AR, \)

PD(A) = X
(c15/2)[Bg(R + AR,A) + B, (R + AR,1)]

(2.3.26)

1
Ka/(R + aR)?] exp{ -2[ac (A)(R + BR) + 0,5 (AIN_AR]}

Now, if as in section 2.3.2, it is assumed that a 5%
change in the ratio of the received signals is the minimum

that can realistically be detected with a (S/N) =10, and

min
the same AVP photomultiplier is used then a received signal
of 0.25 uWatts is required at the photomultiplier.

Furthermore if the 5% change in received signal ratios, is



to be used to detect (as in typical wurban environment) a
pollution concentration (or a change in pollution
concentration) of 0.03 ppm of NO2 over a sample length of
100 meters, at 10,000 meter range, and a visibility of 10 Km
we can calculate the required transmitted power from the
following considerations. The backscatter coefficient for

Rayleigh backscatter is theoretically given by

BR = (3/16w)aR (2.3.27)

and for Mie backscatter is effectively found in the 5000 E

region to be given by

By = 0.08 ay (2.3.28)

As discussed in section 2.2.6, Table 2.2.3 gives the
extinction coefficients for Rayleigh scattering by
atmospheric molecules, and for Mie scattering at different
visibilities, both as a function of the wavelength of the
light being scattered. At the wavelengths of interest, 5000
0

A it is seen that, at for instance 10 Km visibility

a 0.441

M
and

0.018

°R
Therefore at 10 Km visibility

BR = 0.00107 and BM = 0.03528

and

9]



The total backscatter coefficient B is the summation of BM
and BR:

B = BM + BR = 0.037
Substituting in Equation 2.3.17 gives a required transmitted
power of 2 MW. For the typical effective pulse length of
0.25 wusec for the flashlamp-pumped dye laser this is

equivalent to an energy of 1/2 J.

2.3.6.2 Pump Depletion

In the previous discussion the Rayleigh and Mie
backscatter returns were considered assuming an

NO,-pollutant free atmosphere up to the sampled region.

2

Consider now that the region of the atmosphere up to
the sampled region contains a pollutant of same
concentration. Then the transmitted energy requirements
would have to 1increase in order to maintain the minimum
detectable concentration level over the sampled region. For
an N02—polluted free atmosphere up to the sampled region
assuming an average pollution concentration of 0.315 ppm of
NO2 over 100 m, a range 1000 m, visibility 10 km and the
minimum received power 0.25 uW (giving fractional change of
ratio of ratios of received power 5%), vyields on and
off—iine transmitted powers 0.0395 MW(9.88 MJ) and 0.0375MW
(9.38M3) respectively. Consider now the above density 0.315

ppm over the entire range 1000 m. Since 100 m cause

approximately a 10% reduction in received signal power, as
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previously discussed, 1000 m will cause a reduction by a
féctor exp(-1.08)=0.34. Therefore the received signal will
be down by 34% of its original value of 5.41 uWw and 5.37 uW
off and on-line respectively and it would be possible to
detect a minimum concentration of 0.51 ppm (0.45% change in
the ratio of ratios). Thus a laser pulse energy of 1/2 J for
each line can be wused for detection of a change 1in NO2
concentration of 0.051 ppm over 100 m, at a range 1000 m

even when pollution concentration as high as 0.315 ppm exist

along the entire probe beam path.

2.4 Reguirement for Simultaneous OQutput

A special requirement of the DASE system, if it is to
achieve its potential for accuracy, is the use of
simultaneous outputs at the two transmitted wavelengths one
on, and one off, the absorption peak of the monitored
pollutant molecule. It 1is the wuse of simultanecus two
wavelength outputs that makes this approach optimum as far
as obtaining accurate real-time range-resolved Lidar
pollution measurements. The requirement for simultaneous
outputs arises from the rapidity with which the Lidar
optical path changes, due to thermal effects and particle
drift in the atmosphere. Turbulant mixing of atmospheric air
masses causes the rapid variation of the temperature from
point to point in the atmosphere, with consequent variation
of the index of refraction. The interaction of a laser beam

with a temperature inhomogeneous atmosphere, leads to random

[ox)

o



variation in the beam amplitude and phase. Physically those
fluctuations are caused by either wavefront distortion over
a lateral beam distance or a plane wavefront being tilted.
The first cause 1leads to beam spreading, and beam
scintillation, while the second contributes to beam steering
and image dancing. Furthermore temperature variations in the
atmosphere can cause variafions of the polarization angle
along the beam.

The factors affecting the propagation of the Lidar beam
which vary rapidly with time, are briefly discussed below.

1. Beam spreading This occurs when the beam wavefront

(Figure 2.3.5) is distorted over some lateral beam distance.
Corresponding to each phase coherent portion of the beam,
there 1is a ray deviation angle which is relatively
independent from one coherent area of the beam to another.
Hence the beam energy is randomly spead in the receiver
plane. It is physically due to small angle scattering, that
increases the beam divergence and decreases the spatial
39

power density at the receiver.

2. Beam scintillation Small scale destructive interference

within the beam cross-section, causes variations in the
spatial power density at the receiver. Figure 2.3.6 shows
the destructive and constructive regions of self-
interference of the beam which are characterized by the

40 Under most

light and dark patches in a photograph.
conditions the power spectrum of intensity fluctuations for

one-way propagation is quite small above 10,000 Hz and the
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atmosphere can be considered frozen insofar as scintillation

is concerned for time intervals smaller than 1 msec.41

3., Beam steering Angular deviation of the beam from the

line-of sight path may cause fhe beam to miss the receiver.
Beam steering is shown in Figure 2.3.7. The average angular
deviation for a single ray, assuming that the plane waveform
is tilted at an angle is proportional to this angle .39
Compensation for beam steering may be effected simply by
increasing the beam divergence angle so that, even if the
beam is deviated by turbulence, the receiver will still be
illuminated. The penalty paid, of course, is a reduction in

spatial power density in the receiver plane.

4. Image Dancing Variations in the beam-arrival angle, can

cause a displacement of the focus point from the focal point
on the 1image plane of the receiver.39 In most cases the
deviation in beam arrival angle is small and image dancing
is negligible. Compensation for image dancing, if it is of
concern, may be effected by providing a larger detector area
which increases the receiver field of view. Increasing the
field of view, however, results in a greater amount of
background radiation entering the receiver.

5. Polarization Fluctuations The changing index of

refraction along a linearly polarized laser beam atmospheric
path, results in fluctuations of the polarization angle of
the received signal. As will be seen in the detailed
discussion in Chapter 3, the change in polarization angle,

or the depolarization due to atmospheric turbulance, is very



small (of the order of 10_8

radians). The experiments
carried out verify that polarization fluctuations are not a
problem for laser beam propagation in so far as the Lidar
scheme is concerned.

6. Particulate drift As different particulate concentrations

drift accross the scene being viewed by the Lidar, these
can be expected to cause different backscatter and
absorptions along the outgoing and returning Lidar signals.
Several of these factors, beam spreading, scintillation,
steering and image dancing, would be expected to cause
considerable problems, in the DASE Lidar scheme, 1if the
measurements at the two wavelengths were made sequentially
at intervals comparable to those in which changes occur in

these factors (10'4

seconds).

However, the use of simultaneous measurments at close
lying wavelengths avoid such problems, since the transmitted
and received beams are both affected in exaclty the same

manner.

2.5 Polarization Discrimination Approach for DASE Lidar

As is seen from the above discussions on the DASE Lidar
scheme, a central element in it, is the use of two close-
lying frequencies simultaneously, which avoids effects of
temporal changes in the optical path, or in the scene being
probed. For the DASE scheme to operate, it 1is <clearly
necessary to be able to distinguish between the returns at

the two close-lying wavelengths. In the past, this has been



done through the use of narrow band filters. For example,
filters with bandwidths of approximately 5 A are used for

monitoring NO, with Lidar beams at 4478.5 and 5000 A. This

2
approach of using narrow band filters, suffers from several
limitations.

- Narrow band filters made on a glass substrate with
several dielectric coatings are obviously made for a
specific frequency, and are not tunable, whereas the dye
lasers normally used with the DASE Lidar scheme are. The use
of fixed frequency filters therefore 1limits the inherent
versatility which the system would otherwise have by virtue
of the tunability of the dye laser.

- Narrow band filters are not readily available at near UV
wavelengths where close-lying wavelength discrimination is
required for the monitoring of some trace constituents such
as Ozone and Sulfure dioxide. Filters which can be produced
for these wavelengths through the use of Fabry Perot
resgnators are very expensive and require careful
alignement. Thus wunless such filters are used, the DASE
Lidar scheme can only be used in sequential operation.

- Narrow band filters suffer considerable losses, typically
70% of the signal for a 5 A bandwidth filter in the 5000 A
spectral region.

To overcome some of the limitations discussed above, a
scheme which makes use of polarization discrimination was
developed in this thesis for use with DASE Lidar scheme.

It’s basic format is shown schematically in Figure 2.4.1.



Through the use of an intracavity polarizing beam splitter,
Figure 2.4.1b, the transmitted laser beams at the two close
lying wavelengths (at an absorption peak and trough
respectively) are orthogonally polarized with respect to
each other.

Then, on the basis that the scattered Lidar returns will
likewise 1largely ratain the outgoing poparizations, the
return signals, Figure 2.4.la, at each .of the two
wavelengths are separated again by using a polarizing beam
splitter and detected separately, by separate photomulti-
pliers. A single, relatively large bandwidth filter 50-100 K
is sufficient to reduce even daylight background noise to
acceptable levels. Its transmission losses are typically
less than that of a narrow band filter by a fraction of 2-3
thereby enhansing signal to noise ratio in the (dark current
limited) DASE scheme.

For the approach outlined above to be valid,
depolarization backscatter due to Rayleigh and Mie
scattering must represent a negligible factor in the return
signals, in comparison to effects of the molecular pollution
attenuation being measured. These factors, as well as others
which may cause errors or limitations in the application of
a polarization discrimination scheme are examined in the
next chapter. It should be noted that the scheme permits the
use of one wide band filter instead of two narrow band ones.
Such wide band filters are readily available at visible and

near UV wavelengths, permitting the ready extention of the

67



very important simultaneous operation aspect of the DASE
Lidar to the monitoring of 0Ozone and 502 in the near UV, as
well as permitting desirable tunability when it is required.

The development of a successful polarization
discrimination scheme is expected to have implications for
other 1lidar techniques, including Raman and fluorescence
backscatter measurements. For instance, to improve the
sensitivity for the measurement of fluorescence backscatter,
the polarization discrimination scheme permits the use, in
front of the photomultiplier detectors, of a wide bandwidth
filter in conjuction with a polarizer set‘to pass through
only the backscatter that is orthogonally polarized to the
transmitted beam and hence, block the backscatter at the
transmitted frequency. This approach would permit more of
the fluorescence backscatter to be available for detection
and hence increases the sensitivity of the system. Other
potential applications of a successful polarization
discrimination system are related to the Lidar detection of

clear air turbulance.
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Particle density N, particles/cm

Altitude 23 Km Visibility 5 Km Visibility
Km Clear Hazy
0 2,828 13,780
1 1,244 5,030
2 537.1 1,844
3 225.6 1,844
4 119.2 245’3
5 89.87
10 56.75
20 26.67

Table 2.2.1 Aerosol models - Vertical distribution

Refractive index

Wavelength Water-S~luble Dustlike
Nom
0.3371 1.53-j0.005 1.53-30.008
0.5145 1.53-j0.005 1.53-j0.008
0.6328 1.53-j0.006 1.53-j0.008
0.6943 1.53-j0.007 1.53-j0.008
0.8600 1.52-j0.0012 1.52-j0.008

TABLE 2.2.2 Aerosol complex index of refraction n-jn
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A ap aM(Km'l)

(microm) (km™ 1) V=1 Km V=5 Km V=10 Km
0.2 0.708 7.0 2.2 1.4
0.3 0.14 5.6 1.4 0.84
0.4 0.44 4.7 1.1 0.58
0.45 0.027 4ot 1.0l 0.496
0.5 0.018 4,134 0.86 0.441
0.6 0.0083 3.7 0.72 0.35

0.8 0.0026 3.1 0.54 0.24

TABLE 2.2.3 Rayleigh and Mie Scattering Coefficients

Differential

Process Cross Section (cmz)
Elastic Scattering
Rayleigh Scattering 10-27
Mie Scattering 10721 tg 10'24
Inelastic Scattering
Raman 10”30
Resonance Raman 10‘25
Fluorescence
(lifetime 107% to 1078) 1071 to 10717
Absorption 10714 to 10°Y7

TABLE 2.2.4 Typical Cross Section values for Scattering

Processes.
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Effective

Method Reflectivity Magnitude
Long Path Absorption 0/ 104 to 10°
with R-~troreflector
L~ng Path Absorption
From Topographical p/m 1/7
Target
Differential Absorption (CT/Z)(BM/4H) 10-4
of Scattered Energy

-5
Resonance Fluorescence (01/2)(N0F/4n) 10 (1 ppm)
and Fluorescence U.vV. and Vis.

