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An Plementary Derivation of the Saturation
of Optical Scintillation

H. T. Yura
Electronics Research Laboratory
The Aerospace Corporation
P. 0. Box 92957
Los Angeles, CA 90009

(invited)

Although the literature abounds with many papers dealing with saturation
of scintillation and related phenomena, these works tend to be very mathemati-
cal in nature and difficult to understand the underlying physical phenomena
that causes this effect. The purpose of this paper is to present an elemen-
tary derivation of this phenomena which physically elucidates the underlying
caugses of saturation of optical scintillation. As will be shown, saturation
of optical scintillation is obtained from a straightforward generalization of
Tatarskii's geometrical opticals nodel(l) to one that includes the progressive
loss of transverse spatial coherence of the wave as it propagates through the

turbulent mediua.

The physical mechanism through v.ich turbulence induces beam breakup is
the focusing produced by the inhomogereities in the path of the wave. The
simplest model of this effect that retains the essential physics is a plane
wave 1incident upon a series of closely packed refractive spheres. Consider
the scalar plane-wave field with wave number k incident on a single sphere of
radius a and refractive index o, relative to the surrounding medium (where the
refractive index 18 assumed unity). The scattering for the range of
parameters of Iinterest, n; < 10'6, ka >> 1, is primarily in the forward
direction, In the geometric approximation, the condition 0, << 1 implies
negligible reflection at the surface of the sphere and that each ray (the
normal to the wavefront) will pass into and out of the sphere virtually

unperturbed in direction (the refraction angle at the surface is =~ nl).

In this so~called paraxial approximation, it is well known that a sphere
can act as a lens with a focal length f = a/2n;. For n; > 0, the lens is
converging; for 0y < 0, there is a virtual focal point behind the lens at
a/2|n;|, and the lens is divergent. For a = 10 cm and n; = 10-6, the focal
range f = 50 km., Hence, for most applications we are much closer to this
spherical lens than its focal plane (except for the smallest of spheres), and
the focusing power of the lens will not be very effective., The fractional
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intensity increase (or decrease, for oy < 0) induced per sphere will then be

small.

We can estimate the irradiance fluctuation induced by a single sphere
being swept past the line of sight between the source and observation point as
follows: In the absence of the sphere, the (plane-wave) irradiance 1is I
= Ai at all ranges, where A, is the initial amplitude. With the sphere
present, the energy incident upon the sphere is brought to a focus at range f
along the optic axis (meglecting diffraction). If we pass a plane
perpendicular to the optic axis at a distance z from the sphere, the energy
will be confined to an area (l - (z/f)]2 Iaz, and conservation of emnergy
implies that the mean square relative amplitude fluctuation at z due to a

single sphere is

2 2
° a-

Assuming the mean number of (closely packed) spheres of radius a along
the path 18 z/a and the contribution from each sphere to the resulting ampli-
tude fluctuations are independent we conclude that the resulting mean square

relative amplitude fluctuation from the multiple spheres is given by multiply-
ing Eq. (1) by z/a.

This geometrical optics result should provide a reasonable estimate of
irradiance fluctuations when diffraction effects are small. Hence for z <
kal we obtain the estimate (for z << f ~ n,/a, and neglecting factors of order

unity)

2 @

<ceasay’s - [ % -’ij 2w (z/a)3, 2 <« ka
° 1 ‘2 a 1 *
To relate this result to the Kolmogorov "continuum model” we note that in
the inertial subrange we have the estimate <n;2> ~ C % a?/3 for 1 << a << L,,
where an. "o and L, are the index structure constant, inner and outer scale,
respectively. Substituting this into Eq. (2) and summing over all scale sizes
yields

L
°
((GA/AO)2> ) [an 32/3](2/11)3 v 3 Cn2/l°7/3. z < kloz (3)

a-!o




In the geometric optics regime, the amplitude fluctuations increase as the
cube of the distance, are dominated by the smallest eddies, and are indepen-

dent of wavelength,

The effect of diffraction by the spheres can be included by noting for
z D> kaz
the order the square of diffraction spot size -.2(1 - (z/f))2+ (z/ka)2
rather than the square of the geometric spot size -~ az(l -(z/f))z. Hence,
diffraction effects are obtained from Eq. (1) as

the diffracted energy at range z will now be confined to an area of

2
2, _ _(z/f) Geometric Spot Area
<(‘M/Ao) > 2 [mffraction Spot Al:‘enJl &
a-9»
<n12> > 5.2 -t
- [1+ (z/xa®) |
a
{ ° 2 2/3 3 2.2
) [(:n 27 (z/a)"[1 + (2/ka®) | (5)
a= 2
°

For large z, the main contribution to the sum occurs for a «~ (z/k)l/2 and thus

we obtain that <(5A/Ao)2> ~ an zu/6 k7/6, in agreement with the Boran-Rytov

‘ reeulta“).
Although diffraction effects due to the eddies has slowed down the growth
(from a z3 to a 2”/6 range dependence) of amplitude fluctuations it does not

result in a saturation of scintillation. This effect i{s obtained by including
in the analysis the loss of transverse coherence of the initially coherent
wave as it propagates through the medium. The ability of a turbulent eddy to
‘ focus a partially coherent wave can be considerably less than for a coherent
wave, implying reduced amplitude fluctuations. Now it has been shown(z) that

the spot size area resulting from an obstacle of radius a is of the order

2 2 2
Diffraction Spot Area ~az[l - -;—) + (ﬁ) + (-E%-) . 6)
°

where o {8 the lateral coherence length of the wave(3). The third term on
the right side of Eq. (6) gives the effects of diffraction due to a partial

coherent wave and will result in saturation.
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Substituting Eq. (6) into Eq. (4) yields

<Csaa)> = <a 5> Paz L
2 2
ka
L+ (550 + )
[o]
L 2,3
n 1
L, R 2 ) N
° 1+ (55) (1+—%)

ka Po

For sufficiently large z and P < (z/k)l/2 the main contribution to the sum in

Eq. (7) occurs for a ~ P and thus we obtain the estimate

-2 2 2 5/3

23 -7/3
)y ~ Cn k zp, (8)

2
<(6A/A°) >~ € "z7p, (z/kp0

2

Now for the Kolmogorov spectrum in the inertial subrange we have

that(3) Py ~ (kZCnZZ)—5/3 and hence Eq. (8) yields <(6A/Ao)2) ~ 1, That is,
including the effects of partial coherence in the diffraction analysis results
1 in saturation of amplitude fluctuations.
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The Path-Integral Technique
in
Wave Propagation through Random Media

Stanley M. Flatte’
Physics Department, University of California
Santa Crus, CA 95084 U.S.A.
{invited)

Application of the Feynman path integral to pulse propagation through a ran-
dom medium is described, with examples involving seismic, acoustic, and optical
waves.

High frequency (> lcpd) variations in travel time of acoustic transmissions

over ocean mesoscale distances are known to be dominated by the effects of
internal wave displacements of the sound speed stratification (Flatte, 1983).
Variations in the difference in travel time between transmissions in opposite
directions along the same path (reciprocal transmissions) are dominated by
internal-wave currents (Munk, Worcester, and Zachariasen, 1981). A typical
application involves 10-ms-wide pulses travelling over 300 km. It has been
demonstrated that this type of data can be inverted for internal-wave
strengths. Information can be obtained about range-averaged mean energy
level and about energy distribution in the vertical. Data from the 1983 Tomog-
raphy Experiment {(Worcester, Spindel, and Howe, 1985), consisting of 41 days
of one-way and 21 days of reciprocal transmissions between two moorings 300
km apart, have been used to observe the statistical field strength of internal
waves (Flatte’ and Stoughton, 1986; Stoughton, Flatte’ and Howe, 1986). One-
way travel-time variances are in the range 5-15 ms?. Measurements of travel
time in opposite directions (reciprocals) measure the field of velocity in the
medium rather than refractive index. Reciprocal variances in the 1983 experi-
ment are about 1.5 ms? above the 1-ms? measurement noise. It is shown that
the accuracy of measurement of these variances is not strongly aflected by the
partially saturated nature of the sound propagation.

Application of the path-integral method of wave propagation through ran-
dom media to the analysis of seismic-wave propagation through the earth's
mantle is underway. Seismic waves with periods of 1 to 10 Hz received at 100-
km-square arrays on the surface of the earth exhibit paradoxical wave-front
properties involving small phase (or travel time) fluctuations combined with
large amplitude fluctuations. A description of these observations will be given.
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Application of the path-integral technique to atmospheric problems will be
discussed the context of the Stellar Horizon Atmospheric Dispersion (SHAD)
program. The SHAD system i» a satellite-based star tracker that will measure
the vertical gradient of atmospheric density. integrated along a line (the
tangent line) that is perpendicular to a radius vector of the earth and whose
point of closest approach is at an altitude between 20 and 60 km above the sur-
face of the earth. The system was suggested by Fred Quelle of the Office of
Naval Research, who is now involved in the planning for the development of the
system.

