UNCLASSIFIED

AD NUMBER

AD889027

NEW LIMITATION CHANGE

TO

Approved for public release, distribution
unlimited

FROM

Distribution authorized to U.S. Gov't.
agencies only; Test and Evaluation; OCT
1971. Other requests shall be referred to
Commanding General, Deseret Test Center,
Fort Douglas, UT 84113.

AUTHORITY

OPGOIA 1ltr, 5 Mar 1974

THIS PAGE IS UNCLASSIFIED




B

\ AD — *
Nl ROTE PROJECT NO. 1-T-0-62111-A-128

7

*USATECOM PROJECT NO._5-C0-403-000-038
DTC PROJECT NO. DTC-TN-72-603

TECHNICAL NOTE %

N

AD 88902

[N

xR
RRE

srwrpeirdl AERSRALS

PP RTSRT: § R L 1

LASER RADAR TECHNOLOGY

<

T
R e

-,

b

Gt

BY

|
;

e

oS

WILLIAM M. PEKNY

OCTOBER 1971 DDC-N

Sy L it

4

AD Ka.
L5 FiLe copy

A St el

3T Ay S SIS

DESERET TEST CENTER
Fort Douglas, Utah 84113

LpBEe

Distribution limited to U. S. Government
agencies only. (Test and Evaluation).
October 1971, Other requests for this
document must be referred to: Commanding
General, Deseret Test Center, Fort Douglas
Utah 84113,

A X iy

il e e

S s




5

14
DISPOSITION INSTRUCTIONS

DESTROY THIS REPORT WHEN NO LONGER NEEDED
OO NOT RETURN IT TO THE ORIGINATOR

. ( |
_ . g

awL wm ” m

, | = b Mmm ,
=T ] ik 4
Lo : x | (B3 n l

o Pod e | | ﬁ H

: = o P i i

] ifeit man?D‘( |

~ ;

P 1

e Y A NP A Y 5 - 1735 :
i = & ¥ # i Lo et ety

R ANt
1

A S L e PP
B ERCR s e SRR Iy g rerat et 5y o i
Rl o ERRE M e ey AT e o
Rt i SR R AT IR T g8 03 Ayt PR T

s
i




o e — B

e

Gog it
BRSNS

TECHNICAL NOTE

Brse e’ 7

e

]

Eoe T

LASER RADAR TECHNOLOGY

oy

H,uwww,,m..»,.nm
R

%
39
£l

Sy Gt ghor o

BY N

WILLIAM M. PEKNY
1LT CMLC

e MgV e

3
3

.,
P

o2 1)

OCTOBER 1971 ;

i

5

0

L ke '»:‘ g AR o

!

Distribution limited to U. S. Government
agencies only. (Test and Evaluation).. - .-
October 1971. Other requests for this
document must be referred to: Command-

ing General, Deseret Test Center, Fort
Douglas, Utah 84113.

N7 i mat s,
H E s esr dn el ol

oy syt or v et

3

SIS e

DESERET TEST CENTER
FORT DOUGLAS, UTAH 84113

L.

3

&

,wﬁwv
g et B AR R

- - - - - o et  m— .

St ey

st

1




g aptete e

R,

&

oo bisite

5 o s R R
s Syt i e e S

4R

gfrsndee il 438

5

AT L

>,
s

LR BN SN LTS

AR A7)
AN ¢
R

—

(R

Modins sty e = e e e e m - PR e = e < s o

SUMMARY ABSTRACT

LIDAR (light detection and ranging, Laser Radar) is a transceiver
system which measures the amount of light returned to a receiver due to
backscattering of the transmitted signal from aerosols blocking the
path of propagation. The term aerosol refers to any physical matter
suspended in the atmosphere, other than standard atmospheric gases (02,
Nz, COZ’ etc.). All such matter, whether solid or liquid, possesses
the ability to reflect and/or absorb light energy which is incident
upon it.

The extreme importance of LIDAR, as a tool for meteorological pre-
diction and monitoring, is that light energy, returned (backscattered)
to the LIDAR receiver, provides an observer with a multitude of dis-
tinct information about the volume of atmosphere which caused the light
scattering. LIDAR also provides a remote ranging capability.