-15
Raman (cr/ZJ(NoRAM/AH) 10 (1 ppm)

10°° (1 Atm)

TABLE 2.3.1 Effective Reflectivity for different scattering

processes



CHAPTER 3

BASIC PARAMETERS OF POLARIZATION

ATMOSPHERIC DEPOLARIZATION AND ERROR ANALYSIS

3.1 Introduction

There are many reasons why problems of polarization and
depolarization deserve intimate study. In many cases
observation of <changes in polarization permits deeper
insight into physical phenomena. In addition, the solutions
of polarization and depolarization problems have a host of
practical applications, some of which come under one of the

following three groups:

Optimization. In many cases, a certain type of polarization
will accomplish a given task better than another.
Discrimination. Unwanted reflections and other causes, often
lead to the presence of two signals of which only one is
wanted and the other interferes, yet separation by
frequency, amplitude or phase proves difficult or
impossible. Often the two signals, differ, or can be made to
differ in polarization, and this can be used to discriminate
against one of them.

Identification. Since different types of scatterers and
propagation media will produce different types and degrees
of depolarization, it 1is often possible to infer what type

of scatterers, what type of medium, what type of geometrical

3



configuration of scatterers, etc., must have been
responsible for an observed type of depolarization.

Since the lidar system in the work reported utilizes
polarization discrimination, some study of polarization and
depolarization is necessary. In this chapter the various
parameters related to polarization and depolarization that
may have an impact on the polarization discrimination Lidar
scheme are discussed and an error analysis is given, to show
the expected effect of their variation on the accuracy of

lidar measurements.

3.2 Properties of polarized light

3.2.1 Basic definitions- Linear Polarization

An electromagnetic wave propagating in the direction of
the unit vector k has four basic characteristics: amplitude,
phase, frequency and polarization.

The term Polarization is used to describe the
statistical fluctuations of the direction of the electric
vector E of the electromagnetic wave. Figure 3.2.1 shows the
orientation of the électric vector E at an instant of time
for an electromagnetic wave. The plane defined by E and the
propagation vector k at a point is called the polarization
plane. The orientation of the electric field E, with respect
to a reference plane, at a given point in space, during one
period of oscillation is called the direction of
polarization. The angle between the polarization plane and

the reference plane at a point is called the polarization

-(;z



angle. As a reference plane is usually taken the Horizontal
plane if the surface of the earth is relevant or the plane
of incidence (determined by the incident and reflected or
scattered beam axes) in scattering problems.

An electromagnetic wave 1is linearly polarized if the
polarization plane has constant orientation (constant
polarization angle) at any point. Figure 3.2.2 shows a
linearly polarized electromagnetic wave. The components of
the electric vector E are expressed wusing two mutually
perpendicular unit vectors in the plane perpendicular to k.
These two unit vectors are oriented in privileged directions
i.e. parallel and perpendicular to the reference plane.
Depending on the application the parallel and perpendicular
components of the electric vector E have different notations
i.e. E- and ET, €, and E, E, and E, , E and £, , E, and E_
respectively. Figure 3.2.1 shows the orientation of the
electric wvector E at an instant of time for an
electromagnetic wave. Considering the horizontal plane as
the reference plane, a 1linearly ©polarized wave with
polarization plane parallel or perpendicular to the
horizontal plane 1is ~called horizontally or vertically

polarized respectively.

3.2.2 Elliptic Polarization

For an electromagnetic wave propagated along the z-axis,
with the E and H vectors vibrating harmonically in the «xy

plane, the two Cartesian components are given by

e
[



B = Egoexpid(r + AX)S
(3.2.1)
= i +
Ey Eyoexp{J(r Ay)}
where T = (wt-kz)

Considering the real parts for Ex’ E, and eliminating 1, the

y
locus of E can be determined from the resulting equation

E 2 E 2 E_E
(X + () - 2(—2Y YcosA = sina (3.2.2)

Exo Eyo Eonyo

where A = A_-A

which 1is the equation of an ellipse and 1is deplicted 1in
Figure 3.2.3. The value of A determines the form of the
elliptical vibration as shown in Figure 3.2.4. This ellipse
represents a projection on the xy plane of the locus of the
magnitude of the extreme values of the electric vector (the
amplitude), and for this general case the wave is said to be
elliptically polarized.

The sides of the rectangle in which the ellipse is
inscribed are parallel to the coordinate axes and have

lengths 2E,, and 2E The ellipse touches the sides at the

yo*

points (+E *E,oc0s4) and (*E, cosa, iEyo)' The major

X0’ y

axis of the ellipse is inclined at an angle ¥ with respect

to the x-axis given by



2E__E
tan2¥ = (———25)cosa , O< Y <m (3.2.3)

The major and minor axes of the ellipse, A and B

respectively, are given by

2 2 2 2 ., 2 .
A- = Exocos + Ey031n + 2Ex0EyOCOS sin cosA
(3.2.4)
2 2 2 2 . 2 .
BT = Exocos + Ey051n - 2EonyoC°S sin cosA
Defining E o
L2 - tana , (0<a<m/2) (3.2.5)
Exo
and *8 . tany , (-w/b4<y<n/4) (3.2.6)
A

where the ratio B/A is called the ellipticity, the following

usefull relationships are valid

tan 2¥ = (tan2a)cosa (3.2.7)
sin 2y = (sin2a)sinA (3.2.8)
cos 2a = *(cos2y)cos2Y (3.2.9)

In addition conservation of light intensity (Energy) gives

E2 + E2 - a2 + g2 (3.2.10)
X0 yo

o
&

6



&7

Alsoc if ZO is the intrinsic impedence for plane waves the

intensity is given by

(A2 + B2)
I = —— (3.2.11)

2Z

3.2.3 Polarization and depolarization factors

For a plane electromagnetic wave with propagation vector
k the electric field E as vector-phasor can be resolved in

two components Horizontal and Vertical

E = Exex+Eyey (3.2.12)

where ey and e, are the corresponding unit vectors.

y

Considering E, and E,6 as complex phasors, for monochromatic

Y
wave with frequency w, the complex polarization factor is
defined as

E
p= L (3.2.13)
E:X

The polarization factor is in general a complex quantity.

p = !DIEXD{jarQ(D)}= (Ey/Ex)exp{jarg(Ey) - jarg(Ex)}
= (B o/E glexpijal (3.2.14)

where E o
lp| = L= (3.2.15a)
Exo



and

arg(p) = A (3.2.15b)

are the ratio of the amplitudes and the phase difference
respectively between the two components of the wave.

Since any elliptic polarization can be produced by
superposition of two mutually perpendicular polarizations,
with the corresponding amplitude and phase shift, it follows
that the complex polarization factor describes the
polarization of an electromagnetic wave uniquely. It 1is
shown in Equations 3.2.15 that all the parameters of the
poclarization ellipse, involved in Equations 3.2.1 through
3.2.11, can be obtained from p .

Ancther important quantity for polarization studies is

the degree of polarization defined as

P = —B (3.2.16)

where Ip is the intensity of the polarized component and IU
is the intensity of the unpolarized component.

A change in polarization suffered by an electromagnetic
wave as consequence of propagation, reflection, scattering,
diffraction or any other interaction with matter, is called
depolarization. For an incident linearly polarized field E,

subjected to electromagnetic process causing depolarization,

the resulting field E2 can be expressed as



E2 = E2p+E20 (3.2.17)

where E2p is the component parallel to the incident field El

and E2C is the cross-polarized component, perpendicular to
the incident field El‘ If I, and P, are the intensity and
power respectively corresponding to E2, the linear
depolarization ratio 6§ is defined as

m
N
T
[

o
o
0

In case of depolarization due to backscattering, using BC

and B8 the backscattering —coefficients of the two

p,
components of E2, § can be expressed as

0

§ — (3.2.19)

™

Depending on the interaction, E. may be completely
unpolarized or polarized with phase difference with respect
to Ep, resulting in elliptically polarised field E,. In the
second case the depolarization ratio can be expressed in
terms of the parameters of the polarization ellipse. 1In
general, after an interaction, the orientation of the major
semiaxis of the polarization ellipse with respect to the

reference plane is different from the orientation of the

incident field El' If the orientation difference is an angle

39
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Y, the depolarization ratio § can be expressed as

82 4 n2p.n2
5 = 2 g tan g (3.2.20)
B<tan<4 + A

3.3 Depolarization Mechanisms Affecting the Lidar Return

Signal
3,3.1 Introduction

In the following sections the different physical
mechanisms that can cause depolarization in elastic
scattering and in particular in 180° backscatter will be
examined. The mechanisms considered include
- Clear air turbulance
- Rayleigh Scattering
- Particulate Scattering from symmetric and non-symmetric

particles
- Scattering from large particles
The combined effects of these scattering mechanisms will
then be examined in the context of potential impact on the
lidar return signal backscattered into the receiver in
conjunction with the DASE ©polarization discrimination

approach.

3.3.2 Depolarization due to clear air turbulence

The effects of thermal air turbulence on a laser beam
propagating through the wearth’s atmosphere were briefly

discussed in Section 2.3.4. In this section emphasis 1is



given in polarization fluctuations due to clear (molecular)
air turbulence, and the amount of possible expected
depolarization is estimated.

Thermal turbulences affect primarily the refractive
index of the medium. The refractive index change, An and
temperature change, AT are related under isobaric

conditions by44

an = Uztlag (3.3.1)
Taking the refractive index of air as n=1.0003 and T=300°K,
the magnitude of the change in n is approximately

An 1076 per °K

The electric field entering a region of turbulence can
be analyzed into two components, one parallel to the plane
of incidence and one perpendicular to the plane of
incidence. Considering the xz plane as the plane of

incidence, Figure 3.2.1, the polarization angle of the

incident field will be given by
-1

After leaving the turbulence region, the electric field
components are changed to Ex2 and Ey2 due to a change of the
index of refraction of the medium. The polarization angle is

then given by



92
¢+agq = tan‘l(Eyz/Exz) (3.3.3)

where A 1is the change in polarization angle.
An expression for the mean square change in the

polarization angle for an isotropic atmosphere is given by45

] L ]

a¢% = 2m An? (L/L) (3.3.4)

Where
An? = the mean square change in index of rqfraction
due to thermal variations
L = the atmospheric path length

L0 = the turbulence dimension.

——

The mean square change in the refractive index, An2,

has been empirically determined to be related to the

altitude of observation, H in meters by the relation

0’
an? = 10712 exp { -H_/160} (3.3.5)

Considering now transmission over a horizontal, low
altitude (H ~0) turbulent path of 1 Km, with a turbulence
dimension of L =1 meter, the rms change in polarization

angle is found to be

p—

A@z = 10-° rad/Km

It is interesting to note that other expressions for the



mean square polarization angle fluctuation have been
abtained46 showing a Az dependance, and less than lO'lO
rad/Km polarization angle rms change for optical
wavelengths.