A SHAD tangent line through the atmosphere remains within an atmos-
pheric scale height of its tangent point over a horizontal distance of about 600
km. In the atmosphere, the gradient of refractive index is proportional to the
density gradient, which is proportional to the temperature gradient. Therefore,
a SHAD system measures the temperature gradient integrated along a straight
line whose length is roughly 600 km and whose lowest (tangent) point varies
from 20 to 60 km altitude. The tangent point of one star observation slices
down through the atmosphere along an 'observation line’ in a time that varies
from twenty seconds to several minutes, and during one star observation as
many as 100 point observations along this observation line may be made.

Any atmospheric process, such as planetary waves or gravity waves, that
has a vertical scale size larger than the light-ray-bundle size, which is on the
order of one meter or less, will contribute to the refraction being measured by a
SHAD system. If the horizontal scale size of the atmospheric phenomenon is
smaller than 600 km, then a statistical average needs to be done to find its
effective contribution. In addition to measuring the differential refraction of a
star. a SHAD system has the capability of measuring the image size of the star,
and hence the spreading of the image due to the atmosphere. This spreading is
proportional to the rms temperature gradient fluctuation within the width of
the light bundle being detected. Hence image spreading is a measure of atmos-
pheric turbulence.

On July 22-23, 1985, a workshop was held at the La Jolla Institute Center
for Studies of Nonlincar Dynamics to provide a forum for middle-atmosphere
scientists to discuss the impact of future data from the Stellar Horizon Atmos-
pheric Dispersion (SHAD) system on fundamental research questions in atmos-
pheric dynamics.

The workshop at La Jolla Institute included discussions on the usefulness
of SHAD data for the investigation of the phenomena of global climate, tides.
planetary waves, gravity waves. and turbulence. It was concluded that all
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these areas of middle-atmospheric research would benefit substantially from
data supplied by an ongoing SHAD program. In most cases the SHAD data
would be unique; that is, no other comparable measurements are available.
Brief explanations of the application of SHAD data to various areas will be
given, and the appropriate questions related to the theory of wave propagation
through random media will be raised.
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Coherence Functions Evaluated Along Ray Paths in the Inhomngeneous
Background of a Weakly Random Medium

R. Mazar and L.B. Felsen
Dept. of Flectrical Engineering and Computer Science/Weber Research Imstitute
Polytechnic University, Farmingdale, NY 11735 USA

(invited)

TI. Introduction

The propagation properties of high frequency waves in a medium with grad-
ual inhomogeneities are conveniently charted along the geometric optical rays.
‘hen weak fluctuations are superimposed on this background environment, on a
scale large enough so as not to violate the geometric optical conditions, the
ravs are randomly perturbed, and the physical properties of the resulting wave
field are specified by its various statistical moments. Instead of construct-
inp these moments at each field point by performing the averaging there, it is
physically more incisive and analytically more convenient to propagate the mo-
ments directly, from the source to the observer, by deterministic propagation
equations. For high frequency fields and large scale, weak fluctuations, this
strategy has been implemented by extracting from the wavefunctions the rapidly
varying plane wave phase exp(ikz) along the (straight) direction of prop-
agation and constructing the moment equations for the resulting “parabolically
approximated” remainder fields [1,2]. By one procedure [1,2}, the moment equa-
tions have been reduced to first order partial differential form and then
solved by the method of characterist.cr the allowable characteristic trajec-
tories being paraxial with respect to 7. Solutions for the second moment gen-
erated by this technique were found to have enough svectral content to describe
phenomena near caustics if the background refractive index is weakly focusing
and supports ray fields with small angular deviations from z [3].

In a medium with general, though gradually varying, background profile,
the rays may follow trajectories deviating markedly from the z-direction, there-
by making extraction of an exp(ikz) phase inadequate. It is then suggestive
to extract the phase accummulation along each curved ray trajectory, and to
attempt construction of the moment equations for the reduced fields in the ran-
dom medium in ray centered coordinates {4,5}. It has been shown that this is
indeed possible {61, and that the resulting equations bear strong resemblance
to those pertaining to propagation along a straight coordinate. As we shall
demcnstrate (so far in two dimensions), we can solve these equations for the
average field, the second moment, and the multifrequency higher moments by
adapting the techniques employed for the homogeneous background locally to
each ray.

Before describing the solution method, we may anticipate the nossibility
of even further generalization by basing the construction of the high-frequency
moment equations in very general randomly varying propagation, reflection, and
diffraction environments on the various categories of rays in the geometrical
theorv of diffraction (GTD) [?7]. This would require the consideration of canon-
ical problems that model the statistical counterparts of the deterministie
building blocks of GTD. We shall attend to this task, being encouraged by the
success of the first generalization, to the arbitrarily inhomogeneous background,
reported here.

o~
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11. The Two-Point Coherence Function

4. Propagation ecuation

A scalar time-harmonic two-dimensional wave field u(r) is assused to prop-
agate in a medius characterized by the inhomogeneous real squared index of re-
fraction n¢fr)jl +2fi(r)?, where n(r) is the deterministiec backzround portion and
6(r) is a weak randoz perturbation. Introducting for each rav trajectorv ia
the hackground zeciuxm the ray-centered coordinates r = (r,:), where - measures
length along the rav and r measures transverse distance awav from the ray,

-
and extracting the phase accumulation exp[ik . n-(z)d7],where k is a reference wave
aumber and n-(2) 2 n(0,7), one generates the reduced field u(r,5), which satis-
fies approximatelv a rav-centered stochastic parabolic equation., Then in the
sup and difference coordinates
r,+r
1
1 2 (1)

PTT3 o 3T R Th

the two point coherence fumction

*

T(5,5.9) = <u(p + 5,5 (G - £.5)> (2)

Njot
N

with * demoting the complex conjugate, can be shown to satisfy a deterministic
propagation equation of the form

E'(p,s,5) =0, subject to  (p,5,0) Z7,(5,5) . (3
Here, p=p/i, s=ks, 3= 0/L are scaled coordinates, with i representing the

characteristic length, over which the background refractive index varies avoore-
ciably. The operator E has the functional dependence

E=t(n,s, , 5 33 ') (3a)
L . 3 -1 : .
wherein ¢: ; are perturbation parameters ¢, = (k) y i =(kmg) 7, and i is

the corrstation length of the refractive index fluctuations. These length scales
are ordered so that (2-/v) << . <<, The fluctuations are assumed to be statis-
tically homogeneous, isotropic, and delta correlated along the rav coordinate -.

B. Zeroth order solution

io effect a solution, the propagation equation (3} is subjected to a
succession of svectral forward and inverse transforms, multiple scalings of
derivative overators, rescalings of variables and, finally, expansion with
resnect tn the derturhatio -arameters z: and : [Ba}to wiel! an 2cuation ‘or
the provagzation ¢ the inte. tv spectra. 7Tts sinnlivied form corresvondine
to the zeroth order term in the expansion is solved bv the method of character-
istics along the background ravs. The solution strategy derends on whetlter the
observer is reached br one or more isolated (widelv separated) ravs, or b+ two
closelr adjacent ravs. In the former (reecular rav) dorain, the individual rav
fields are uncorrelated because their sevaration excecds the =cale - ; a quad-
ratic, two-scale expansion (see 78a!) is adequate in this case. In the latter
(transitional ray) domain, near a caustic, the two rav fields ~ust he treated
tocether by a cubic, three-scale expvansion that vields a result in the following
form:




® G
I'(p,s,3) = m ” deara (Ga.Ea) 'exp{—JchO(;,E,c)}exp(isg)
0 - 0
[m _ o i(elqoﬁ)3 _
. J dnexp [in(v-p) lexp {———j;———-— -8B J dEGo(v,ezné.C)} , (4)
® 0

where the subscript”a"identifies quantities evaluated in the $ource planec=0,

Ta is a spectral transform of Ta in (3), and s is a rescaled s coordinate.

The functions Op and ag are related to the background ray geometry, whereas

the effect of fluctuations is expressed by the terms B and Gg, which contain
the refractive index correlation function in the transverse (r) coordinates.
For isolated ray fields away from the caustic, the quadratic approximation re-
sults on setting €1 =0. In the absence of fluctuation, B = 0. In that case,
and for an initial condition appropriate to line source excitation, the result-
ing deterministic intensities near and away from the caustic agree completely

and continuously with the respective expressions obtained from uniform and
isolated ray theory [9]. This check suggests strongly that our approximate
solution in (4) has enough spectral content to accommodate the corresponding
averaged wave phenomena with comparable quality when fluctuations are included.

We have shown elsewhere [8b] that rhe solution strategy outlined above
can be extended to evaluation of the w-f.equency, 2mth moment

[ 1 %1 * ]
r 48,03k fi=1...m) = < 1 s - .
Zm(pl Sy i L...m j=1 u(pj + Z'U’kj)u (pj 2 ’o'kj)> )
where py and sj are the sum and difference coordinates defined in (1) for
each frequencv constituent having a wavenumber kj.

The solution for Fzm is synthesized by integration over v ,5j,ﬁj
j=1...m, of the m-fold product of spectral elements as in the %ntegrand of
(4), with coupling between individual j-contributions residing solely in the
generalized functions Gy indicative of the fluctuations. In the absence of
fluctuations (8=0) and for a deterministic source, I'yn separates into the
product of m second order coherence functions,each being associated with a
frequency w5 and coordinates (pj.sj,c).
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RETRORLFLsCTED LASER RADIATION IN A TURBULENT ATMOSPHeRE
Veile Zuev, V.,A, Banakh, V.,L, Mironov

The Institute of Atmospheric Optics, Siberian Branch
USSR Academy of Sciences, Tomsk, USSR {invited)

The peculiarities of the problems on wave propagation along
the paths with reflection in randomly inhomogeneous media
are connected with correlation of incident and reflected wa-
ves passing during their propagation through the same medium
inhomogeneities , They were considered in Refs. [1-7}.