This paper will be devoted to an explanation of how this returned
signal can be filtered for extremely detailed information concerning
the portion of atmosphere with which it interacted. The study was con-
ducted in three phases. The first phase is devoted to the LIDAR
instrument itself, to include the physical parameters and governing
equations, as well as the LIDAR system's advantages and shortcomings,
in comparison to conventional radar systems. The second phase is
devoted solely to a typical volume of the atmosphere, its physical

properties, and what must be known about the physical properties. The
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In the field of meteorology, the formalism for large-scale atmos-
pheric phenomena is well understood and documented. The worldwide grid
of weather obhservation staticns, as well as satellites, provides direct
measurement or observation of the state of the atmosphere to a high

degree of accuracy and reproducibility, provided the sc-ie is large
enough, It is the elusive micro and mesoscale phenoniena which yet

escape the interested observer. The minute scale most assuredly masks
the phenomena within the larger, more gross patterns.
Thus, an indirect observation approach must be taken as is done in

atomic and nuclear physics. The structure of the nucleus of an atom

cannot be observed, or its properties measured, by the use of a stand-

ard laboratory microscope. The scale size is too small., Therefore, a

That is, a substance in question is

The

more indirect approach is used.

bombarded with well-known elements, such as protons or electronms.
effect of the substance in question, on the known particies, is then
observea in an attempt to make deductions concerning the properties or
structure of the unknown. The existence of mu, pi, and k™ mesons is,
for example, a result of this indirect type of observation. Similarly,

the electromagnetic energy transmitted by a LIDAR system can be used to

deduce indirectly the properties of a medium (the atmosphere) through

which it propagates.
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PHASE 1. THE LIDAR INSTRUMENT, ITS PROPERTIES AND GOVERNING EQUATIONS

The LIDAR principle is identical to that of a conventional radar
system in that a pulse of energv is transmitted. For LIDAR, the trans-
mitted signal has a wavelength in the visible or ﬂear visible region of
the electromagnetic spectrum (0.2 to 1.0 microns, normally). Typically,
an energy per pulse is on the order of a few joules. The duration of
the pulse is ucually between one and ten microseconds, although pulses
shorter than one microsecond are desirable for ranging resolution. The
signal, as it propagates through the atmosphere, will diverge somewhat,
depending on the optical properties within the laser. Typically, LIDAR
beamwidths vary from 1 to 20 milliradians. The signal, as it propa-
gates away from the transmitter, is scattered by the medium, A small
fraction of the signal will be scattered in the backward direction. It
is this backscattered energy (0 = 1800, Fig. 1) which is detected and
measured as a function of range, or distance, at which the scattering
occurred. Two quantities are now available to the observer:

a. The amount of energy returned due to scattering from a partic-

ular volume of the atmosphere.

b. The range at which this scattering occurred.

The manner in which the energy is detected and ranged is
straightforward. A narrow column of the atmosphere is illuminated, and
the light is scattered in all directions, as well as absorbed by the
medium. Whatever fraction of the original signal that is returned to
the detector is passed through a narrow band filter to reject unwanted
stray light of different wavelengths, such as sunlight. The signal is

then focused internally on a series of photomultipliers. The
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photomultiplier tubes convert the focused light into an electrical
signal which is then amplified to a usable level, calibrated, and por-
trayed in some form of scope display or digital readout. Frequently,
the returned signal is so weak that individual photons are counted.
The problem of signal amplitude measuring due to scattering from many
different ranges is one of counting the number of pulses from the
photomultipliers in a series of gated intervals.

The amount of power returned - i.e., the fraction of the incident
power scattered in the backward direction - is dependent upon:

a. The intensity of the incident signal.

b. The wavelength of the incident signal.

c. The physical and optical properties of the scattering media.