Therefore, for clear air over 1 Km path, the cross
pclarized component produced is -180 dB or a factor of 1077
of the power of the original polarization. As will be seen
from the error analysis given later in this Chapter, these
values of depolarization effects, due to clear air

turbulence, are negligible as far as practical Lidar

considerations are concerned.

3.3.3 Depolarization due to Rayleigh scattering by

Atmospheric Molecules

In the previous Chapter (section 2.2.2), the basic
expressions from Rayleigh theory were presented, for the
scattering of linearly polarized 1light by isotropic
non-conductive partiéles, with size small compared to the
incident radiation. Furthermore, from the discussion, it was
clear that while Rayleigh theory predicts no depolarization
of the incident polarized 1light after scattering from
isotropic particles (Equations 2.2.1 to 2.2.3) a
depolarization should be actually expected due to actual
anisotropy of the Rayleigh molecular scatterers. The purpose
of the following discussion is to estimate the amount of
depolarization due to Rayleigh scattering by atmospheric

molecules, by determining the linear depolarization ratio §

A
9/‘



equal to (IC/Ip), where I_ is the intensity corresponding to

p
the scattered field component which 1is parallel to the
incident field, and I, the intensity corresponding to the
perpendicular to the incident field component.

The scattering process is better formulated by using
Stoke’s parameters to express the polarization properties of
each wave, i.e. incident and scattered wave, and a
scattering matrix corresponding to the scattering geometry
and the properties of scatterers. Considering as reference
plane the plane that includes the directions of the incident
and the scattered light, the four Stoke s parameters I,, I ,
U, vV for incident laser 1light polarized perpendicular to
that plane are 0, I, , 0, 0. The Stoke’'s parameters I,, I, ,
4, V correponding to the scattered 1light by a single

particle related to those corresponding to the incident

light by
3 0 ]
Ll.a Iig (3.3.6)
~
U 0
v 0

where A is the transformation matrix for the scattered light
by a single particle, which is a function of the

polarizability tensor which in turn depends on the

aij’
particle’s symmetry, and on the scattering angle 9.

For random orientation of many non-absorbing particles,

PL



having the same polarizability tensor and sizes much smaller

than the laser wavelength A, the matrix ﬁ is given by37

[ 2A+3Bcos?9 +A-B  A-B 0 0
A-B 3A+2B 0 0
A=C, 0 0 (2A+3B)cos® 0 (3.3.7)
0 0 0 BBcosq
where
: 9
A= 1/15 E;aii
B = 1/30 % (a;, ajj) i,j=1,2,3 (3.3.8)
aij = 0 i#j
CA = constant depending on A

substituting Equation 3.3.7 into Equation 3.3.6 gives

I, ] [ p-B ]
I, 3A+28
- (3.3.9)
U 0
LV h 0 o

From the above we find that the depolarization factor ¢,

will be given by
§ = I./1, = I,/1, = (A-B)/(3A+28) (3.3.10)

which is independent of the scattering angle 2.

Now, for 1linear molecules as 02, N2, COé, the



. ‘s . 47
polarizability tensor is a,=a;; and ap=ay,=833 .

Substituting these values in equations 3.3.8 gives A and B,

from which Equation 3.3.10 gives

2
§ = (3y-a,) (3.3.11)
(a,,+2a,‘)2 2

+ 2a,+b4a,

The polarizability factor for wavelengths in the 5000 to
6000 A visible range for N2, 02 and 002 molecules as given
in recent literature are shown in Table 3.3.1.

Substituting these into Equation 3.3.11 gives values for
§. It should be noted that while these §’s are values for
individual molecules, if it 1is assumed, as is reasonable
with the small Rayleigh cross-sections, that only singly
scattered Rayleigh radiation is relevant to the Lidar signal
received, then the aggregate ¢&’s will be the sum of the
individual §é’s. In fact the weighted sum of the §’s for N2,

O2 and CO is given in Table 3.3.1 as 0.0154 which 1is

2
reasonable agreement with the value of 8§=0.0142 measured for
atmospheric dry air. The depolarization factor measured for
water vapor (H,0) molecules is*® s-0.01. Thus for 100%
humidity at 20°C this could add approximately 1.3% of 0.0l
or 0.00013 to the value of &6=0.0142 for dry air (i.e. a
negligible amount). It should be noted that this 1is
contribution due to water vapor, not water droplets, which

as will be seen in a later section, make no contribution to

180° backscatter depolarization since they are symmetrical.
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As discussed 1in section 2.3.6.1 the Rayleigh
backscatter at our 5000 E wavelength range, for typical 10
Km visibilities, 1is 1less than the Mie backscatter by a
factor of 20. Thus SRAY=0.0142 will result in an effective
contribution SRAY/ZD to the total § resulting from both
Rayleigh and Mie backscatter. As will be seen later, in the
error analysis section, this amount of depolarization can be
expected to have negligible effect on the accuracy of the

system in measuring pollutant concentration.

3.3.4 Scattering by Symmetric and Non-Symmetric particles

where A{<p

The general case of scattering by particles 1s when
these particles are non-symmetric and when the wavelength,
A, 1s not much less than p, the radius of curvature at the
incident surface (where M<<p scattering is the equivalent of
that from a plane surface, and will be discussed in the next
section).

Now the electric vectors of incident and scattered

radiation Ei and Eg can be expressed in the form

Ei = and E. = (3.3.12)

where L, o , denote the perpendicular and parallel components
respectively, with respect to the scattering plane.

The scattering matrix



A = (3.3.13)

is defined by the relationship
Eg=AE; (3.3.14)
Clearly for a general case of scattering by an arbitrary
shaped particle all the matrix elements are non-zero and are
functions of the scattering angle, the particle shape, size
orientation and material.
If for any particular particle shape or orientation the

scattering matrix is diagonal (e.g. A = A 0) and if

12 21 ~
the incoming radiation is linearly polarized perpendicularly
to the scattering plane (i.e. Eiu =0) then the Equation
E,=AE; shows that the scattered radiation is polarized in
the same direction, i.e. Es"=0; The same is obviously true
if we started of with a y polarization. Thus a necessary and
sufficient condition for conservation of linear polarization
with the electric vector perpendicular or parallel to the

scattering plane is the diagonality of the scattering matrix

A.

Symmeric Particles

If the scattering matrix of a given arbitrarily shaped
particle with respect to a scattering plane is given by A,
then it can be shown that the scattering matrix of the
mirror image of the particle, AI , as reflected by the

scattering plane, is given by37
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) 11 -A12
AT = f AP = (3.3.15)

21 22

where

P = E—l - (3.3.16)

Now if the scattering particle has a reflectional
symmetry with respect to the scattering plane, i.e., if the
particle 1is identical with 1its mirror image about the
scattering plane, then the scattering matrices A and ﬂ/ must

be identical that is

Al Ar2 , Al "Rz
ﬁ = = ﬁ = (3.3.17)
Aal P2 -A21 Azo
This is possible only if
A12 = A21 = 0
and therefore
, Ayl 0
ﬂ - 5 = (303018)
0 A



Thus, in general, the scattering matrix of a particle
that has reflectional symmetry about the scattering plane is
a diagonal matrix.

As discussed earlier this will mean that an incident
wave which has its electric vector perpendicular or parallel
to the scattering plane will not be depolarized by
scattering from a particle which has mirror symmetry about
the scattering plane.

For 180° backscatter there will therefore be no
depolarization for particles which have rotational symmetry
about the backscatter direction. Thus water droplets which
are spherical will cause no depolarization of backscatter
light nor will spherical dust particles. However, scattering
at other angles that do not meet the above criteria will in
general be depolarized.

Therefore, scattering from any particles, including
spherical particles at other angles than 180 ° backscatter
would be depolarized. Alsoc clearly if the particles are not
symmetrical about the backscatter direction then the
backscatter would also be depolarized. Thus in the case of
many rotationally symmetric particles with axes of symmetry
randomly oriented, scattering at all angles, 1including
backscattering would be depolarized . The aggregate
scattered signal in any one direction from such a collection
of randomly oriented symmetrical particles, e.g. needle

shaped, would also therefore be depolarized.
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Non symmetrical particles

Particles without an axis of symmetry would have for any
orientation

Alg # Rz # 0

Under these conditions the scattering matrix

21 22

could never reduce to a diagonal matrix thus scattering in
any direction will wundergo changes 1in polarization. The
scatter from an aggregate of randomly shaped particles in
any direction, given by

Es = AEj
will also be depolarized with respect to the incident

signal, even for 180 backscatter.

3.3.5 Scattering by Large Particles

For large particles, at an incident surface where it can
be assumed that the radius of curvature, p>>2A, the
wavelength of the scattered 1light, it 1is reasonable to
analyze the scattering from such a surface in the context of
scattering from a plane, and determine the extent of
depolarization that can be expected for scattered light in
these circumstances.

Let a plane wave E; linearly polarized be incident on a



plane sheet with arbitrary electrical characteristics
bounded by a contour C located at, or about the origin of a
rectangular coordinate system x,y,z with unit vectors Xgs
Yor Zo aS shown in Figure 3.3.1. Let kl be a unit vector in
the direction of the incident wave, lying in the xy plane
and making an angle 91, with the =z axis. The polarization
factor Py of the incident wave El is defined through its
components E+, EI, in the direction of the unit vectors eI
parallel to y,, and eI perpendicular to e1 and kl’ so that
el, eI, kl form an orthogonal triplet, with Py= EI/EI.

The scattered wave from the plane sheet propagating into
direction 92, 93, as indicated in Figure 3.3.2, far from the
scatterer must become plane and transversal. Then Iits
electric field may be resolved into two components in the
directions of the unit vectors e; parallel to the xy plane,
and e; such that e;, eé, k2 form an orthogonal triplet,
where k2 is a unit vector in the direction of the scattered
wave.

The basic problem is to find Py when Pio the
input-output geometry 91, 92, 93, and the geometrical and
electrical characteristics of the scatterer are given. Let P
be the point of observation of the scattered field by the
surface S. Then the scattered field E2 at P is given by the

Helmholtz integral®®

E(P) = 4= /7 ( E= - 3E)ds (3.3.19)
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where

_ exp(j2mR/A)
v= SXRLIE

and R' is the distance from a variable point B on S.
Considering the scattering surface flat 1lying in the «xy

plane we get on the surface S (except near its edges)

¥

1

e.g. equals to the incident plus the reflected field by

(E¥)g = (1+R%) E

taking the magnetic field (H+)S = (l-R+) Hl and using

Maxwell’s Equation Vx E = - e%%

we get

:
(BE

-t
37 )S = (1-R )El kl.Z

o

where R 1is the Reflection coefficient depending on the angle
of incidence, the electric properties of the reflecting
material and the polarization of the incident wave. Using
the field expressions for the two components + and - we get

(EM)g = (1+R+)El , (ET)g = (1+RT)E,

+
( 35 )5 = (1-RMIETK) .2,



and,

( AE™

ﬁ )S = (l"‘R )E—klazo,

where R+, R™ are the Fresnel reflection coefficients for the
two components.

Let r = XXg *+ yyq *t o2z,
be the radius vector of the coordinate system. Then if P is

sufficiently distant from the origin (in - the Fraunhofer

zone) we can write (Figure 3.3.2)
/
R=R0— k2.1'
Substituting the above equations into the integral equation
we obtain.
J exp {j 2T RO/A}

E2 = - El[(1+R)c0535 - (l-R)c059l

AnRO

(3.3.20)
x IS exp{(J(k; - kp).r)}dxdy

On taking the ratio of the components (+ and -) for E, and

E2 we obtain the polarization relation

(l+R+)c0592 - (l-R+)cossl

Pr = P (3.3.21)
2 (1+R‘)cosi92-(1-R‘)cos‘9l 1
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where
f
E) Ea
pl = = and p2 I e——
ET E.
1 2

Thus in general depolarization will occur. This is true
theoretically even for 180 backscattering where 92=_€H and
%3=O where the above Equation 3.3.21 reduces to

P, = (R"/R7)p,
giving depolarization (even for perfect conductors where
R+=1, R =-1) except for radiation with polarization pl=0 or
@, i.e. with polarization parallel or perpendicular to the
scattering surface. According to Equation 3.3.21 above,
however, there will also be no depolarization (pl=p2) when
9r=9§=€g=0, i.e. when the incident and reflected radiation
are normal to the scattering surface, i.e. this is true for
180 backscatter from a normal surface of incidence.
Furthermore, while Equation 3.3.21 shows theoretical
depolarization existing for 91="EE’ 93=O corresponding to
non-perpendicular 180° backscatter, it should be noted that
the amplitude of scattered radiation from a plane will
vanish to zero when the scattering is 180 backscattering,

where the normalized amplitude is given by7l

_ s 2 . . . .29
v o= /51n 81 - 251n9151n92c0593 +sin® @,
which gives v =0 for 3l='9§ and 93=0. Since the analysis
given above was arbitrary with respect to conductivity, the

results are true regardless of conductivity.