1. The Effect of the Backscattering Amplification

In paper[3 ]Jthe relation between the statistical moments of
intensgities of direct and reflected from & point reflector
spherical waves was found

(et xo,o)" N = Io"'( T#tx, o))’ (1)

whereIﬁ/Uo/ais the initial intensity of an irradiating wave,
(Izn(x,o)) are the moments of the direct wave in the reflector's
plane X'z x ,((IR(Xo,O)f) are the moments of the wave reflected
in the source plane X'=X; .

For the mean intensity (n = 1) we have[3]

(IR(%0, B} = (lu /(4 Z)) (£ + Bys (x,7), (2)
whereZ=X-Xo, k=2iifA, Br ¢ is the normalized correlation functi-
on of the spherical-wave intengity in the reflector's plane.

It follows from Eqs.{1),(2) that in the strictly backwarad
direction (r = 0) there occurs amplification of the reflected
wave intensity by the value determined by variance of the di-
rect spherical wave intensity@fs:ﬁm(&O). In the region of

1
weak fluctuations, when the parameterﬁiﬂ,li C:k%f <1 (C:ia the

structure characteristics of the refractive index fluctuati-
ons)6;s=0,4ﬂaz and <Ie(x010)> increases, in comparison with pro-
pagation in a homogeneous medium, by the ValueO,ll(/z:éj"ﬂj [1]
However in the general case the value of amplification de -

pends on the sizes of exit gpertures of the source 2a and the
reflector 2ar. Moreover, the correlation of direct and back-

ward waves can lead to the opposite effect: the mean intensi-
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ty ettenuation, if .Q_;” 1 [7](5’2,”—52 *5?1 .Q——— S, —kc%{,f
in region of strong fluctuaticns (ﬁ >>1) 6'[5 =1+2 7‘/ﬁaf§
end the intensity of s spherlcal wave reflected from the
point sca .ter_t;r(Q,Q,«Jb‘, )mcreases by a factor of more than
two, If $2>>$° then the amplification of mean intensity is
small. In this case it is determined by the value of asypto-

tically emall terms of the order of ﬁc [2,3].
2. The 2ffect of Long~Range Correiations

The analysis of the reflected-wave field coherence func-
tion shows that it is represented at ﬁi >>{ ag two terms
one of which describes propagation along the doubled-length
path, and the second is responsible for the correlation of
counter waves. In the case of scattering of a spherical wave
the second term mskes approximately the same contribution to
the intengity of the reflected wave as the first one (Secti-
on I) agnd for a plsne wave this term gppears to be asymptoti-
cally small. In the latter case its value is determined by
so-called "long-range® correlagtions of the field [1] caused
by coherence of the rgys propagating in oppoaition between
the source and the reflector along the spaced pathe. The
scale of decrease of this term is /.?/7(_/8?’_ , and when &2 1
it is large. This circumstance allows the effective focusing
of the reflected plane wave to be made using a receiving

12/s
lens if its sizes 2a; satisfy the condition ka"/.(’—.Q¢> >Bo’ .
In fact, in focus of such a lens the mean intengity increa-
ses by a factor of two in comperison with propagation along
the doubled-length path[1].

Thus, if in the plane of the lens there is no effect of
amplification of the plane wave backscattering, then such
amplification arises in the lens focus. On the contrary,
when the reflected spherical wave ig focused by a lens with
sizes 32, >>,8° the effect of backscettering amplification
occurring in the plane of the lens disappears in the plane
5f a sharv lens imgge [6].
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3. Amplification of Intensity Fluctuations

Correlation of counter waves also results in the incre-
age of the reflected-radiation intengity fluctuations. In
particular, when ﬁs ¢4 , the relative varianCe of the sphe-
rical-wave intensity scattered by a point reflector takes
the value 6}_2R=g6ﬁf=1/6",.2$, that is, increases by a factor of
four in com‘pa.rison with the direct propagation [1 ]. In the
general case the value of amplification of weak intensity
fluctuations depends on sizes of the source tranemitting
aperture and of the reflector[2,3].

The significant amplification of strong intensity fluc-
tuations ( /53_>> 1 ) occurs only when reflection from a
point ($2,%4,") reflector does not depend on diffraction
parameters of the transmitting wave. In this case the satura-
tion level of the relative variance of the reflected-radia-
tion intensity is five, if the irradiating wave is spherical,
and is three, if it is plane[2,3].

The long-range correlations of the reflected field also
appear in the behavior of the reflected radiation intensity
fluctuations. In particular, the saturation level of inten-
sity fluctuations of a plane wave scattered with a point
reflector increases from the value Gfp =3 in the plane of
the lens to the value 6fp=5 in its focus 4].

I1f the spherical~wave source field is focused after the
reflection, then the saturation level of intensity variance
in the lens focus turns out to be lower than in the plane
of the lens{3,4].

However, these variations are of the local character.
dhen the observation plane is displaced from the focus along
the optical exis of a lens ( { # f¢ ), the relative varian-
ce of the reflected-radiation intensity takes eventually
the same values as in the plene of the lens itself[S ].
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Regularized 2-Scale Solution for a Wave Propagation in a Random Medfum

Joseph Gozani
Tel Aviv University,Faculty of Engineering,Tel Aviv, Ramat Aviv 69978,Israel.

1. Introduction

The fourth moment coherence function (MCF4) is defined by [.=<U, U: U: Uy,
The wave function Uj = U(P4,2) is the envelope of a quasi-monochromatic wave
with wave number k. The transaverse position vectors are denoted by ‘_’1
= ( Xio Yl), 1=1,2,3,4, and Z is the forward propagation range. The symbols < >
and s denote ensemble average and complex conjugation respectively.

We use the Two Scale Expansion (TSE) - an extended uniformity perturbation
method. It was successfully applied to solve problems of wave propagation in
inhomogeneous random media [1~7]. TSE analytic expressions produce results
comparable to those of other numerical and analytical methods [6-10]. In this
paper we resolve the loss of symmetry of the solution and obtain a more
general exact correction term.

2. Theory
The partial differential equation governing the propagation of MCFi is
i
3z'i[ag'3§'ag'35] r.-k’F[g/1.§/2.g/l]l‘... (m

with the initial condition (IC), T(P,S,@R,Z=0) = I’ (P,S,Q,R). The transverge
variables P,S,Q,R are a combination of sum and difference of !j. The operator %
= ( 3/3px » 3/3py ) is a two dimensional gradient. The scattering function F is a
linear combination of structure functions D(p) of the random medium:

Q - Q Q Q

F(P,S,Q) = + | D(S*P) + D(S-P) = D(S + =) = D(S - =) - D(P + =) - D(P - =) |. (2
=2 = - == = 2 =2 -2 -2
D(p) depends on a dimensionless variable P/% where L is a typical characteristic

scale. Defined in the following equation, it is also related to its isotropic
spectrum ¢(a) by

D(g) - [ < [;l(fj) - ;(B*p)}’ > ds, = ZlI d’a o(a)[‘l—cos( a'p )]. (3)

and n(r) is the random deviation of the refractive index from the mean <m=1.

TSE expresses MCF4 using slow and fast variables. The procedure has
several stages denoted by a subscript. For clarity, a slow variable appears
under the original one.

a. Obtain a dimensionless integro~differential equation
Equation (1) is rendered dimensionless by: -
p=P/t , s=kS , @q=Q% , r=R , z=12/%, D() = g(0) d(-), %)

where & « the smallest scale of the random medium. Then the Fourier Transform
is used on p and r, to obtain an integro-differential equation,

]
R 8§ M IR -2; J-, d*n' f(n"e8,9) T (n - n', 8,q,u,2). (5)

The coefficfent &/&p << 1. Here !.'E',‘ = k23(0) is the mean free path. Our small
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parazeter € = («%)”', Teasures tne narrow forward sing.e scattering angle.