LIDAR, rather than a conventional radar, is essential for
observing small particulate matter and gases as indicated by the equa-
tion which yields the efficiency for scattering a signal. The scat-

tering cross section (o) is defined as:

| " |2
_ ear’a® | mf -1
A4 m2 + 2

for scattering particles with radii sizes less than the wavelength of

the incident signal,

where a = radius of scatterer

X = wavelength of signal

m = ir .ex of refraction of scatterer.
If A = 10 cm (conventional radar)
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B and a = 10mm (raindrop) ;

6 5

{ then -3-4- = 107%cm?. ; 3

% b A i L
] ' This ratio is easily detectable by conventional radar.
{ ., E
; : b
r ’ If A = 10 cm (conventional radar) i b
i . B
. and  a = 10%mm (dust particle) ~
i 6 , ..‘
? then 3—; = 10”2, ‘
5 & A B ’
% This ratio would not be detected by conventional radar since the dust f
% 1 particle is so small.
- 9 If = 103cm (LIDAR)
. and a = 107%m (dust particle) g‘
P 6 3
! then ?‘—4- = 10 82,
% A i&
4
The dust particle is now detectable due to the much shorter wavelength
of the LIDAR.
Thus, a LIDAR possesses the capability of detecting extremely }
‘ e
minute atmospheric particles, as well as gases. 5 j;
. PHASE 2. PROPERTIES OF ATMOSPHERIC SCATTERERS ‘

' It was shown in PHASE 1 that, for a given signal intensity (Io), ,

the amount returned (IR) due to scattering at a range (R) would be con-

siderably less than Io' The actual amount returned is dependent on the ;-
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scattering angle (9), the wavelength (A\), and the properties of the

scatterers. Therefore, if the transmitted intensity (Io) is known, and
the returned intensity (IR) is known, some deduction concerning the

properties of the scatterers can be made. However, the computation is

complex.

i

The atmosphere is composed of many different particles and gases

NS

SR

of many different sizes. The scattering cross section (efficiency of a
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particle to scatter light) was theorized by Mie (1908). His hypothesis

g

s

was:

B
]
23
*

6(0) = f% (i,(0) + i,(0)} 2)

where o(0) is the scattering cross section for a direction 9; il(o) and

iz(e) are the amplitude scattering functions (Appendix I); and k = Z%‘

The Mie solution describes the ability of a particle to scatter

incident light in any direction as a function of the radius, index of
refraction of the scattering particle, and the wavelength of the inci-
dent light. An indication of the completeness of the solution is the

fact that it contains the two classical cases of scattering:

a. When a particle's diameter is much less than the wavelength,

the Mie solution reduces to the familiar case (as in conventional

radars) of Rayleigh scattering, where a particle's ability to

scatter light is inversely proportional to the fourth power of the

laser transmitting wavelength. 4
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b. When a particle's diameter is orders of magnitude greater than
the wavelength, the Mie solution approaches geometric scattering,
where its ability to scatter light is nearly independent of wave-
length and is proportional to the particle size or geometric area

of the particle.

In these two regions, the variation of the cross section (o) with
a and A is quite smooth. However, if a is nearly equal to A, o is a
highly fluctuating quantity and the generalized version of Mie's equa-
tion is required. From electromagnetic theory, this equation can be
derived rigorously for spherical scatterers of arbitrary size. A some-
what detailed derivation is provided in Appendix I.

An important assumption was made within Equation 2; that is, that
the scattering particles are spheres. The Mie theory, when applied to
scattering from nonspherical particles, indicates that the shape of the
particle is not nearly as important as its size and optical properties.

The most important quantity in determining the cross section,
other than radius and wavelength, is the complex index of refraction.
This is a quantity, associated with the particle, which defines its
ability to scatter light; i.e., it indicates how well a given particle

will reflect and/or absorb incident light.

SRR




Now, given an arbitrary particle radius {@), its index of refrac- 5
tion (m), an incident signal intensity (Io), and wavelength (1), the %
o
.
amount of power scattered in a direction (0) can be computed. 5
i;
However, the typical atmosphere consists of scattering particles : !
i
3 - - r’
of various sizes and indices of refraction. Therefore, the total -
. t "‘"
scattering cross section for an illuminated volume of the atmosphere i 9
will be the su. of the scattering cross sections for all the different ) ﬁ
3 = . ¥ S
9 p- . . . N - N i b4
5 .- types of particles {different indices of refraction) and the sum, over ; i
23 ’
. 29 . B
b 3 the size distribution (the number of particles for each type). The P
H 4 ; -
E 'E cross section for all particles whose index of refraction is m is: § P
i . 9
i
a2 § :-
o, = f n(a)om(a)da (4 3
a i
1 4
™, :
O'T = jm o‘mdm )]
. 1 :
. e PHASE 3. LINKAGE OF LIDAR PRINCIPLES TO SCATTERING PRINCIPLES 5
;! 4 's
E g The returned power is a function of the incident power and the =
i }' { backscattering coefficient. The LIDAR actually measures the volumetric ] 4
A 2 4
?’ ? f backscattering coefficient (oT); i.e., the signal can be processed to g }
?a £ - § yield Ope However, these values are not useful.
:‘ *’; ) ’ .
- 9 The process of diffusion in the atmosphere, as a function of time %
3 .
4 § and space, is represented as concentration M. ;
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M = %n / aspn(a)da (6)