10%
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Thus in general, scattering from particles where, for
the scattering surface p>>A, 1800 backscatter will not be

depolarized, while scattering at other angles will be.

3.3.6 Combined effects of various Depolarization mechanisms

The previous sections have shown that direct (9=180°%)
backscatter will not be depolarized with respect to the
primary beam for backscatter from:

- Particles (whether conductive, dielectric or lossy) which
have rotational symmetry, about the incident direction
including water droplets.

- particles where, p, the radius of curvature of the
reflecting surface is much larger than the wavelength of
the scattered light. In this case direct backscattering
is, in a sence, specular and as such is not depolarized.

It was also seen in the earlier discussion that very
small, i.e. negligible depolarization, occurs due to
Rayleigh backscattering (180°) from atmospheric molecules,
including water vapor molecules.

Oon the other hand from the physical optics
approximation, it was also seen that depolarization occurs
in the case of particulate 180° backscattering where the
wavelength, X is of the same order, or bigger than p, the
radius of curvature at the incidence surface. Furthermore as
discussed in the previous sections, scattering by large
particles or symmetric particles at angles other than single

step 180° backscatter will also result in depolarization
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with respect to the incident beam.

As a consequence of the above, the two expected main
sources of depolarization in signals backscattered to the
Lidar receiver can be identified.

These are shown schematically in Figures 3.3.3 and
3.3.4. The first one , Figure 3.3.3, is the depolarization
of ? = 1800 single process backscattered radiation from
non-symmetric particles, where the wavelength X is not much
smaller than p, the radius of the particle reflecting
surface. In that case the backscattered component would be,
as discussed earlier, depolarized.

Figure 3.3.4, illustrates possible multiple scattering
effects resulting from both symmetric and non-symmetric
particles where the scattering path 1s ABCA, say. Under
these circums?ances the light scattered both times at an
angle other than 9::1800 backscatter, or forward scatter,
will be depolarized. Again, it can be deduced because of the
random orientation of particles and scattering angles that
backscattered light scattered more than once reaching the
Lidar receiver will generally be unpolarized. Because the
backscatter coefficients are all relatively small, for
typical visibilities (5-20 Km), multiple scattering
resulting from more than two interactions can be neglected
(e.g. ABDEA, Figure 3.3.4).

Clearly detected depolarization resulting from multiple

scattering, will be decreased if the acceptance angle of the

. . . ’ .
receiver, 1is reduced from o, Figure 3.3.5%a, to a, Figure
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3.3.5b since the multiple scattered component in the total
backscatter received 1is reduced. Furthermore, since the
amount of multiple scattering entering the receiver 1is
approximately dependant on the area in the backscattering
plane that is viewed by the receiver it can be expected to
increase with the square of the receiver field of view a, at
least for small receiver acceptance angles, until intensity
along the scattering plane starts to be decreased more
rapidly, by the inverse square law and hence reduce the rate
of increase of the polarized backscatter with acceptance
angle (ultimately theoretically to O).

Thus the total depolarized backscatter is expected to be
the sum of the single step 180° backscatter processes from
non-symmetric particles, plus the component due to multiple
(two-step) scattering from both symmetric and assymetric,
large (p>>A) and small particles. If the field of view, a is
larger than the outgoing beam divergence D, the first
component due to single process backscatter will be constant
as the receiver acceptance angle a is further increased.
Thus the total depolarized ‘component under these
circumstances will be a component constant with increasing
a, (beyond a=D) due to single step 180° backscatter, plus a
component that increases 1initially approximately with a2
then more slowly due to multiple (two-step) backscatter
process.

Without knowing the density distribution of nonsymmetric

particles, and the relative density of symmetric ones it is
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not possible to make an estimate of relative magnitude of
the components. As will be seen in the results of field
experiments the amount of depolarization in received
backscatter does bear the expected relationship to the
acceptance angle. Furthermare for small and readily
attainable output beam divergence and receiver acceptance
angles total undesired depolarization light detected in the

receiver can be kept to negligible values.

3.4 Depolarization Error Analysis

In the previous sections, the depolarization of a
linearly polarized component of light was seen as the result
of its interaction with matter. Physically it was associated
with the appearence of an additional <cross-polarized
component and mathematically it was expressed using the
linear depolarization ratio §.

In the polarization discrimination 1lidar scheme the
transmitted signals at each of the two wavelengths are
orthogonally polarized and the backscattered signal
components are measured with respect to the incident
polarization directions. The undesired depolarization that
occurs with backscatter is shown in previous sections of
this Chapter as well as in Chapter 5 to be small, generally
of the order of 1.5% under typical visibility conditions.
‘That depolarization though small, would introduce errors
into the 1lidar return data and hence into the computation

for pollution concentration discussed in Chapter 2.
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To analyse errors arising from depolarization effects it
is necessary to reexamine Equations 2.3.24 and 2.3.25 which

show how pollution concentration at range R, AR, 1is derived

from the lidar return signals at wavelengths Al and Az.
PL(R, X))
_ 1 PI(R,Az) 1n(l+AFr)
NI‘ = m ln = — (3.4.1)
P.(R+AR, 1) 2404R
Pr(R+AR,Az)

Ideally, with the polarization discrimination scheme,
the returns at Al will be orthogonally polarized to those at
Az. In practice, the backscatter process will introduce a
depolarized component at each of the two wavelengths.

If it is assumed that at range R, both return signals
are depolarised by the same ratio 61, and at range R+AR by

the ratio 62, then the ratio of received signal intensities

are altered as discussed below.

at range R.

P.(R, 1)) _ Pr(Ridp) + 8P (R, A,)
PL(Ry1,) PL(RyA,) + 8P (R,1))
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PLR,A) + 81PL(R,A,) 1 .
+
Pr(R’kz)
Pr(R,xl) + GlPr(R,Az) L §,P (R,Al) _
Pr(R,Az) Pr(R,AZ)

2 2
PrRsA)  §PTIRA) . 81P (R A) 81PL(RIA))
2
PL(RyAy)  PL(R,A,) PL(R,A,) PL(R,1,)

and neglecting second order 61 terms it becomes

approximately equal to

PL(RyA ) L §,Pr(Ryx ;) . § ,PL(R,1X,) (3.4.2)

Pr(RsA,) PL(RyA,) PL(RyA;)

At range r+AR

PL(R+AR, A5) Pr(R+AR,12) + 62Pr(R+AR,Al)

(3.4.3)
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1

P.(R+AR, 1) L 8P (R¥AR, A, ) , GzPr(R+AR,A2)§
P_(R+AR,1,) P (R+AR,A,) P.(R*AR, A ,)

and using Equations 3.4.2 and 3.4.3 into Equation 3.4.1

PL(R,A;) - 8§ ,PL(RyA;) . 8§ PL(R,2,)
N 1 1n Pr(Rakz) ’ PI'(R’)\Z) PI(R’AI)
.
2A0AR .
Pr(R+AR,Al) L 62Pr(R+AR,Al) . 62PI(R+AR,A1)‘
Pr(R+AR,l2) Pr(R+AR,12) Pr(R+AR,A2)
P_(R,x,) §.P_(Ry,A,) &8.,P_(RyA,)
Nr‘ 1 1n T 2 1 - I'r 1 + lr 2 x
2A0AR Pr(R+AR,Al) Pr(R,Az) Pr(R,xl)
PI(R+AR,12)
- 62Pr(R+AR,Xl) ) 62Pr(R+AR,A2)
Pr(R+AR,x2) Pr(R+AR,Al)

Again, neglecting second order § terms



PL(RyA )
AL 1. PL(RyA5) e §,P L (R+AR, A ) i 8§,P . (R+AR,),) .
=
2404R PL(R*AR, X)) P (R+AR,A,) PL(R+AR, X))
PL(R+AR, },)
.
. §,PL(RyA5) 8P (RyA) (3.4.4)
Pr(R,A;) PL(R,A5)
Let P (R,A,) -
- RALALE AN (3.4.5a)
Pr(R,X5)

and using AFr from equation 3-21

P_(R+AR,A,) Q
L S (3.4.5b)
PL(R+AR,X,)  1+AF

where AF . is dependent on pollution concentration and is
typically 0.1.

Then from Equations 3.4.4 and 3.4.5

_ C6,0 §,(1+AF) 8
ST A AN |
2804t 1+4F Q Q
2
5,(1+AF )2 &, (L+AF.)
1
1n [1+8F +5,q - 2 L+ L L- - 8,(1+8F)Q] =

2A0AT Q Q
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2
5. (1+AF2+24F ) & AF
L 1n L+AF _+8,Q - 2 L r. . L. 5,0 - alAFrml
280AT Q Q Q

or cancelling the AFr products

§ §
o2 —L 9n (1 + AF_ + 8,0 - 2 4, L §,Q)

T opoAT Q Q

or

(6, - 6,)
-——2—[3—]‘— (3.4.6)

~ 1 -
N, = 555arTin {1 AR+ (8, - 8,00

Furthermore, since AFI and the remaining terms are small,

Equation 3.4.6 can be approximated by

(8, - 60

g (3.4.7)

1
N = sxoar | L+ 0Fp + (8, - §,)Q -

In the 1ideal polarization discrimination scheme, Lidar

§,=8,=0. In practice, as will be seen in the results of

1772

Chapter 5, 8, and &8, are likely to be of the order of 0.0l5.

1 2

However, since it is the term 62-6 that is in the equation,

1
the errors arising from depolarization will be less. And

unless there are very different characteristics to the



backscatter depolarizations, §, and § at range R and R+AR,

1 2?
then 61-62 will be very small. With an upper 1limit of § in
the region of 1.5 percent, it is difficult to see 62—61
>0.005 say.

can be

Now Q, the ratio of the return signals at X,and A

1 2’
practically expected to be limited to a range between 1 and
1.6 approximately (depending on the pollution concentrations
and ranges of measurement).

Comparison of Equation 3.4.1 with Equation 3.4.7 shows

that the error 1in the calculation of the ©pollutant

concentration, due to depolarization is given by

1) (3.4.8)

Thus the largest value of the error occuring within the
range of the expected values of Q is for Q=1.6 which gives,

using Equation 3.4.8

which is 1likely to be 1less than 0.005. This in turn,
represents a possible error of 5 percent of the value of
AF if AF .=0.01 (typical wvalue), and hence in the
computation of pollution concentration at range R, over a
sample length AR. If AFr is actually less than the typical

0.1 (assumed above) then the fractional error is
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proportionally greater.
Examination of Equation 3.4.8 shows that if Q@ = 1 then
errors introduced due to depolarization disappear and Np is

given by the error free equation.

AF (3.4.9)

Thus 1if it 1is desired to obtain greater accuracy it 1is
possible to vary the relative intensity of the laser output
at Xl and Az to ensure that @ for a given range is nearly
equal to 1. That can be readily achieved through the
insertion of an intracavity variable attenuator into one of
the two legs of the simultaneous two-wavelength laser cavity
configuration. This attenuation can then be adjusted in
successive shifts so that the ratio of the received signals
from range R becomes nearly equal to 1, and hence
practically eliminate errors due to backscatter

depolarization.