Throughout the paper extensive use of the snhift operator,

exp( 335 ) glp) = glc+a), i€ 3, a = ¢, (6)
substantially cuts the procedure. Its formal application can be sho«n using
Taylor's expansion of the opera-or. By using EG.(6) the convolution on the right-
hand side (RHS) of Eq.(5) becomes:

r®m

RHS = :—F &Zrt fa(E', cg.f,) exp [ -n' - an] !‘a(:..g..s.'f,z). (Y9!
-

b. Two Scale Expansion

We expand " and s in t«o scales, thus imbedding MCF4 in a higher
dimensional space:

~l -l

T , s

shy s 9y W, 2 = !‘b("l§lq1¢2'z)- (8)
“ 2

m=n $;=3
na=en S,%€8
In light of the assumption in Eq.(8) a change of derivative
I = Ay, * €3y, 3g =* 3g, * €dg, »

transforms Eq.(5) into
az‘g,-agﬁz,-as!.u_,.aq]rb

- - n!
- = d*n' £, (n', 82, Q) T S §l . (10)
'.F . b _" = -~ b n, ~en'" s * Qo0 2
2 S ~

The convolution in Eq.(10) is obtained by using the shift operator.
c. Obtain an exact Integral Equation

We Fourier transform both sides of Eq.(10) with respect to the g, and n,.
to obdtain -

32 'cz 3! + N2 9§z *w °q T, "F fc(! + icanz, Sa» 3) I‘c . (11a)

The RHS is formally obtained as follows:

- /@ n - n
L T - &
RHS = [ d?n'd?n, fb(r_\'. S2s 3) L I 9, W, 2| exp [i !-:\,,]
PR - - -
P 2
*® ‘o
%
i I J d*n' d?n, fb(n'. S2» q) exp [ in'~(y + ied )] T, - (1)
- - - - -~ ~2
Here fc(!‘icé"z) can te understccd as a convolution if we use & Fourier
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transform, or as a complicated differential opergtor according to Taylor's
series expansion. Equatjon (11) is solved with IC Te, the result of T° after
the above mentioned Fourier transforms. Once the formal form of the RHS is
obtained, Eq.(11) can be transformed into an exact Volterra integral equatfon
(IE). The RHS of Eq.(11a) is split into a dominant term and a small perturbation.

£ L
aZ + E aV + Ez 3§z + aq rC "—F' rC(!'§z'g) l‘c - f,;" h(!rl Eanzngzng) I'c ,(12a)

Byl €d, 229 T, = [t‘c(! *ied, 1329 - r‘c(y_,gz.g)] r,

ol ) 2 v &

(1¢)
L :! [3,_(-31] £ ()_(,§z,g) r, y's: Qw2 . (12b)
£=1 X=V, y=n,

We now solve the homogeneous Eg.(12a) by the method of charactéristics to
obtain the fundamental solution ¥ , with IC ¥ = 1 at t = 0. The RHS of
Eq.(12a), hrc » 1s treated as a source term. The final expression of ¥ is

LA t-z
b ' » Quz| = exp| 2 dr flv - g1, Sz ~ .1, Qwt{f. (13)
2 2 - Ye Jeo - - - =7

The fundamental solution is used to solve the inhomogeneous equation.
Interpreting fa( v tied,, ) as a convolution from Eq.(11b), the IE for o is
v £ ~

FC n s ’ Slg:z - I‘:{\_"‘ §zy 5’9 - ‘Bz'lg] ¥(z)
< 2

2

z 4
+ EL' [ dtr exp L ’ du f|v-£u,s ~ n,u,q ® wu
~ 2702, NS4 =4
F Flq

)
g
© a 2 w
x {] d%a 2¢(a) sin | = ¢ s, *+ = - |n, + =|(z-1)
. = 2 - 2 |- 2
2 3 @
X sin PR -l T (z-1) exp[ig'[g - gz ~ ‘t)]]
y-g(z-1) 3
X q-w(z=1),w, T

T
el mnpmea 7 ogynglz-1)

VNl o

- e %(z-r)

' %[d[éz vy - [nz : §]<z-1>] . d[éz“.’ - [’_‘z - 5](2-0]" ay+
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| v-gtz-0)

l'
- I} - (z-v) |1 L g ' amnglzm0) S'g(Z”T),Q,Y }. (14)

AT
N e

—d!-

In terms of iterated kernel the complete solution is

o= Z r“'). F(O) = r;[y-gz.g.g-gz,g] ¥{z). (15)
=0

The Neumann series of Eq.(15) converge absolutely and uniformly in ¢ and z.
Successive substitutions for the first two terms luckily give us sufficient
accuracy, since higher iterates are difficult to compute. The first order
iterate Is of O(¢) due to the leading term in Eq.(12b). Previously used TSE
variants, expanded the solution in powers of ¢ perturbation series. The e® term
coincides with our r{0) but our correction term is new. Furthermore our
formulation shows that these are convergent series.

d. Return to original space

Before assembling all spectral contributions, we must insert the value of
3; =¢c 3 and n; = € n from Eq.(8), and apply the inverse of the above mentioned
Fourier transform. A return to the dimensional variables by Eq.(2), is the
final step.

e. Sysametrization

The original exact solution exhibits a symmetry f.e. Ta(psS »°) = Tu(8,p ,*),
which Eq.(14) does not. Since we judiciously applied at first the Fourier
transform to p , TSE procedure is an asymmetric process. TSE could be exactly
repeated on 8. Therefore the final symmetric solution should be

MCFR = '5 Ta(Rr 30 90 £0 2) ¢ Ty(8 Bs Q0 Ts z)]- (16)

3. Conclusion

We presented expressions for the propagation of MCF3 in terms of a
convergent series. We applied TSE with a parameter ¢ whose smallness is
independent of the turbulence strength. We have shown how to symmetrize the
solution. Thus the two main problems of TSE: the significance of correction
terms and the loss of symmetry - are regularized.
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A New Derivatian of Uscinski’s Approximate Solut:ion

0f The Fourth-Moment Equation

Atan M. Whitman
Tel-Aviv University
Faculty of Engineering

Tel-Aviv, lsrael

In the recent past an approximate solution to the fourth-moment
equation has been obtained [1]),[2]. This has been shown to provide
an accurate solution to the atmospheric scintiltation problem for
al) propagation ranges (3], and holds the promise of being
applicable to other outstanding fluctuation problems. However the
two-scale method used in the derivation has been criticized as
being physicalliy and mathematically obscure. Furthermore,
Uscinski’s original calculation of the dominant order term (4] s
also difficult to follow because of the plethora of computational
steps and the profucion of approximations. In the present article

we will present a simpler derivation of this result,

The fourth-moment equation for two-dimensional, plane wave
propagation 1¢ (3]

oL T oL ¥ W(X B
= = Py =1 @ -~ o
de 505 F kS N

-

lie write thiz as an jntegradifferent:al equatron by means of
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tr:rtutions
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w

ro

L {12(3—s>‘¢‘(§-§uxkg.t,p‘>$§x-x)&(§-gs} L(yg,s,p)y s de

o/

€ ..

ot

Approximating the derivative by the difference :L(gvbf,l,ﬁ)-L(g};ﬁﬂ/ag
and again using distributions, this time for . ¢,% P) we obtain
Llgrbg,3,p) ~ '\3_\ {%'\1-/‘)3(?-?‘) vag s S‘(I-A‘)‘b‘(‘-;- 3
i ‘
+ xh(&,ﬁy%@-ﬂ%@-ﬁ]} tlg, A.p uaf:

which 18 accurate to order Ag’ . Now we insert the Fourier

transforms of & and ¥, so that

\S(R-AD)  \u(F-p? . .
™ e T sgtien ity
v L(g,4,p) drdpdude

Lig+rdg 3,70~ L
an”

The crucial step in the derivation i1s to expontiate the term in
curly brackets. Thus .
ag liew e vhia)
Vedgliouwaxhaphl= € + O(agh

Subsequent integration with respect to ¢ produces

. wipH vagph . ,
L(gﬂsg'ij)-_‘_“s 3(X-a +bgu) € e L(g,n,y)-\Ad‘a‘c\u.

1w )

Gt this point we can do esther the w integration or the A

integrat,on. The former gitves the result

L{z+de 5,3)~ _\_
~2 % 'P ‘Lvhg

SNE-AE-pIaY XA k(P
\ e e-f ge 1 L('g‘A‘,Y\) “AP\
!

This formuta, 1n which the symmetry of & and F has been preserved,




could zerve ac = numerical! algarythm for marching the L +:e!d.
Indeed such a proceedure has been used successfully on a
factorized wave egquation [S]., Fuyrthermore 1t can be nviewed acs 3
numerical approximation of the formal, path integral solution of

Eq (1) (&), The szecond alternative produces
\u(F-p‘) ‘Agh(x"hg“aPl’ - \ \
L(‘g,mg'x)F),g\_\i e e \_(g)/u-hgu)?)dvéu. QY
)y

Al though the symmetry between.z and ? has been destroyed, this
equation is correct to the same degree as the former. If we set

¥ = © here, use the initial condition, and note that
by
Ag)«.(X&Agu‘?‘) = X A(x“d-,‘;‘)ad- + o(agh)

-]

we can write Eq (2) in the form

Lag,3,5>~L || & e dpau ™

w(E-p) Yoy L»k(x ragul, gy ar
|

Iterating Eq (2) backward to the plane ¥-b4y¢ and setting gx&g

gives

L(2ne,3,3) ~ L—‘_‘““

2w) )

vag[h(Frogu,P) + R(Brogusagw,,pd]

w(p-PY s (P
x € e o\u.du.‘ JP\J"D,

Tavlor expanding (X + b¢w +B8yu,) about I-&-Agu. , and neglect:ing
terms of order Agl allows two integrals to be evaluated. The
resulting expression can then be manipulated into the form of

Eq (3) with ZAg replacing Ag everywhere. Continuing in this way
we Can oarrive at an expression for LLnAg,iZ,? ), and on doing the

double 1imit n— 00 , Ag—vo . such that nAg- ¢ . owe obtain the
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Jom:-ant order two-scale result (31
(0 ww(F-H 1;2%&)-3**}#)4f ) o
\—L‘s);'?) = _‘—.\‘ e e ° d\AA:AP + O(*{?))
v |-

2

#“ltnoigh we Zannst geterm:ne ;(g) £rom o the ratnhmer Crude zrgumert

presented here, we Know from previcu¢ work that #(g) = o(v) rtotm

for g—oo , ang y—»oo for a wariety of structure functionc.
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COMPUTATIONS OF THE EFFECT OF ATMOSPHER.C TURBULENCE ON LASER BEAM
PROPAGATION

C.D.V. Thomas
Royal Armament Research and Development Establishment, Fort Halstead,
Sevenoaks, Kent TN14 7BP

The computations reported in this paper refer to scintillations at
optical wavelengths for a beam propagated through atmospheric turbu-
lence with moderate tc high values of the refractive index structure
constant. Various cases, including multiple scattering, were included.
The spectrum of refractive index fluctuations was taken as modified
Von Karman spectrum: Ishimary, 1978. The covered two main areas:

1. Numerical computations of the scintillation index and spatial
spectrum using the solution to the fourth order moment equation
derived by Uscinki, 1982 and Macaskill, 1983.