The ranging and real time capability of LIDAR will automatically

provide a number which is a function of time and space, but this ques-

— PO R O TSI FUR
& b O Ty T G TAGI, > LR TPy

tionable number must be edited in such a way that it is an accurate

£ous i e i

measure of the concentration of particles (M) at any particular time f

sy Moo

and space coordinate.

Let a tracer be introduced into the atmosphere. This tracer shall

[

fluoresce at a designated wavelength, one which the LIDAR receiver is
tuned to detect. If the properties of the tracer are such that it
mixes with the atmosphere and remains in suspension, then the concen-

tration of the tracer will be the same as that of the included atmos-

pheric sample. Since the size distribution of the tracer is known, O
in Equation 4 is known. The index of refraction of the tracer is
known; hence, Equation 5 is a constant.

For these conditions the quantity actually being measured by the
LIDAR is the total number of tracer particles, nT(a). Hence, the con-
centration of the tracer cloud is known. If observation of diffusion
of the tracer were the only requirement, this method would be

. acceptable.
However, disseminating a tracer into a cloud each time a concen-

tration measurement is desired is inconvenient. A tracer would be

T

totally unacceptable if random observation of air pollution is desired.

If a tracer is not used, assumptions must be made concerning the
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size distribution of particies and integrated index of refraction. For
a typical atmospheric sample, some particles would be falling out;
hence, the size distribution is also a function of time. The effect
of this and variation of index of refraction and size distribution on
the concentration are currently being studied at the National Center
for Atmospheric Research (NCAR)}. No conclusive results have yet been
determined.

Two other methods could possibly circumvent this problem area.
One would be the use of Raman scattering. This method totally ignores
size distribution and focuses on particle identity. The only short-
coming of this type of system is laser technology itself. More power
output than is now available from commercial lasers would be needed in
order to produce any useful ranging capability. The other solution
would be to use a standard, but wavelength tuneable, LIDAR system.
This would provide more information concerning the indices of refrac-
tion of scattering particles. Again, however, improved laser tech-
nology (power output) will be required.

A LIDAR using a tracer seeded atmosphere would be orders of

magnitude better than any diffusion monitoring system which now exists.
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APPENDIX

DERIVATION OF SCATTERING EQUATIONS FROM MAXWELL'S EQUATIONS

There are four fundamental equations of electromagnetism--

Maxwell's Equations. The equations are completely general and apply to

all electromagnetic phenomena in media which are at rest with respect

to coordinate system used. They are valid for nonhomogeneous, non-

linear, and even nonisotropic media.

These equations are:

- >
UxE + 2B = o Q)

n-® .3 K (8)
B ©)
" 9D (10)

Some other useful relationships are:

> -
D = ¢E (11

H (12)

w ¥
#
k=4
o

E (13)
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where electric field intensity
= electric displacement
current density

= magnetic field intensity

Wy T Yy o my
n

= magnetic induction

free charge density

©
i

dielectric constant

™
H)

¥ = magnetic permeability
¢ = conductivity of medium

t = time

From these eight equations the motion of an e*ectromagnetic wave
through some medium can be determined. The intensity of a beam at a
particular set of coordinates (x,y,z) and at a particular time (t) are
to be determined. Equations 7 through 8 are rearranged and combined
along with Equations 11 through 14 to yield the wave equation. Solu-
tions to the wave equation provide the magnitude of E and ﬁ fields as a
functicn of x, y, z, and t. However, solving Maxwell's equations in an
X, ¥, 2z, and t coordinate system is a very difficult and complex
procedure. Therefore, "Plane Wave Solutions" are defined as those
solutions to Maxwell's equations depending only upon one space and
time coordinate.