Conclusion

Depolarization effects due to atmospheric scattering
show that wundesired depolarized signals may be detected by
the Lidar receiver in the polarization discrimination scheme
due to 180° backscatter from small non-symmetric particles
plus multi (two step) backscatter processes from any

particles. The latter effect may be reduced by decreasing
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receiver field of view. Error analysis shows that because of
the relative nature of measurements needed to be carried out
with the polarization discrimination scheme, errors due to
unwanted depolarizations in received backscatter signal are

likely to be minimized, and if desired can be eliminated.
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FIGURE 3.2.]1 Orientation of the electric wvector E at an

instant of time, with respect to the plane
of reference for a wave propagating along
the -2z direction.

FIGURE 3.2.2 Linearly polarized plane electromagnetic

wave.
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FIGURE 3.2.3 Vibration ellipse for the electric vector.
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FIGURE 3.2.4 Variation in the form of an elliptical
vibration with phase difference.




FIGURE 3.3.1 Coordinate system used for describing
a general case of depolarization

FIGURE 3.3.2 Field scattered from flat surface
at distant point P.
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FIGURE 3.3.4 Multiple scattering effects showing
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FIGURE 3.3.5a,b Reduction in multiple backscatter
detected as a function of the receiver
acceptance angle a and a’
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Per cent

Weighted value

per unit of &
Molecule air volume ay (10%4cm’) aL(lozacm3) J (6 x percentage in air)
N2 78.084 2.22 1.53 0.010 0.0078
O2 20.946 2.32 1.23 0.030 0.0063
CO2 0.033 4,03 1.93 0.040 0.0013
Dry Air 100 0.0142 0.0154
TABLE 3.3.1 Polarizabities and § factors for atmospheric molecules.
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CHAPTER 4

POLARIZATION DISCRIMINATION LIDAR SYSTEM

4.1 Introduction

The basic polarization discrimination Lidar system
consists of a flashlamp pumped dye laser transmitter and an
optical receiver shown schematically in Figure 4.1.1. The
system is required to produce co-linear laser outputs at two
close-lying wavelengths Al and k2, simultaneously, that are
orthogonally polarized. These outputs are transmitted from
the system as a single beam co-linear with the axis of the
Lidar optical receiver. In the receiver, the backscattered
returns, at each of the two wavelengths, still each
orthogonally polarized with respect to the other, are
separated (discriminated between) and detected separately.

To demonstrate the viability of the polarization
discrimination scheme, the Lidar system was designed for the
detection of ND2 with the two <close-lying wavelengths
situated at 4478.5 A and 4500 A corresponding to an
absorption peak and trough in the NO2 absorption spectrum,.
The main elements of the Lidar system are discussed briefly
below, with consideration given to their features, which

impact on the polarization discrimination scheme.
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4.2 Optical Receiver

A schematic diagram of the optical Lidar receiver is
shown in Figure 4.2.1, while photographs of it are shown in
Figure 4.2.la, indicating the different components.

The primary lens of the optical receiver is an acrylic
Fresnel lens (purchased from Fresnel II, Inc.) mounted on a
light-tight steel frame which was designed for the purpose.
This 1lens is basically a flat thin piece of a plastic on
which a series of concentric stepped zones extending from
the center to the edge are molded. Figure 4.2.2 illustrates
the geometric relationship between the zones on the Fresnel
lens and the surface of an ordinary lens. Each zone refracts
the incident 1light so that the combined action of each
refracting facet focuses 1light essentially in the same
manner as a conventional lens,

The 1lens used has a focal 1length of 24 inches, a
diameter of 15 inches, and a thickness of 1/8 inch. With
concentric zones spaced approximately 125 grooves per inch,
the lens 1s capable of forming a sharp image for objects
near the optical axis. This is appropriate, since our Lidar
receiver does not require a wide field of view far
collecting the 1light directly ©backscattered from the
outgoing beam which has a divergence of 1less than 1
miliradian.

Fbr the Fresnel lens, the circle of least confusion for
collimated light directed parallel to the optical axis was

measured and found to be approximately one centimeter. In
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the plane containing the circle of least confusion, the
spatial distribution of the collected light is a bright spot
of the above diameter with the surrounding area weakly
illuminated by 1light spuriously scattered at the edges of
the concentric zones of the Fresnel lens. To eliminate the
spurious light, an iris was placed in the plane containing
the circle of least confusion. By varying the iris diameter,
the receiver field of view may be narrowed or expanded. The
Frensnel 1lens used in this system costs far 1less than a
comparable parabolic mirror, yet its quality 1is quite
acceptable for our Lidar application.

The backscattered light collected by the Fresnel lens is
collimated by a 1.5 inch diameter lens. The collimated light
is then split according to polarization by means of a
calcite polarizing beam splitter which has a principal
transmittance ratio of approximately 106.

To properly achieve the critically important alignment
of the beam splitter with respect to the (orthogonal)
polarizations of the outgoing and return signals, all
alignments were made with respect to vertical and horizontal
direction with water levels and plumblines, then checked
optically for final accuracy with a He-Ne laser and front
surface reflectors. Each of the separated beams (which
correspond to each of the probe wavelengths, 4478.5 K and
4500 R respectively) is directed to a separate
photomultiplier, each covered with a broadband filter

centered at each of the two wavelengths at 4478.5 and 4500 A
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respectively. In fact only one filter centered at an in
between wavelength 4490 A was really needed, and could have
been placed in front of the calcite beam splitter to cover
both wavelengths. The two broadband filters were used,
because they were readily available from previous
experiments, and using them eliminates the necessity for
ensuring light tightness of the receiver region from the
collimator to the photomultipliers. The interference filters
have both measured half bandwidth of 48 and 55 E, centered
at 4478.5 E and 4500 A respectively. See Figures 4.2.3a and
4.2.3b.

The photomultipliers used are Amperex type 56 AVP and
their outputs, corresponding to the backscatter return
signals are displayed on Tektronix type 549 storage

oscilloscopes and recorded photographically.

4.3 The Dye Laser

4,3.,1 The Laser Head

The basic laser system consists of a flashlamp-pumped
organic-dye laser. The laser head is constructed 1in a
coaxial arrangement in which the flowing dye is uniformily
excited by an annular discharge surrounding the active
medium. See Figure 4.3.1. The laser head, model DL21008B, and
discharge circuitry was purchased from the Phase-R Company,
and was chosen for maximum energy output and shortest
possible pulse width. Figure 4.4.2 shows the laser head

situated in the Lidar system, and Figure 4.3.3 shows a



typical output pulse.
The organic dye, 7-diethylamino-4-methyl coumarine,
dissolved in ethanol was wused as the lasing medium. A

5 M/1 was found to give maximum

concentration of 3 x 10~
output energy consistent with a laser line-width that was

less than the halfwidth of the absorption peak of NO, to be

2
measured, i.e., less than approximately 10 A for the 4478.5
K absorption peak. In this manner, it was possible to
maximize the return signal, thereby increasing range, and
still retain the maximum difference between absorption peak

and trough, and thus attain the sensitivities that the

system is capable of.

4.3.2 Dye Laser Mechanism - main features and practical

factors effecting operation

Organic molecules possess a lowest excited singlet

1%

state, °S , and fluorescence when it occurs, originates from

this state. In making a fluorescent transition the molecule

reverts back to its ground state, 1

So’ while simultaneously
emitting radiation.

The spectrum of the fluorescent radiation from an
organic dye often has more than one maximum, and it usually
spans a region no less than several handred angstroms wide.
The reason for this large bandwidth is that the radiation is
actually made up of hundreds of components, corresponding to

transitions originating from various sublevels of the first

excited singlet state and terminating at various sublevels

1:

“
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of the ground state. These sublevels are associated with
specific vibrations of the molecule as a whole. See Figure
4.3.2. Since some of the vibrational sublevels of the ground
state may be high enough in energy so that they are normally
unoccupied, a population inversion sufficient for laser
action can be established between the states from which
fluorescence originates and some of the higher vibrational
levels of the ground state.

Once threshold conditions are reached, the laser light
that is produced has frequencies centered about one of the
broad fluorescence peaks. The bandwith of such broadband
operation can range up to 250 E for flashlamp-pumped dye
lasers.

To reduce the naturally large bandwidth of the
flashlamp-pumped dye laser output, a tuning element such as
a diffraction grating can be placed in the laser cavity.
With the proper choice of grating characteristics, such as
blaze wavelength, grooves per millimeter, and power-density
handling capabilities, e.t.c., the desired laser frequency
and bandwidth are attainable, and may be chosen to match the
absorption peak and troughs for N02.

The dye temperature has an important effect on lasing
wavelength and output efficiency. If the dye is allowed to
get hot, fluorescence 1s broadened and lasing 1is red
shifted. Higher reabsorption takes place, the gain becaomes
lower and the laser output decreases. Experiments have also

shown that too low a temperature of the dye also decreases
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the output efficiency.

To control the temperature the flowing dye is cooled by
flow through a tap-water cooled heat exchanger. This cooling
system permits the temperature of the dye to be kept Fai:ly
constant at approximately 15 0C, where the laser was
empirically found to operate more efficiently.

Since the dye fluid 1is actually flowing inside the
optical laser cavity, scattering could have a pronounced
effect on the laser efficiency. It is therefore important to
remove particulate matter from the dye solutions before
using them in the recirculating system. This particle
removal 1s achieved by filtering the dye through mechanical
filters with pore sizes smaller than the laser wavelengths.
Filtering of dyes in this manner typically results in a
two-fold increase 1in laser output 1in comparison to the
unfiltered output. Thus for the same output energy, the
laser can be operated at lower flashlamp pump energies,

greatly enhancing lifetimes of all the components.

4.3.3 Intra-Cavity Grating for Wavelength Selection

To tune the laser outputs to the required wavelengths,
at 4478.5 K and 4500 E, gratings were used in a Littrow
configuration with the Blaze angle in the first order. In
this manner, all the other orders extinguish and the
diffracted energy is concentrated in the first order (at the
wavelength desired).

Gratings have different efficiencies (percentange of
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light 1incident on a grating that 1is diffracted into the
desired order) for light that is polarized perpendicularly
or in parallel to the groove profile. For the gratings used,
perpindicularly polarized light gives the better efficiency.
This is no detriment to our system, since as will be seen in
the next section, a polarizing beam splitter is introduced
intra-cavity to simultaneously produce outputs at two
wavelengths that are orthogonally polarized.

It should be noted, that the bandwidth of the laser
lines obtained are determined by the dispersion of the
grating and the effective aperture crated by the geometry of
the lasing medium, which in turn depends upon the distance
of the grating from the laser head. The dispersion of the
grating is the angular separation obtained for two different
radiations. Therefore, the farther the grating is from the
laser head containing the lasing medium the smaller the

lasing bandwidth.

4.4 Cavity Design

4.4.1 Introduction

To obtain laser action at the two orthogonally polarized
wavelengths simultanecusly, the arrangement shown in Figures
4.4.1 and 4.4.2 with a polarizing beam-splitter in the
cavity, was evolved and used successfullySO. With the beam
splitter the light into two beams polarized at right angles
to each other, eabh of the two wavelengths lases along one

of the polarizations. Two types of polarizing beam splitters
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were tested for this application:
l. a polarizing beam-splitting cube utilizing dielectric
coatings, and
2. an air-spaced Glan-Taylor prism.
while both provided simultaneous laser action for
close-lying wavelengths in the 4500 ﬂ spectral region, it
was found that each suffered some drawbacks. Both types of

beam splitters are examined further below.

4.4.2 Dielectric coated polarizing Beam Splitter

The principle of this device shown in Figure 4.4.3, is
that it is always possible to find an angle of incidence so
that the Brewster condition for an interface between two
materials of differing refractive index 1is satisfied. When
this occurs, the reflectance for the parallel-plane (p) of
polarization vanishes. Perpendicularly-polarized (s) 1light
is partially reflected and transmitted. To increase the
s-reflectance, retaining the p-transmittance at or very near
unity, the two materials are then made into a multilayer
stack. The layer thicknesses are quarter-wave optical
thicknesses at the appropriate angle of incidence.