2. Computations of the probability of exceeding given threshold
irradiances at various distances from a laser producing an initially
gaussian beam.

The solution of the fourth moment equation derived by Uscinky
(1982) for plane waves and Macaskill (1983) for spherical waves was
used to calculate the scintillation index vs range. Calculation of
the scintillation index involved multidimensional numerical integration
using a Cray-1 comﬁuter. It is hoped to present the results of some
calculations for the three dimensional case.

The results of these calculations of the scintillation index,
along with calculations of the mean irradiance and probability distri-
bution of the irradiance fluctuations were also used to calculate the
probability of exceeding a given threshold irradiance at any point in
a beam which has passed through atmospheric turbulence.

The mean 1intensity was calculated by evaluating the solution
to the second order moment equation. This solution was derived by
Ishimaru: 1978, and is valid for both single and muitiple scattering.

The probability distribution of the irradiance fluctuations was
assumed to be log-normal in the case of weak sci.atillation, however
for other cases including the transition to saturation and beyond, the
fluctuations were assumed to be K-distributed, Parry, 1979.

These calculations have implications for laser safety procedures.

Results of the computations will be presented at the conference,
and it is hoped to publish a full account of this work shortly.
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Temporal and Spectral Correlations of Two-Wavelength
Optical Propagation in the Turbulent Atmosphere

M. Tur
School of Engineering, Tel-Aviv University, Tel-Aviv, ISRAEL 69978

Z. Azar and E. Azoulay
Soreq Nuclear Research Center, Department of Atmospheric Optics
Yavne 70600, ISRAEL
(invited)

An optical beam, propagating through a randomly inhomogeneous medium,
experiences both phase and intensity fluctuations which are the result of
random scattering and diffraction from the refractive index inhomogeneities in
the random medium. While these fluctuations severely limit the performance of
surveillance, communication and lidar systems that use the random medium as
their channel, study of the statistical properties of the received fluctuations
may also reveal useful information about the nature and structure of the
random medium and/or the optical source (the inverse problem).

Space diversity (simultaneous wmeasurements of the received radiation at
several spatially separated points) and time diversity (measuring the time
correlation of the fluctuations) not only add important data to ease the
solution of the inverse problem, but their incorporation in practical devices
also significantly improve the signal to noise ratio in the above mentioned
electro-optic systems.

Recently, a new degree of freedom has been investigated, namely, spectral
diversity; or the bichromatic intensity correlation of two optical beams with
different wavelengths, propagating through the same channel (The somewhat
related subject of pulse spreading has been extensively studied in the past
using the second order statistical moment of the propagating amplitudes of two
very closely spaced optical frequencies!). Here, comparisons between
experimentally determined bichromatic correlations and their theoretically
calculated counterparts will refine the models used to describe the refractive
index correlation function of the medium. In system design, a small value of
the bichromatic correlation coefficient {ncreases the chances that whenever
signal fading takes place at one wavelength, good reception will occur at the
other wavelength®. If on the other hand, the bichromatic correlation
coefficient is high, one wavelength from a cheap and weak optical source can
be used to probe the medium and momentarily locate high transmission, short-
lived, time windows for a stronger, and inevitably wmore expensive source to
successfully transmit the information through the highly transmissive channel.

Early measurements by Gurvich et al® were limited to one set of fairly
close wavelengths: O.4%um, 0.63um. Also, theoretical treatments could only
handle the weak scattering regime. Last year, new theoretical studies“s® of the
two-frequency fourth moment equation in the strong multiple scattering regime,
have resulted in a closed form, though approximate and difficult to evaluate
expression for the bichromatic covariance function,

-+ +>
C(z; p,, P2 Kiy Koy T=t;-t,)

> + + +
[(I(z, 0,4, Kyo t)-<I{z, p;s Ky, t,))J[(I(z, Par Kap, t2)=<I{z, 5, Ky t,))]

<
Iz, pys Kys 0O<HZ, Pay Kay ta)d
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K, 2n2 «, zre the two waverum-ers ‘. = 2w/i.}, 2z is tne range, ; are twc
spetial transverse coordinates, either "in the receiver plane-where “detectors
are lccated, or in the trarsmitter plane, signifying tne location ¢r directions
of the transmitters, t is the tire delay between measurezents taxken at tre
two different wavelengths, I(:) is the fluctuating igtensity and <> denote
er.semble averaging. The range dependence of I(z; £,, p,; X1y %2) for either a
clane or cylindrical waves, propagating in a two-dimensional random mediurm,
nas been studiad in some <Z<etail in Refs, “43-I51 for toth 3 single anc doucle
sczle ccrrelation functions., The results show tnat indeperndent of ne
refractive index spectrum of the wmecium, C{zZ; p;, 9.; X;, K2) decreases fairly
rapidly with both Z and 2=(k,~k,)/{k,+k;}, 2s 2 departs from zero. Oceanographic
measurements of C(z; p,, pa; K;, K;) for acoustic propagation® revealed higher
values for C(¢) than those predicted by the present theory".

Optical experiments in the atmosphere®” result in even higher values for
the bichromatic correlation than in the ocean. The experimental setuy is shown
in Fig. 1.

He-Ne ¢
M1 R2
[ B\ [

D

Y
%@’ bW Turbulent

A2 | 2

Pt Atmosphere

A2

o T

| R

=3

Fig. ' - czxperimental setup. .1, L2, lasers; SL - beam forming iens; M1,
plane eirror; S1, S2 dichroic beam splitters; D, variab.e circuler
aperture; 31, RZ receivers.

The transmitter incorporates two CW lasers, botn operating at their TEM,,
modes witn initial heam diameters of =1.2mm. L1 is a 120mW, 1.064um Nc*? : YAG
laser, emitting with a divergence angle of 3 mrad, L2 is a 16mW, 0.6328um
He - Ne laser, having an initial divergence of 1 mrad which is then transformed
by the lens SL to a 3 mrad bYeam. The emission from L2 is ccmbined with the
emission from L1 by the piane mirror M! and beam splitter St, wnose position
de-ermined the distance #,.» and hence the angle between the two teazms. The
receivers were described in details elsewhere’.

Fig. 2a depicts the <Teasured normalizec time-autocovariance function
Cov(z=1300m, p,-p,=0, Ay06p A1 06 1) and tne norralized time-crosscovariance
function CZov(z=1300m, 0,-2,20, X, e¢» 4c,e3» 1) as & function of the time delay
fer an aperture size of 15mm. Thus, iIn spite of the strcng turbulence
corcitions {z,*(Rytcv) > 5) znd tne =nign value c¢f a(=9.25), the correlatiorn
coeffizient exceeds 9.5, Similar measurements with smaller apertures or longer
ranges {=3000m, still gsve ccrrelation coefficients in excess of 3.7. The
depencence of the two functions on <+ are nearly the sare, and the time
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correlation at FWHM=Umsec.

normalized—covariance.vs.time—delay
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Fig. 2 - Measured normalized time-autocovariance and crosscovariance

function as a t‘unc*tion of the time delay for z=1300m, D=15mm, and
c2 10713m™*/2, (a) p,=0; (b) p,=0, 10, 100mm.
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Fig. 2b c_.epi’cts‘ tne measwed norepalized, time-crosscovariance function
Coviz=13C3z, 0, =p1"92s Ayresr do,es» 1) as a function of the time delay for an
aperture size of 15mg:, and p,=0,10,100mz. Tne correlation between the two
beams decreases as p increases and it is evident that the correlation
strorngly depends on thé initial condition of the experizent., The shift cf the
peak is due to the cross wind a_ong the path®,

Unlike the underwater acoustic experiment, where the propagation is
essentia.ly twc dirensional in character®, the optical experiments described
above, reguire a tnree cimensional theory. The basic theoretical formulation®®
is three dimensional but we are unaware of any published results for this case
for Q240 and therefore, direct comparison between theory and experiment is not
possible at this time. Even when these results become available, the agreement
between the theory and the experiment may not be too good, since, as pointed
out in Ref. [4], a major expected reason for the discrepancy between the
theory and the experiment in the acoustical case, can be attributed to
insufficient accuracy of the theoretical result. In particular, all mentioned
results are a zero order approximation in a certain asymptotic expansion. While
for Q=0, this approximation is accurate enocugh, 240 probably requires more
terms in the expression to be evaluated.