Let £ be a space coordinate such that

12
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->

where 1 = wunit vector in x -
g . .
j = unit vector iny -
+ 3 -
k = unit vector in z -
+ - -
n = unit vector in § -

The following mathematical

direction
direction
direction

direction

operators reflect the change of the §

axis with respect to the x, y, and z axes:
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Maxwell's equations may now be written in a simpler and more

workable form.

<ok ol
nx%% + ugf = 0
- ->
nx%% - e%%-— OE = 0
->
?{-3% - %E(K-E) = 0

Since p is equal to 0 in a conductive media - i.e., no free

-
charge - then V.D is equal to 0. Therefore

->
> >
nE - LaE = oo
9L 9L

;x.a_.z:E)- + lr——--azﬁ = 0
ag2 atog :

Differentiating Equation 16 with respect to t
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and Equation 22 becomes
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A plane wave sclution of Equation 23 is

v = ei.kmﬁ + iwt

where

2

and

Now that a representation for the -:iopagation of an electromagnetic
wave through a medium has been obtained, boundary conditions are
imposed; that is, the effect of a sharp boundary between homogeneous
media is to be considered. For the atmosphere, these boundaries are
the gases and aerosol gcatterers. An expression for the change in the
electromagnetic wave (scattering) caused by these boundaries can be
formulated by considering the solutions to the wave equation with
specific boundary conditions.

The "disturbances" (u,v) of a wave can be expressed in terms of
the plane wave solutions of Equation 23. This solution, as shown by
Mie, gives the components of the E and E fields at any point inside and

outside a scattering particle.

_ (=il (-ikr~iwt) 2n+l 1
u = {i;}{e Hcose} 25; a A D) pn(cose) (24a)
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4 ;. Consider a simple example of this scattering phenomena, as illus-
3 e
E 3 trated in Figure 4. An isolated particle is irradiated by a plane
S
E 3 electromagnetic wave (as previously defined) of intensity IO. For
H
4 8 propagation of this wave through a homogeneous medium (el,ul,ol), its
3 3 L . character is preserved; however, the presence of a scattering particle
%1 ‘g with properties differing from the surrounding medium (ez,uz,oz) dis-
S o
b 3 .
. torts the wave.
3 ,
- The disturbance of the incident wave is classified according to:
b a. That portion of the incident energy which is scattered or
3
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reflected by an angle 0.

b. That portion of the incident energy which is absorbed by the

scattering particle.

The scattering capability of an arbitrary scattering particle is
defined by its optical properties; i.e., its complex index of

refraction,

4niuo

where the complex term defines the absorption properties of the

scatterer.

From the disturbances, as defined by Maxwell's equations (Equa-

tions 24a and 24b), a set of usable amplitude scattering functions

(SI(O), SZ(G), SS(G)’ S4(0)) are defined.

Sl(e) = < ﬁ%ﬁ%%f {annn(cose) + bnrn(cose)} (25a)

2n+1

Ty (2pTn(c0s®) + by, (cose)} (25b)

S,(0)
2 n=1

For a scattering medium which is spherical and homogeneous, the

functions 83(9) and S4(O) are zero.

1
sinG

1
7 (cos@) p.. (cose)
n n Associated
Legendre
Polynomials

d _1
tn(cose) Fe) pn(cose)
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Consider an atmospheric model consisting of one scattering sphere
For incident radiation of intensity Io, the radiation

a direction © (as illustrated in Figure 4) is given Ly Mie

1)(0) + 1,(0)

1(0) = I
0 2.2
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where

L = s,

1

i,0) = |5,

Hence, Equation 26 is a general representation of the intensity of
radiation scattered into an angle 0, due to the presence of a scat-
tering medium as defined by il(O) and iz(e). The quantities il(G) and
iz(G) are called the intensity functions.

The efficiency of an object for scattering radiatiun back to the

source is expressed as the radar cross section (o) of the object.

27 (. .
(@) = ~=<{i (©) + i,(0)
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