When the Brewster angle for normal thin-film materials
is calculated, it 1is found to be greater than 90 degrees
referred to air as the incident medium. In other words, it
is beyond the <critical angle for the materials. This
presents a problem which is solved by building the

multilayer filter into a glass prism so that the light can
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be 1incident on the multilayer at an angle greater than
critical, Figure 4.4.3.

The dielectric-interface polarizing beam-splitting cube
tested and found to have an acceptance angle of up to 5
degrees and a passband extending from approximately 2245 ﬂ
to 6739 A. It was coated to have a center wavelength at
approximately 4490 E. The entrance and both exit faces were
polished to A/10, and were also antireflex coated for 4490
A.

Utilizing the dielectric-interface polarizing beam-
splitting cube, simultaneous two-orthogonally polarized
wavelength operation was readily achieved, with the
flashlamp pumped Phase-R laser. Typical pulse output

energies were approximately 100 mj, simultaneously at 4478.5

A and 4500 A with bandwidth of 5 A.

4.4,3 Air-spaced Glan-Taylor Prism

The air-spaced Glan-Taylor Prism was also tested for use
as a polarizing beam splitter in the laser cavity. Its power
handling capabilities far exceed that of the dielectric-
interface prism, since the medium sandwitched between the
two prisms is air rather than a delicate dielectric coating.
The prism is in fact comprised of two linearly birefringent
calcite (CaO'COz) prisms separated by the air gap.

In each prism the optic axis is perpendicular to the
incident beam and to lateral faces. The operation of the

device may be readily understood in view of Figure 4.4.4.



This shows the air-spaced prism, its optic axis, and the
incident unpolarized beam. When an unpolarized laser beam is
incident wupon the 1input face, two refracted orthogonally
linearly-polarized beams are produced. The E-ray, the
refracted beam whose polarization direction is parallel to
the optic axis, experiences no change in 1index as it
propagates through the prism-air-gap-prism combination.

The O0O-ray, the refracted beam whose polarization
direction is perpendicular to the optic axis, experiences a
large change in index at the calcite-air-gap interface ang
is thus totally internally reflected.

Use is made of both the E and O-rays to simultaneously
obtain laser action on beams polarized at right angles to
each other with gratings terminating the laser cavities
beyond each prism. The optical arrangement is shown in
Figure 4.4.1.

In the manufacture of the air-spaced prism it was only
possible to polish the input face and the axial output face
to within A/4 because of the crystal structure. The lateral
faces are perpendicular to the optic axis, and since calcite
belongs to the hexagonal crystallographic system, attempts
to polish these faces to better than A/4 would result in
hexagonal pitting, giving rise to large scattering losses.

The high losses on the lateral face meant that for
geometrically identically optical arrangements the low-loss
axial resonator dominated, and laser action was restricted

to it. When the axial resonator was blocked however, laser
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action was also obtainable in the lateral resonator.

By greatly reducing the off-axial resonator length it
was possible to obtain laser action simultaneously in both
resgnators. Under these conditions, competition effects were
clearly observed between the two resonators. However,
because of the high losses associated with the lateral
faces, it was found that when conditions were arranged to
obtain equal energies and equal 1linewidths from both
resonators simultaneously, the output energies were too low
to be usefull.

Thus in spite of the higher power-density handling
capabilities of the air-spaced prism, it was decided to
abandon its use in the Lidar transmitter, in favor of the
dielectric-~interface prism. The air spaced beam splitter was
used instead for polarization discrimination in the Lidar
receiver, where a slightly higher (a few percent) loss in
the transmission of the polarized component versus the
other, would have no significance or impact on the
backcatter measurements where only ratios of the same
polarization were being measured.

It was therefore with the dielectric-coated beam
splitter in the laser cavity, that the field experiments

described in later sections were carried out.

4.4.4 Stability of Output

Output wavelengths were adjusted to the desired 4478.5 R

and 4500 A by grating adjustments, and using a spectrometer



to examine outputs. The bandwidths were set to approximately
5 E, as measured by analysis of spectrometer photographs, by
appropriate geometric spacing of the gratings and polarizing
beam splitters (larger spacing to obtain narrower
bandwidths). .

Measurements of the laser output showed no detectable
swing in wavelengths or change in peak output from shot to
shot. This 1is attributed to the <case taken to ensure
stability of the system in terms of —cooling water
temperature control, N2 flow rates in the spark gap of the
discharge circuit for the flash lamp used for pumping -the
dye laser, and improved mechanical stability of mirrors and
the laser system as a whole. Pulse output energies were
measured to be stable within = 2.5 percent, which in any
case was of no concequence to the polarization

discrimination DASE scheme where purely relative

measurements are required.

4.4.5 Polarization of Laser Qutput

To check that the laser cavity arrangement with the
dielectric beam splitter gave the desired orthogonally
polarized outputs, the calcite polarizing beam splitter was
placed in front of the laser in the arrangement of Figure
4.4.5. The gratings were arranged to provide orthogonally
polarized laser action at the two wavelengths 4478.5 K and

4500 ﬂ, with approximately equal amplitudes, with the two

outputs orthogonally polarized.
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With the spectrometer set to detect both signals in
turn, with a photomultiplier on the spectrometer where
output was displayed on an oscilloscope, it was found that
the fraction unwanted cross polarization in the outgoing
polarized components was less than 1 part in 105, the limits
of accuracy of the measuring system. Thus, to that extent,
the outputs of the polarizing beam splitter cavity laser

system could be considered to be effectively properly

orthogonally polarized.

4.5 Laser Beam Transmitted in the Atmosphere

To guide the laser beam from the laser output to emerge
colinearly with the axis of the Lidar receiver, the mirror
arrangement of Figures 4.5.1 and 4.5.3 was used. The mirrors
were front surface aluminum mirrors.

In the context of the Lidar discrimination scheme, it is
important to determine the degree of wundesirable cross
polarization that might occur through the use of such
mirrors. It 1is therefore worthwhile to first examine the
depolarization that can occur from planar aluminum mirrors.
The arrangement wused for this purpose is shown in Figure
4.5.2.

The direction of polarization of the reflection of a
6328 K He-Ne linearly polarized laser beam, with respect to
the plane of incidence was observed as a function of the
polarization of the incident beam and its relative

orientation with respect to the reflecting mirror. It was
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found that the minimum depolarization occured when the
direction of polarization was parallel or perpendicular to
the plane of 1incidence. The depolarization wunder these
circumstances was found to be too small to be detected, in
contrast to other relative inclinations of the plane of
polarization and the plane of reflection where
depolarizations as high as 2-3 percent were detected.
Accordingly the orientations of the mirrors used to deflect
the beams were arranged to comply with the above
requirements for minimum depolarization by ensuring
appropriate orientations of their planes of incidence to the

polarizations of the two outgoing wavelengths.

4.6 Conclusion

Through the use of a dielectric coated intra-cavity
polarizing beam splitter, orthogonally polarized co-linear
laser beams are obtained at two close-lying laser
wavelengths from a flush-lamp pumped dye laser. The two
wavelengths are tuned by means of gratings to 4478.5 and
4500 E respectively. By appropriate geometric spacing of the
gratings and of the laser aperture, 1linewidths  were
restriced to approximately 5 E.

Temperature and mechanical stabilities attained ensured
that pulse to pulse outputs were stable as far as wavelength
was concerned. Small variations measured in output pulse
energy are of no consequence to the polarization

discrimiation scheme where only relative measurements are
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required. Qutput measurements showed polarization of output

> which,

in the desired directions to be better than 1 in 10
as is discussed in the error analysis section is more than
adequate for use in the polarization discrimination scheme.
Directing the output beam to be co-linear with the receiver
axis is achieved though the use of mirrors which are found
to produce no measurable depolarizations provided that they
are properly oriented.

In the receiver, the 1light 1s gathered by a Fresnel
lens, focussed and collimated into a Glan-Taylor prism,
which is effectively used to separate the two orthogonally
polarized backscattered signals. These are then directed
onto photo-multipliers for detection and subsequent display.
The Lidar transmitter and receiver systems thus essentially
achieve what is required of them for use in a polarization
discrimination scheme. It remains to determine, in the
experiments discussed in the next Chapter whether external

factors, related to atmospheric scattering properties permit

practical implementation of the scheme.
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CHAPTER 5

EXPERIMENTAL RESULTS

5.1 Introduction

To develop and test the viability of the polarization
discrimination DASE Lidar systems both laboratory tests and
field tests were carried out, culminating in the application
of the technique to the Lidar measurement of atmospheric NO2
in the field tests from the CCNY laboratory window
overlooking the East Side of upper Manhattan.

The initial laboratory tests concerned the examination
of particulate scattering process (in smoké) and
depolarization results from them.

These were followed by field tests with the Lidar system
to examine the effects of depolarization due to atmospheric
scattering that would result from Lidar returns at typical
atmospheric conditions and ranges that would be used with
the Lidar technigue.

These experiments which included examination of
backscattering as a function of the field of view of the
Lidar receiver, were also designed to examine the scattering
and depolarization picture developed in Chapter 3, which
relates depolarization to single step 180° backscatter from
asymmetrical particles plus two-step particulate scattering
processes from any particles. The results obtained confirm

this picture. Furthermore they show that when the receiver
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field of view 1s reduced by the same order as the outgoing
Lidar beam divergence, the depolarization in the
backscattered signals is S0 small, that, taken in
conjunction with the error analysis of Chapter 3, section
3.4 wundesirable depolarization effects do not seriously
affect the accuracy of the system.

Finally atmospheric measurements were carried out using
the complete polarization discrimination DASE Lidar system
through the CCNY laboratory windows, and readings of NO2

pollution concentrations at ranges 1-2 Km were obtained,

demonstrating the viability of the system.

5.2 Depolarization due to Mie Scattering - Laboratory

Experiments with Smoke

5.2.1 Introduction

Most of the theoretical results for depolarization due
to scattering by particles have been derived assuming single
scattering mechanism and particles with specific geometric
shape i.e. spherical, cylindrical, particles with rotational
symmetry e.t.c. The above approximations simplify the
problem though, as is discussed in Chapter 3, it is
reasonable to believe that depolarization in th atmosphere
is also primarily related to multiple Mie scattering
processes.

It was therefore important, before designing a system
utilizing polarization discrimination, to test, in

laboratory experiments, the effects of particulate
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scattering on depolarization, and relate these to the
theorical picture being developed, and use the results to
define Lidar system parameters that would result 1in a
minimum depolarization in received signal.

For these purposes, sets of laboratory experiments were
performed. In these, smoke (obtained from cigarettes) was
introduced into the test chamber to serve as the scattering

medium.

5.2.2 The experimental arrangement

Figure 5.2.1 shows the arrangement used to measure the
depolarization of linearly polarized 1light scattered by
smoke particles. The values of depolarization were taken for
various angles of scattering, incident polarization, and
optical thicknesses.

The experimental arrangement was assembled on a
horizontal table. Figure 5.2.2 is a photograph showing the
system. The 1light source was a He-Ne laser, .5 mW output
power, positioned to give a beam parallel to the plane of
the table (Horizontal). The laser beam passed through a
variable polarizer. The polarizer was a Glan-Taylor
polarizing prism mounted on a rotary positioning table. The
positioning table was perpendicular to the beam and was
capable of measuring the angle of rotation with an accuracy
of .1 degree. The angular positioner was carefully adjusted
so that the 0 degree of 1its scale corresponded to a

Horizontally polarized laser beam as the output of the
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polarizer.

The output beam from the polarizer passed through a
cylindrical transparent glass cell, 20 inches 1long and 4
inches in diameter, positioned to be coaxial to the laser
beam. The cell had two flat windows parallel to each other
and at an angle 80 degrees approximately, with respect to
the cylinder axis. That orientation was necessary in order
to direct the component of the incident beam reflected from
the windows, away from the region where scattering was
measured. The cell had on the top of the cylindrical
surface, near the windows, two openings with stopcocks.
Through them, smoke was blown to fill the cell, solvent was
introduced to wash the cell and air circulated to dry the
washed cell or remove smoke in order to reduce its density.