In conclusion, measurements of space-time spectral crosscorrelations are
challenging the current theoretical solutions of the fourth moment equation.
The high measured values of the bichromatic correlation coefficient should
also prove useful in various system designs.
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TWO COLOR CORRELATION OF SCINTILLATIONS

N. Ben-Yosef, E. Goldner, and A. Weitz
Applied Physics Division, Graduate School of Applied Science and Technology,
The Hebrew University of Jerusalem, Jerusalem, ISRAEL

Introduction

The correlation between the scintillations of two waves, at different wavelengths,
propagating in the same turbulent medium were not measured extensively. At the
case where it was measured [1], no complete agreement with theory was obtained.
The present set of measurements show that there is a loss of correlation with
increasing turbulence level.

The simple, weak turbulence theory, predicts that the correlation of the intensity
fluctuations of two waves propagating in the same medium is independent of
turbulence strength and depends only on the wavelengths. This conclusion Is
reached using the Rytov approximation and the Kolmogorov turbulence spectrum.

The use of thsi spectrum means that all the relevant path integrals depend on the
refractive index structure constant as a multiplier and thus its elimination from
the correlation coefficient is obvious. 1t will be shown that by using the
Von-Karman spectrum and the Rytov approximation the two color correlation
coefficient is dependent on the inner scale size parameter which can be dependent
on turbulence strength [2-4]. Most of the experimental results can be so
explained.

Experimental Results

The present experiment consisted of two laser beams (at 0.632 umeter and
1.06 umeter) propagating along the same 150 meters long path. The intensity of
each at the end of the path was measur:d4 separately.

The correlation coefficient was measured as a function of turbulence strength by
measuring continuously along the day. A '‘point" was represented by analyzing the
proper averages over a time interval of about 40 sec.. 1In order to check the
accuracy of the measurements and the validity of the use of weak and moderate
strength turbulence approximations, figure 1 shows the plot of oy, (He-Ne) vs.
%71, (Nd-Yag). The solid line is the weak turbulence approximation.

One observes that a fair agreement exists. The slight deviations at low and
intermediate values are due to the ripple noise in the Nd-Yag laser.

The two color correlation coefficient, as defined in lll as a function of

Yoy, oy, is shown in figure 2. The parameter vo,,6 o,, was _chosen to represent
the measure of turbulence intensity. The five points at vogz, o0,, < 0.2 show low
correlation due to the fact taht at this region the noise is significant compared
to the optical scintillation, as the noise in the two channels is not correlative
the low correlation is not surprising, these points will not be considered
further.

Disregarding the noise dominant region one observes that the correlation

coefficient obtains the value of about 0.875 and decreases monotonously with
increasing turbulence level.
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The Theoretical Correlation Coefficient

Following the well known theories [5,6,8] one can write the two point log-
amplitude coherence function using the proper turbulence spectrum. The use of
the Kolmogorov spectrum is justified if fo <</AL (the outer scale size parameter
is of no importance in the present case). In our experiment /AL = 10 millimeters
so that the dissipation range is of importance. [n order to account for this
region (the region of small size turbulent eddies) the Von-Karman spectrum has
to be used. One should remember that this spectrum reduces to the Kolmogorov one
for £,= 0. Using this spectrum one obtains the family of the solid lines in
figure 2 with | serving as parameter.

B8y comparing the experimental results with the family of curves one concludes that
the present theory with a constant value for the inner scale parameter cannot
accomnt for the results. On the other hand, the results can be completely
understood by stipulating that the turbulence spectrum changes with increasing
turbulence strength. The change is such that as the turbulence becomes stronger
the inner scale size parameter decreases. This conclusion means that increasing
the turbulence strength increases the relative weight of the small turbulent
eddies. This stipulation has some indirect evidence in direct measurements of

o as reported by [2-4] which show that values of £, down to 3 m''m were measured.

Discussion

The results show that the two color correlation decreases faster than predicted
by theory assuming a fixed functional shape of the turbulence spectrum.
Assuming a varying spectrum the results are quite consistent with theory.

In any case, the fast loss of correlation indicates that the small turbulent
eddies increase their relative weight as turbulence becomes stronger.
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Figure Cagtions

Figure 1.

Figure 2.

The normalized intensity standard deviation at 0.6328 umeter,
oz, » vs. the normalized intensity standard deviation at 1.06
umeter, 01: . The solid line is the weak turbulence approximation.

The two color cross correlation coefficient vs. vop, *oa,
(proportional to turbulence intensity). The solid lines represent
the moderate turbulence approximation using the Von-Karman
turbulence spectrum with ’o' the inner scale size parameter, as
parameter.
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BEAM WAVES FREQUENCY CCORRELATION IN TURBULENT

ATMOSPHERE
K.S.Gochelashvily
General Physics Institute, Moscow, USSR
T.S.Radjabov
Institute of Astrophysics, Tadjik Academy of Sciences, Dushan-
be, USSR
I.M.Uzunov

Ingtitute of Electronics, Bolgarian Academy of Sciences,
Sofia, Bulgaris

V.I.Shishov

P.N.lLebedev Physical Institute, Moscow, USSR

The properties of frequency correlation of saturated in-
tensity fluctuations are required in many applications, in
which laser beams emanating from independent sources with dif-
fereant wavelengths are used in propagation experiments in tur-
bulent atmosphere, i.s. in two-wavelength remote sensing of
atmospheric aerosole [1].

At present, there exists a consistert correlation theory
of propagation of monochromatic wave beams in random media
with large-scale index of refragion inhomogeneities based on
moment equations for the field of radiation [?] + This the-
ory predicts the results for the fourth moment of the field,
that are in good agreement with experimental evidence, in ca~
se of both weeK and saturated fluctuations of intensity.

In the paper we generalize the theory to the case of two-

frequency wave beams propagation in turbulent media.
The evolution of spectral and correlation characteris-
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tice of intensity of irradiances with wave numbers k4
and K, propagating in the < direction in a random wedi-
um is described by the equation for the fourth woment of
the complex amplitude of the field:

4 ”" 4 n
\ﬂ'(?:B ?: 5 sz ?: y 2 3k13 kz>:==

4 ” / L o /]
CEG 3, ) EG 7 ) E(E, 719 E %k D

The analysis of the itezatioq&series built on the in~
tegral equation for the spectrum \i/ shows that in the re-
giyn of amgll distances of propagation the first iteration
’\‘x/la) gives the results, that coincide with obtained by the
Obuchov-Bytov method.

The spectruw of intensity fluctuations is broadened as
the distance T is increased. In the region of small Pres-
nel numbers of the radius of coherence of the field the
iteration series is summed with the use of the results of
the theory of liwiting laws of distribution of sums of large
nuwbers of independent random variables 5] . Here the spec-
trum is represented by the sum of two components - the low
frequency (L.P.) and high frequency (H.F.) in spatial fre-
quencies domain., The low frequency component of the spect-
rum is represented by the Pourier transform of the product
of monofrequency (for K,=Kg= K ) second moments, the
exact solution for the equation for which is known. This
component describes large frequency detuning in frequency
correlation function of intensity fluctuations.

The high~frequency component of the spectrum is repre-

sented as the Pourier transforw of the product of two-fre-
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quency (for K{ *+ K. ) second moments, the equation for
which can be solved only approximately, in the region of small

frequency detunings.

The solution of the integral equation fq&lthe spectrum
-+ -
of two-frequency mutuasl coherence function BE ( P -) ',1)

can be written in the form

B (5, 75%) = NG T < + R F 759} -
exp {14, CHQP)}

where B@)( 17 is the exact solution for Ak =0 »
BOB (p> % .Z) = the firet approximstion for small fre-

queacy detuning (Ak/k) < 1 (1;1' = (z/k) (Ak/mt).

By intr oducing

Vi (Bk %) = Kd J—*,C/XLP{ 1" (‘1'%4[0)}8(0)(1?;6?,1)7
\f@ A z\)*‘rdﬂ’d ﬁf’%}’ qu"‘ (%+4F>}&6)(P}§)%>9
\)\[(0) (o')o}O)O')Z):

‘ 0)<Ak z)} 4‘296 {V@)(Ak @V@) (Ak: 1?}

where

\W\Q) <bﬁ-) f r1) fz ) > —

\4
S t 3 “F', -—r ©
— o~ =t  Ht x—t ST o
AF(J ‘?W(c) (P,f ) ﬂ,) fw TS) a}’{tf’ f++ L% & }'
The described treatment enables one to deduce the cor-
relation properties of intensity fluctuationa for arbitrary

boundary conditions. In the case of initiel plane wave, pro-~

pagating in a turbulent medium with power law index of
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refraction spectrum
=Dy ey
A= @) roat) sin (G- ] e.* ,
1) N ) .N(yq)(2~>\>
\'\"é) MU; )01 ¢, =BGy Ds(d?/ﬁ)} g

{3 % (o 4ey-9y o
D, =~ e W%’@n(fp{%m@?)} )
RGO ={(2-«) D rCa-Dr @+ %)/
CATE-LE (%1 %1, o, $faid))
o G T B T ) =
M d e oepF 777 ) Vi

EENEY
Por =%2 this resuit coincides with the result obtain.
ed in [4],

W d(i) PwW.

(%)
o OGaog =t e (F) ()
Ceo= Lo 2/ (= 12)} cos(¥ '74) FO+ %) :

The resutts or Computations for the frequency correla~

tion of aperture averaged intenaity fluctuations of irradisn-
ces at 1,06 ’L.- and 0.63 };-

in the regime of strong fluctug-
tions show good 8greement

with experiwent f5] o
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SPECKLE INTERFEROMETRY AND IMAG ING
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Intr tio

It is well known that time averaged stellar images are degraded by
atmospheric turbulence or 'seeing’. At the very best observing sites,
angular resolutions as small as 1 arc second can be obtained, compared
to the 1imit A/D set by diffraction of approximately 0.025 arc second
for a 4m diameter telescope at a wavelength of 400 nm. The technique
of speckle interferometry, which was invented by A Labeyriel, enables
diffraction limited resolution to be achieved routinely and with proper
calibration yields the autocorrelation of the object intensity or,
equivalently, its Fourier modulus. A variety of techniques, which we
shall call ‘speckle imaging’, attcupt to produce an object map (i.e.
the object intensity) from short-exposure speckle data. Although no
totally satisfactory method of speckle imaging has yet been implemented

routinely in astronomy, several proposed techniques 100k very promising.

Speckle Interferometry

Let o(x,y) denote the object intensity and O(u,v) denote its Fourier
transform. When imaging through the turbulent atmosphere, the
instantaneous image intensity is simply the object intensity convolved
with the instantaneous point spread function, assuming isoplanatic
imaging: the Fourier transform of the image intensity, I(u,v), is
therefore given by

I(u,v) = O(u,v) T(u,v) . (1)




where T(u,v) is the instantaneous transfer function of the telescope/

atmosphere combination.

In speckie interferometry, the average energy spectrum of the image is
found:

Ar,wI2y = jowwI2 druwnizy . 2)

Thus the Fourier modulus of the object can be determined if the speckle
transfer function, <IT(u.v)|2>, is known. The key feature of speckle
interferometry is that this transfer function has a component that is
proportionmal to the diffraction-limited transfer function of the
telescope — even if the telescope has (small) aberrations. Moreover,
the average epergy spectrum of the object can be measured with good
signal-to-noise ratio using omly a few detected photons per frame? and
the limiting magnitude for simple objects is on the order my = 18.

The technology of detectors and computers now allows the theoretical
limits of speckle interfercmetry to be achieved in practice.

Speckle Imaging

There are basically two different approaches to the problem of
restoring the object intensity o(x,y). or, equivalently, the magnitude
and phase of the object spectrum, from a set of instantaneous image
intensities {i(x,y)}. The first i3 to use the Labeyrie technique to
obtain the Fourier modulus 10(u,v)| and then somehow deduce the Fourier
phase from it. The second is to process the speckle data {i(x,y)} in
such a way as to extract information that is additiomal to the Fourier
modulus and that allows reconstruction of the object o(x,y): several
methods of agieving this aim have been proposed.

(1) Reconstruction from the Fourier Modulus

In one dimension, it has been known for some time that a unique phase
cannot be found from the Pourier modulus even for positive objects of
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finite support. Considering a sampled object with N values, there cre
up to 2¥1 possible objects all of which have exactly the same Fourier
modulus. Thus, in one dimension, given only the Fourier modulus, it is
impossible to reconstruct uniquely the original object except in very
special cases of no practical importance.

However, the situation appears to be quite different in two (or more)
dimensions, as first demonstrated by Fienup3 and explained by Bruck and
Sodin? for sampled objects. The anbiguity of the one dimensional case
stems from the factorisability of all one variable polynomials, whereas
factorisable two variable polynamials are a set of measure zero. It
is, of course, easy to construct artificial cases for which the two
dimensional problem is not unique: these cases appear to involve
objects with a high degree of symmetry. The question of uniqueness is
the subject of current investigation and debate’.

The iterative algorith-‘ of Fienup for finding the Fourier phase from
the Fourier modulus has been quite successful on laboratory data with
realistic noise. The algorithm ‘nrvolves the successive application of
object and Fourier domain constraints until convergence is obtained.
Convergence is not guaranteed, however, and the algorithm can get stuck
in local minima. Developments in array processors are likely to bring
further refinements to this algorithm.

(ii) Reconstruction from Speckle Data {i(x,y)}

Of the many techniques that have been propoaed". we shall review three
of the most promising: (a) expontential filter method8, (b) eross—
spectrum method? and (c) triple correlation method10,

(a) Exponential Filter Method. The image data are multiplied by

an exponential function exp(-ax) and the average energy spectrum of
this modified data set <|I’(u,v)12> is combined with the average energy
spectrum of the original data <|I(u,v)12). It can be shown that these
two energy spectra can yileld a unique reconstruction of the object
intensity. However, the best available algorithm for this method,
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which uses a modification of the Fienup algorithm, is not guaranteed to

converge to this unique solution.

(b) Cross—spectrum Method. The cross-spectrum
<I(u,v)I*(u+Bu, w6v)> of the data is computed. This yields phase
difference information in the Pourier plane, from which the Fourier

phase can be computed.

_.(c) Iriple Correlatiop Method. The average triple correlation
¢ [1(x) I(x+xg) I(x+x3) dx > or bispectrum < I(up)I(uz)I(-uj-uy) > is
eo-B:ted. The Pourier phase can be reconstructed from the bispectrum.
The full implementation of this method requires a large amount of
computer memory ( ~ N4/8 words for an N x N reconstruction).

The main obstacle to speckle imaging at present is the cost of the
technology required to implement the above ideas in (near) real time -
this cost is falling and routine speckle imaging should be feasible in
the next few years.
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Abstract, - A technique is proposed for recovering images degraded by atmospheric
turbulence. It is based upon the analysis at two close wavelengths of the speckle pattern formed
at the telescope focus.

I - Introduction

Speckle interferometry techniques take advantage of the fact that the instantaneous
monochromatic point spread function S(A,«) of an unresolved star is a random function which
shows small features called speckies whose characteristic size is close to the width of the Airy
funiction of the telescope aperture. The point spread function is given by the Fourier transform of
the complex amplitude of the wave ¥ on the telescope aperture P :

S(A,a) =~ |¥laxrsn) * Plarsr)|2 /{an?) (1)

where bold letiers denote Fourier transform, * stands for convolution, A is the light
wavelength, « the vector of angular position and A the lens area . For an astronomical object
0(»,«) of small angular extent, isoplanatism is assumed, and the image observed in the focal
plaie is the random function I{A,«} given by the convolution relation :

HAa,x} = O{A,«) * S{A,x) (2)
In the Fourier transform plane, this expression becomes :
A1) = O(AT) . 8(Aa,f) (3)

It has been shown [1-3] that 8(A,f} countains information speckled all over the
transform plane up to the cutt off frequency DA of the telescope. However, this information at
high angular frequencies cannot be readily obtained from I{A,f) by any integrative process
because S(A,f} becomes a zero-mean-value complex-function for angular frequencies higher
than r /&, r, being the parameter of Fried [4].

Many proposals [S-8] have been made to use the high angular information present in
S(A,1) to perform the recovery of O(A,«). We shall examine briefly here the techniques of
Labeyrie and of Knox and Thompson [9] from which the dichromatic technique we propose is
derived.

IT - The techniques of Labeyrie and Knox and Thompson ,

Labeyrie's technique makes it possible to obtain the modulus of the Fourier transform of the
intensity distribution in the observed object. It consists of computing the image energy spectrum :

<UANZ = | 0l |2 < S(af) 2 > (4)
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where the symbol < > denotes an ensemble average. Labeyrie {5} has shown that
<{I{A,1}12> has a high frequency component extending up to the telescope cut-off frequency.

The observation of a near-by unresolved star gives the necessary calibration for the
determination of | 0(A,f) |2 from the observed value of <[I(a,f}{2> .

Algorithms have been developed to reconstruct an image from the modulus alone of its
Fourier transform [8], but this information is not enough in principle, and soon after the first
speckle observations Knox and Thompson proposed a generalization of Labeyrie's technigue
which makes it possible to obtain directly the phase information from the speckle data. It consists
of computing the image cross-spectrum defined by :

K(xr1,81) = < HAS). I* (A, (+81)>
=0(A 1) O (A, f+Af). <S(A,(M) S* (A, feAT)> (S)

where the symbol * indicates a complex conjuguate. For Af = 0, Eq.(5) reduces to Eq.(4)
of Labeyrie's technique.

Knox and Thompson have shown that, for Af small compared with r /A, the term
S(A,f) S® (A,f+Af) is a complex value which jitters around the real value <[S(x,f)|2>. It
can be shown [10] that, for 1>> r /A :

<S(A1) S* (A,1+A1)> ~ < S(a,0)]2> . H (AAT/r,) (6)

where H (A.Af/r ) is a constant value given by the autocorrelation function of Fried's
coherence function of the wave [a]. If, for the sake of simplicity, we assume that H
{(rAf/r ) ~ 1for Af small enough, then Labeyrie's technique makes it possible to obtain
the ulus and phase of O(A,1)0*(A,r+Af). If moreover we allow the approximation
lolt+at)] ~ |O(A,1)], then we obtain the differences in phase of O(A,f) for the frequency
shift Af. A summation technique allows the retrieval of the phase over the whole transform
plane.