The output from the cell was collected by the lens of a
JEA He-Ne optical power meter, which measured the
attenuation, due to the windows of the cell plus that due to
the smoke.

The scattered light was collected by an optical receiver
at various angles of scattering. The receiving system was
designed to collect scattered light directed horizontally.
According to that design the plane of scattering was the
horizontal plane through the laser beam.The components of
the optical receiver were a thin tube, an analyser, a He-Ne
filter and a photomultiplier with photometer. The thin tube
was a straight, long cylindrical tube. Its dimensions were

40 cm in length and 7 mm in diameter. It was coated with



light absorbing velvet black paint, to absorb the 1light
hitting the walls of the tube. The axis of the tube
corresponded to the propagation direction of the scattered
light and its projection, drawn on the table, together with
the projection of the laser beam axis, was the angle of
scattering ©. The tube selected was small, allowing only
light scattered in direction parallel to the axis of the
tube, or in the paraxial region to pass. From the available
tubes, an optimum size for the diameter was found to be 7 mm
for a tube length 40 cm. Further reduction of the diameter,
could result in stronger diffraction effects and
consequently further depolarization of the received
scattered 1light, as well as significant 1loss of signal
power. The accuracy in measuring the angle of scattering was
within +.5 degrees, due to the fact that the diameter of the
tube was not infinitely small.

The analyzer was a linear polarizer, mounted in the
rotatable part of a mount. The polarizer was an HN-32 sheet,
made by Polaroid Corporation. That polarizer, for the He-Ne
laser frequency (6328 E), gives a principal transmittance kl
approximately equal to .68 and a principal transmittance
ratio kl/k2 approximately equal to 3.4 x 104. Those values
though lower than for a birefringence polarizer, are
acceptable for laboratory (Dark-rocom) conditions with good
SNR, considering the sensitivity of the available photo-
multiplier and the lowest expected level of depolarization

ratio in the experiment. Figure 5.2.3 and Table 5.2.1 show



the wavelength variation of the principal transmittances kl
and k2 for the HN-32 sheet polarizer, assuming that no
reflection losses occur. The mount of the analyser had a
circular scale engraved 0-360 degrees, 1in one degree
increments with each 10 degrees numbered. The zero of the
scale corresponded to the principal axis of the polarizer.
The plane of the polarizer was perpendicular to the axis of
the thin tube and therefore vertical. An index was
positioned on the fixed part of the mount. The 1index was
pointed at the zero of the circular scale when the principal
axis of the polarizer was perpendicular to the horizontal
plane of scattering. With the above design, the analyzer
could detect the 9©orientation of the electric field
components of the scattered 1light, with respect to the
horizontal plane of scattering.

After the analyzer, the scattered 1light, was passed
through a He-Ne filter, and collected by a Q4283 SA 25
Centronic Photomultiplier. Figure 5.2.4 gives the spectral
response of the filter. The Photomultiplier characteristics
are shown in Figures 5.2.5a, 5.2.5b and Table 5.2.2. A
laboratory photometer, model 110 made by Pacific Photometric
Instruments, was connected to the Photomultiplier. The
Photometer supplied the High Voltage for the photomultiplier
and measured its output current that was proportional to the
power of the analysed scattered 1light. Using the above
receiving system, the polarization states of the scattered

light were determined.
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5.2.3 Laboratory measurements of Depolarization by Smoke

Particles

In order to investigate the dependance of depolarization
on the polarization angle of the incident linearly polarized
light and the angle of scattering > , several sets of
measurements were carried out.

The incident polarization angle ﬁ(angle of the incident
electric vector with respect to the horizontal plane of
scattering) varried between O degrees (Horizontally
polarized 1light) and 90 degrees (Vertically polarized
light), in steps of 10 degrees, by rotating the variable
polarizer. Figure 5.2.6a shows the orientation of the
incident linearly polarized light.

The polarized 1light first passed through the cell
without smoke, to measure the attenuation due to the
windows. The optical power meter was used for that purpose.
No measurable depolarization due to the windows was observed
for the light transmitted through the cell. Also the light
scattered from the windows was found to be negligible. Then
cigarette smoke, the scattering medium, was blown into the
cleaned and dried cell. The cell with the smoke was well
shaken, to assure uniform smoke di;tribution and a
measurement of the optical thickness was taken, using the
optical power meter. The optical thickness of the empty cell
was subtracted from the optical thickness of the cell with
smoke, in order to calculate the optical thickness of the

smoke only. To change the optical thickness, the smoke
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density was adjusted, introducing more smoke or expelling it
by air circulation through the cell. Then the cell was
shaken again and the optical thickness was measured. That
procedure was repeated until the desired optical thickness
was achieved. The optical thickness 1t of the smoke for the
depolarization measurements was set to 5, that is typical
for an atmospheric path 1 km. A problem in keeping constant
optical thickness, during the measurements, was the decrease
of the density of the smoke with the time, due to deposit
of smoke particles on the walls of the cell. Considering as
an acceptable error a 5% for 8§, due to the change of Tt with
time, it was found (Figure 5.3.9b) that, for 1=5 the
corresponding change in & was 15%. Dividing the measured
time necessary for that change, by the average time
(approximately 15 sec) of a measurement, it was found that a
readjustement of the smoke density was necessary every 3
measurements, in order to maintain approximately the same
scattering conditions. Furthermore to avoid error in the
optical thickness measurements, due to the smoke deposit on
the windows of the cell, cleaning of the cell was necessary
after a few measurements. For those reasons, the smoke was
used for a maximum of 3 measurements. Then the cell was
cleaned, dried and fresh smoke was blown and adjusted to the
proper density. The cell after shaking was always left at
the same position marked on its base.

The angle of scattering D varied between 180 degrees and

90 degrees, in steps of 10 degrees, by moving the optical



receiver to the proper positions, marked on the horizontal
table.

From the experimental set up and the previous discussion
it is clear that the time necessary to change ?i’ by
rotating the polarizer mount, was much less than the time
required for change of ©, by moaoving and adjusting the
receiver. Also the time avalilable for each measurement was
relatively small. For those reasons each set of measurements
was taken with constant 2 and ?i varying between 0 degrees
and 90 degrees. After each set of measurements a change of

by 10 degrees followed, until the whole range of 9 (180 deg.

to 90 deg.) was covered in steps of 10 degrees.

5.2.3.1 Results

The scattered signal was found, as might be, expected,
from the discussion of Chapter 3, to be elliptically
polarized. For each ?i and 9, by rotating the analyser, the

maximum I and the minimum I of the intensity of

S, max s,min
the scattered 1light passed through the analyser were

measured, as well as the angle where the maximum

(fs,max ’
was found, with respect to the plane of scattering. The

maximum and minimum corresponded to the major and minor
semiaxes of the polarization ellipse respectively, while the

angle indicated the orientation of the ellipse with

(g,max
respect to the plane of scattering.

Figure 5.2.6b shows the parameters of the polarization

/1

ellipse measured in the experiment. The ratio I

s,min’ “s,max
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is equal to the square of the ellipticity (Equation 3.2.6).
In general, the orientation of the major semiaxis of the

polarization ellipse (% ), with respect to the plane of

S, max
scattering,is not the same as the orientation of the

s,max_ ?
calculated for each measurement. The depolarization ratio §,

incident field (‘Fi). The difference ¥ = 6 was

i
was calculated using Equation 3.2.20.

Figures 5.2.7a, 5.2.7b and 5.2.7c show the values of
depolarization for difrerent Sand Qi'

The orientation of the polarization ellipse , with
respect to the plane of scattering is shown 1in Figures
5.2.8a, 5.2.8b and 5.2.8c. The straight line corresponds to
the case of specular reflection, from a mirror, introduced
for the purpose of comparison. A good quality aluminum
mirror was used for reflection measurements. The
Depolarization due to reflection was found negligible
compared to the case of scattering by smoke particles. For

that reason it is not included in Figures 5.2.7.

5.2.4 Conclusions

Two following main effects were observed from the

preceeding laboratory experiments.

1. For a given scattering angle the minimum depolarizations
occur when incident polarization is either parallel or
perpendicular to the scattering plane. The minimum

depolarizations are generally small §=2-5%. The maximum
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depolarizations , typically 6=60% occurs when the
incident polarization approximately is 459 with

respect to the scattering plane. (Figures 5.2.7). These
results are consistent with those expected in Chapter 3,
for scattering by large particles, which can be

approximated to planar specular scattering.

The orientation of the polarization of the scattered
field relative to the incident polarization varies as

a function of the incident polarization angle $;(relative
to the scatter plane) and the scattering angle 9 shown
in Figures 5.2.8. When the incident field direction is
parallel or perpendicular to the scatter plane (?izo or
?i=90° respectively), the orientation of the major
polarization axis of the scattered radiation is parallel
to that of the incident. This has important practical
implications for the Lidar polarization discrimination
scheme, since it means that a backscattered signal will
have its major polarization axis aligned with that of
the outgoing laser beam. (Note that the variations for
other ?i values (Figures 5.2.8) are variations about

the 45° line which is equivalent line for specular
reflections. Since our smoke particles are large
particles, these results are again consistent with the
picture developed in Chapter 3, approximating large
particles to planar specular reflectors at the

appropriate orientations with respect to the scattering
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plane. Thus it can be concluded that backscattering by
large particles, for incident polarization parallel or
perpendicular to the plane of scattering, will generally
be in accordance with the picture developed in Chapter

3, approximating them to specular reflectors.

Experiments were also carried out relating extent of
depolarization to optical thickness of scattering medium
for ?i=00 and 90° and scattering angles 9 close to

180° backscatter (9=1800), since it was physically
impractical to obtain 180° exactly. The extent of
depolarization measured (Figures 5.2.9), which was
smaller for angles close to 180° backscatter, for

?i=o or 900, varied linearly with optical thickness for
small optical thicknesses. This is expected since it is
reasonable that the amount of depolarization varies with
the number of scatterers, which in turn varies as

optical thickness (for small values.

Depolarization in Atmospheric Backscattered Lidar

Signals and Receiver field of view.

To examine the effects of depolarization due to

atmospheric backscatter that result from Lidar returns at

typical atmospheric conditions, field tests were carried out

from

the CCNY laboratory window using the polarization

discrimination DASE Lidar system.

As discussed in Chapter 3, it is expected that there are



two main socurces of depolarization in signals backscattered
to the Lidar receiver. The first of these 1is the
depolarization of 9:1800 single step backscattered radiation
from particles, (Figure 3.3.3) without rotaticnal symmetry
about the backscatter direction, and where the wavelength A
is not much smaller than p, the radius of the particle
scattering surface. In that case the backscattered component
from the assymetrical particles would be depolarized.

In this single step process, praovided the receiver field
of view (acceptance angle) is larger than the outgoing Lidar
beam divergence, the depolarized backscattered signal should
not vary with increasing receiver field of view.

The second depolarizing scattering process expected is
that due to multi-step scattering, Figure 3.3.4 from any
particles, where as expected theoretically, this component
of the return signal is also unpolarized. In practice, it is
expected that at normal visibility conditions encountered
(i.e. greater than 5 Km) it is only two step process that
will be responsible, because of the small scattering
cross-sections making 3 step process, relatively‘improbable.

As can be seen from Figure 3.3.5a and 3.3.5b, the
depolarized signal due to multiple scattering <can be
expected to increase with receiver field of view. From
simple geometric arguments, the depolarized backscatter due
to this process can be expected to be proportional to the
area of the scattering plane being, viewed, or for small

ahgles, to the square of the field of view (or acceptance
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angle). Obviously this argument can hold true only for small
acceptance angles both for simple geometric reasons, as well
as the following reason: as the field of view increases, the
dependance of intensity on the square of the distance
(square law effects) will start to dominate and reduce the
backscatter intensity.

Thus, experiments which examine intensity of depolarized
backscatter signal as a function of receiver field of view,
should show the sum of the polarized signals due to the two
effects. This should be a sum of a constant amount for the
first depolarization effect due to a 180° single step
backscatter from assymetric particles plus an amount which
varies monotonically with the receiver field of view
(acceptance angle), due to two step backscatter from any
particles. In fact, as discussed above, simple geometric
considerations lead one to excpect square law variation of
intensity of depolarized signal with respect to receiver
field of view for the second effect, for small acceptance
angles.

To examine these effects in the case of atmospheric
backscatter, the Lidar system was operated in a series of
tests at a wavelength of 4500 ﬁ. The transmitted signal was
sent out at one polarization and the received signal deteced
at both the same polarization (for reference) and the cross
polarization, to observe the depolarization effects due to
the atmospheric backscatter, as function of the field of

view of the Lidar receiver.
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The field of view of the receiver was varied by means of
a variable aperture iris at the focal point of the Fresnel
lens collector. The aperture of the iris could be varied
from 1 cm down to zero.

To proceed with the backscatter experiment it was first
necessary to determine the Lidar transmitter beam divergence
and the Lidar receiver field of view. The Lidar beam
divergence angle was determined 1in the laboratory with
simple geometric measurements to be approximately 1
miliradian,

To determine the receiver field of view, as a function
of iris diameter, a Helium-Neon laser was mounted in front
of the telescope and its inclination varied and measured
with respect to the Lidar receiver axis to determine the
maximum acceptance angle for different iris apertures.
Figure 5.3.1 shows the variation of field of view with iris
aperture.

The Lidar returns obtained for different aperture sizes
were of the type shown in Figures 5.3.2a, and 5.3.2b, which
were obtained on a relatively clear spring day. Returns at
that time were very steady, giving less than 2 percent
variation from shot to shot for the same aperture setting.
The parallel and cross polarized returns were obtained
simultaneously for both the parallel and cross polarized
returns.

The results of these series of tests at 4500 A is

plotted in Figure 5.3.3a showing the depolarization § from



signal backscattered from a distance of approximately 1 Km
as a function of the receiver field of view. Below 1
miliradian setting, the signal decreased rapidly as the
receiver aperture decreased below the divergence of the
outgoing beam.

To further analyze the results, they are shown in Figure
5.3.3b plotted on log-log coordinates. It can be seen that
up to a field of view of 6 miliradians, the depolarized
signal increases approximately as the square of the field of
view (receiver acceptance angle). Beyond that, the
depolarized signal ceases to increases as rapidly. These
results are 1in conformity with the simple geometrical
picture evolved 1in Chapter 3, and reiterated in this
section, explaining the depolarization as the sum of a
single step 9-180° backscatter process plus two step
scattering from all other particles.

In any event, as can be seen from the results, the
depolarization, &, was less than 1 percent for a 1.2 mm
diameter iris aperture, giving a field of view of
approximately 1 miliradians, or easily larger than the
minimum necessary to encaompass the transmitted beam
divergence of 0.5 miliradians.

While this depolarization is small, the resultant errors
are even smaller, since as seen in the error analysis, the
maximum fractional error in pollution concentration
measurement would be typically 10 x (61—62), where 61 is the

depolarization signal received from the start of a sample
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region Ar, and 62 is the depolarization signal received from
the end of the sample region. Now in no case was 61-62>O.001
for sampling region of 100 meters. This means that a maximum
error of 1 percent could be introduced in pollution
measurements as a consequence of depolarization differences
between on end of a 100 meter sample region to the other.
Even for larger 500 meter sample lengths no depolarization
differences (62-61)>0.002 were observed, i.e. rTesulting in
potential maximum errors of 2 percent in pollution
measurements. Needless to say error contributions of these
levels are certainly acceptable in DASE Lidar systems, being
below errors due to other factors (e.g. defocussed scope

traces).

5.4 Simultaneocus Twc Wavelength measurments of

Atmospheric NO2
A series of field tests were carried out with the
polarization discrimination DASE Lidar to measure the
atmospheric NO2 pollution in a path extending from the CCNY
laboratory window out over the eastern side of upper
Manhattan. The purpose of these tests was not to carry out
an extended pollution survey, but simply to demonstrate the
viability of utilizing polarization discrimination
techniques with the DASE Lidar, to carry out time resolved
atmospheric pollutant measurements of this type.
To carry out these tests, the Lidar arrangement was that

of Figures 4.2.1 and 4.4.1, described in sections 4.2, and
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4.4 and set up to simultaneously emit two orthogonally
polarized colinear laser beams at two wavelengths: 4478.5 ﬁ
and 4500 K, corresponding to a prominent peak and trough of
the NO2 absorption line respectively. The Lidar receiver was
designed as described in section 4.2, Figure 4.2.1 to
separate each of the two backscattered signals by means of
the calcite beam splitter and detect them simultaneously by
photomultipliers covered by wide band (50 K filters). The
outputs from the photomultipliers were displayed on storage
scopes.

Typical scope curves obtained for the backscattered
signals are shown in Figures 5.4.1. Some of the typical
pollution measurements derived from the results of the
series of tests are shown in table 5.4.1. The results are
comparable to these previously obtained using narrow band
filters, and serve the purpose of the experiment, namely to
demonstrate the viability of utilizing polarization
discrimination for the DASE Lidar approach.

It might be noted that pollution values obtained were
compared to data obtained from the New York ODepartment of
air resources and as 1in the case of previous narrow band
filter measurements were generally found to be within ¥ 20

percent for the samples chosen.
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SMOKE CELL

INCIDENT BEAM VARIABLE He-Ne LASER
\\, LIN. POLARISED POLARISER UNPOLARISED
9 3. 1
//’ f PLANE OF SCATTERING
He-Ne ANGLE OF SCATTERED (HORIZONTAL)
POWER METER  SCATTERING LIGHT Z7
THIN TUBE
ANAL YSER
He-Ne
NB FILTER
PHOTOMULTIPLIER f

H.V. POWER SUPPLY
AND PHOTOMETER

FIGURE 5.2.1 Experimental setup for depolarization measurements of He-Ne laser light
scattered by smoke particles at different angles.
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FIGURE

5.2.2 Photograph of the experimental setup for depolarization measurements of

He-Ne laser light scattered by smoke particles.
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FIGURE 5.2.3 Dependence of the principal

transmittances kl and k2 on the wavelength
in the visual range for HN-32 polarizer.

The vertical scale is linear in log(1l/k).

Wavelength
(nm) kl k2
375 .33 .001
400 J47 .003
450 .68 .004,5
500 .75 .000,05
550 .70 . 000,02
600 .67 .000,02
650 .70 . 000,02
7060 77 .000,03
750 .84 .000,2

TABLE 5.2.1 Principal transmittance

values kl and k2 for HN-32 polarizer

at representative wavelengths in the

visual range.
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Typical Anode Sensitivity
and Gain vs tube Voltage
for a Centronic Q4283SA-25

Photomultiplier.
OPERATING CONDITIONS NORMAL LIMIT
ANODE SENSITIVITY (A/Lm) 200 2000
ANGDE  CURRENT 10uA TmA
CATHODE CURRENT - S0uA
MAX. TEMPERATURE 30°¢ 70°%¢
MIN. TEMPERATURE -60°C -18%
CATHODE-O1 VOLTAGE 150V 300V
SUPPLY VOLTAGE

Operating Conditions for a Q428SA-25

Centronic Photomultiplier.

1

r

/

/



178
Vert.

DIRECTION OF PROPAGATION
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FIGURE 5.2.6a Polarization angle of the incident linearly
polarized light with respect to the plane of
scattering (Horizontal).
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FIGURE 5.2.6b Orientation of the semiaxes of the polariza-
tion ellipse, with respect to the plane of
scattering, for light scattered by smoke
particles.
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FIGURE 5.3.2a Parallel and cross polarized backscatter
components for 2 and 10 mm receiver aperture

sizes.
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FIGURE 5.3.3b Logarithmic variation of depolarization with
respect to the field of view of the receiver.
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NO2 Concentration

Time (ppm)

Range 1000m 9.00 AM 0.26
Resolution 200m 5.00 PM 0.28
6.00 PM 0.20

8.00 PM 0.12

Range 500 9.00 AM 0.20
Resolution 200 5.00 PM 0.16
6.00 PM 0.14

8.00 PM 0.12

TABLE 5.4.1 Range, Resolution,

NO

2

Pollution concentration

for various times during the day.
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CHAPTER 6
SUMMARY AND CONCLUSIONS

The basic objective of the work reported was to analyse
the basic requirements for a polarization discrimination
DASE scheme, for atmospheric molecular pollution monitoring,
and to examine the atmospheric factors which affect these
requirements, and, based on this analysis, to design
construct and demonstrate an operating, polarization
discfimination DASE Lidar system. Following a detailed
analysis of atmospheric elastic scattering and polarization
effects and comprehensive error analysis, a polarization
discrimination DASE Lidar system was designed built and
successfully used to test out the basic design premises,
through atmospheric backscatter depolarization field
measurements, as well as to demonstrate the operational
viability of the system in field measurements of atmospheric
Nitrogen Dioxide concentrations.

The polarization discrimination approach was evolved to
overcome some of the limitations of previously existing DASE
systems and to extend their applications and versatility. In
the polarization discriminmation approach, Lidar outputs are
emitted simultaneously at two close-lying wavelengths, with
the outputs orthogonally polarized. The output wavelengths
correspond to a peak and trough in the absorption spectrum

of the pollutant being monitored. The concentration of
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pollutant is determined by measuring the relative
attenuations of the Lidar backscattered signals at each of
the wavelengths as they traverse the sample region. To be
able to measure these relative attenuations, it is necessary
to be able to separate and measure separately each of the
backscattered signals. The premise of the polarization
discrimination scheme is, that backscattered signals retain
sufficiently the 1initial polarizations of the outgoing
signals to permit polarization discrimination techniques,
alone, to be used to separate the return signal at each of
the two wavelengths.

To examine the basic feasibility of the polarization
discrimination scheme, atmospheric scattering features, and
their effect in depolarization of backscatter, were examined
in some detail. Inclqded in this examination was Rayleigh
backscatter from atmospheric molecules and water vapor, Mie
(particulate) backscatter from particles with sizes both
comparable and large with respect to wavelength, with
symmetric and non-symmetric shapes, as well as multiple
scattering processes. From this examination it was
determined that depolarization effects were to be expected

primarily from 180°

backscatter from non-symmetric small
particles, as well as from multiple scattering (two-step)
from particles of all sizes and shapes.

A comprehensive error analysis was also carried out to

determine the impact of such depolarization in backscatter

as may be found to exist, on the accuracy of measurements



with the polarization discrimination DASE scheme. Because of
the relative nature of measurements used in the scheme, it
was found that errors introduced by undesirable
depolarization backscatter were 1likely to be limited to
negligible values.

The polarization discrimination system was then built
using a polarizing beam splitter in the laser cavity to
produce orthogonally polarized laser outputs at two
close-lying wavelengths. A similar arrangement was designed
for the Lidar receiver, where the separated signals were
detected by separate photomultipliers.

Measurements on backscatter depolarization, a factor of
key importance in the approach used, were then carried out
both in laboratory tests and field tests. In the laboratory
tests, it was found that backscatter, from particles large
compared with the wavelength, retained a large degree of
specularity as far as polarization was concerned. This meant
that 180° backscatter largely retained the initial incident
polarization. Atmospheric field tests showed depolarization
consistent with a picture of 180° backscatter depolarization
plus depolarization due to multiple scatter. The latter
effect was the predominant one, and could be largely
eliminated by reducing the optical receiver aperture to
match the 1 miliradian divergence of the outgoing Lidar
beam.

Under these conditions, the depolarizations measured in

backscattered signals were of the order of 1 percent. Taken
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in conjuction with the error analysis, it is found that
undesirable backscatter depolarization effects «can be
neglected as a practical source of error in a polarization
discrimination DASE Lidar system.

Finally field experiments were carried out, to measure,
from the laboratory window, concentrations of nitrogen-
dioxide at kilometer ranges over the upper East Side of
Manhattan. The results of these experiments, which measured
pollution —concentrations of 1low ppm demonstrated the
viability of the polarization discrimination DASE Lidar

system.
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