I - Proposal for an image reconstruction technique making use of the analysis of the speckle
image at two close wayelengths,

The technique we propose is basically a generalization to the speckle case of a technique
proposed by Koechlin [10,12] for Michelson stellar interferometry. It requires a simultaneous
analysis of the speckle image at two close wavelengths A and A+Ax, and it takes advantage of
the deterministic dependance of the point spread function size on A as shown by Eq.1. For Ax
small, it is expected that the instantaneous transfer functions at A and A+AA will be similar one
to the other, and that S(A+<AA,f} will equal S(A,(A+AANIT/2A).

In order to take advantage of this deterministic behavior, it is proposed to compute the
dichromatic cross-spectrum M(A,AM,f} defined by :

MAANE) = < T(A+AAN 1) I*(A(A+AANI/D) > (?)

which can be interpreted as the "achromatized” cross-spectrum of the image intensity.
If we use the notation :

8t = 1 AA/A (a)
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Figure. Schematic represeniation of compizx functions O(A,f), O(A+AA,f) S(A,f) and
S{A+AA,f) which appear in equations (5) and (7) of Knox Thompson (a) and dichromatic (b) techniques.
Curves are drawn for one-dimensional signals and a region of the Fourier plane limited to a spatial frequency
difference which corresponds o about one speckle. R = real part. I = imaginary part. Knox Thompson technique
assumes small phase differences in 8(A,f) for Af small with regard to ro/ A. Dichromatic technique
assumes a similarity relation between S{A,f) and S{A+AA,f) so that S(A,f+81) ~ S(A+AA,()
with 8 = fAA/A. It is also assumed that O(A+AN,f) ~ O(A,f).

expression (7) can be written as :
MIN,ANT) = O(A*ANT) O*(A,1+80).<S{AeAN 1) 8¢(A,1+81)> (9)

This expression is very similar to that of Knox and Thompson in Eq.(5). In a recent
chromatic study of speckle patterns, we have shown that, for f>>r /A, the term between
bracketts of equation (9) is a real term in the form of :

<S(A+AN, 1) S*(Af+861)> ~ <|S(A,1)[2> . BZ(A,AA) (10)

where B(A,AA) is a spectral coherence term [13] which accounts for the wavelength
dependance of the wave perturbation ¥ at the telescope pupil. Using the same reasoning as in
Knox and Thompson's technique, we shall assume for simplicity that, for AX small enough, the
term B2(x,AA) is almost equal to one.

Moreover, we shall assume that the intensity of the object is wavelength independant. This
will be true for most of the astronomical objects provided that the observations are performed in
the continuum of the spectrum. Under these assumptions, M(A,AA,f) gives :

MIA,AAT) = O(A,1) O*(A,re81) <|S(A,0) |2 > (11)
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Here also, Labeyrie's technique will permit the determination of the modulus of O(A,f;
O*(»,1+81). The derivative of the phase of O(A,f) will be obtained from this analysis and the
retrieval of C(A,a) could be performed.

A schematic comparison between the dichromatic technique and the Knox and Thompson's
one is made in the figure.

IV - Di .

The technique presented here takes advantage of the analysis of the speckle image at two
close wavelengths. The technique can readily be generalized to multiple wavelength analysis, in a
Ispcckle-spectmscopy type experiment [:4] or in a one-dimensional space-wavelength analysis

15].

The signal to noise ratio S.N.R. of the experiment will highly depend upon the spectral
coherence term B(A,A\) and astronomical seeing {16] . Aithough a detailed study of the
SN .R.is yet to be done, a good value is expected since experimental tests on spectral coherence
of speckles [10] revealed to be more favorable than theoretical predictions|13].
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Zemike Decomposition for a
Kolmogorov Turbulence Spectrum
with Finite Outer Scale
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The use of Zemike polynomials to represent phase distortion in image-forming optical systems
is well established, whether the distortions arise from the system itself [1] or from propagation
through the atmosphere lying between the object and the optical system [2,3). Research in optical
propagation generally relies on Kolmogorov urbulence theory to describe atmospheric turbulence.
The Kolmogorov theory predicts an inertial range of turbulence having an energy spectrum which
follows a simple power law for spatial scales lying between some large scale where the turbulence
is created and some (much) smaller scale where the turbulent motion is dissipated by the viscosity
of the air. The turbulence within this inertial range is assumed to be isotropic. Kolmogorov theory
predicts a power spectrum for refractive index fluctuations following an 11/3 power law in the
inertial range. Previous studies of the contribution of atmospheric turbulence to wavefront
distortion have assumed the large-scale limit of the inertial range (the outer scale, L ) to be infinite.
Although this assumption is non-physical, as the spectrum then contains infinite energy, it has been
assumed that the size of the outer scale has little influence on phasefront statistics, and that the
inertial range may in fact be extended to infinitely large scales with no significant error.

In recent years, the astronomical community has proposed a ‘next generation’ of telescopes
using apertures significantly larger than any existing telescope [4). It seems possible that for
optical systems on the scale of the 8 and 10 meter apertures now being proposed for these
telescopes, outer scale effects might become significant. For this reason a study was undertaken to
quantify the importance of any possible effect. In this paper, the Zemike decomposition of
Kolmogorov turbulence derived by Noll {3] will be rederived for the case of a Kolmogorov
spectrum modified by the presence of a finite outer scale. Since the nature of the integrals
encountered in computing this decomposition resist evaluation by numerical techniques, the
computations have been performed analytically whenever possible.

For the case of Kolmogorov turbulence, the index of refraction structure function D (r) is given

by:

D,(r) = Clz,rm
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This gives the familiar Kolmogorov spectrum for index of refraction fluctuations [5]:

o, (k) = 8.16C2 k!B

where k is the spatial wavenumber. This spectrum contains infinite energy, leading to an infinite
phase variance. In the past, this difficulty has been handled by working with the piston-removed

phase variance, which is finite. If we assume a flat spectrum for k < 2n/L the phase variance will
also be finite. We will assume a spectrum of the form:

O, k) =8.16 C2 k% k2 '8

where k= 2/L . In order to write the spectrum in terms of a scalar, k, rather than a vector, we

have assumed that turbulence at scales larger than the outer scale is isotropic. The phase fluctuation
spectrum has the same form:

®y(k) =B (k% k7)1
where the normalization constant, B, may be determined from a comparison of the representation of
the phase structure function, D,(r), in terms of the index of refraction fluctuation spectrum, D
2
Dyft) = —:-ffdzkdk ® (k.2) {1 - J o(kn)
and in terms of the phase fluctuation spectrum, @,
Dy - + [k @0 1 -3 0)

where x= 2x/A. The Zernike decomposition may then be performed in the same manner as in [3),
by replacing the Kolmogorov spectrum with the modified spectrum in the expression:

3> - [ [ & d QR0 R KR) Q, k)

where 3 is a Zemike coefficient, Ql is the Fourier transform of the jth Zernike polynomial, and the
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phase spectrum is scaled by R, the aperture radius.
This last expression contains integrals of the form:

(1] k (k + ko)
which may be evaluated following an approach suggested by Watson [6]. The product of the two
Bessel functions is converted to a single Bessel function using Neumann's function. This Bessel
function is then expressed in terms of a contour integral using:

+o0i v+2s
1 () (v2)”
@ =7 -L?s T(v+s+1)

After reversing the order of integration, the evaluation is straightforward. The final expression for
the magnitude of the Zermike polynomial coefficients is a complicated expression involving a sum
of two terms containing hypergeometric functions of the type ,F,. The hypergeometric functions
are readily evaluated numericaily. Results and scaling laws will be discussed.

1. Bezdid'ko, S.N., 1974: The Use of Zernike Polynomials in Optics. Soviet Journal of Optical
Technology, 41, 425-429.

2. Fried, D.L., 1965: Statistics of a Geometric Representation of Wavefront Distortion. J. Optical
Society of America, 55, 1427-1435.

3. Noll, R.J., 1976: Zemike Polynomials and Atmospheric Turbulence. J. Optical Society of
America, 66, 207-211.

4. Burbidge, G. and L.D. Barr, ed., 1982: Advanced Technology Optical Telescopes.
Proceedings SPIE, v332.

5. Fried, D.L., 1966: Limiting Resolution Looking Down Through the Atmosphere. J. Optical
Society of America, 56, 1380-1384.

6. Watson, G., 1944: A Treatise on the Theory of Bessel Functions, 2nd ed., Cambridge
University Press, New York, NY.
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Stellar Speckle-Image Reconstruction

From Phase Gradients

G.J.M. Aitken, R. Johnson and H. Houtman
Queen's University, Kingston, Ontario, Canada

Introduction.

The estimation of the phase function is a major problem in
the reconstruction of a stellar object's complex spatial
spectrum from a set of speckle images. The Knox-Thompson?
approach measures a 2-D array of phase differences between
ad jacent spatial-frequency components, the phase function being
determined either by summing outward from the origin or fitting
a function to the array of phase differences. However, the
estimation of a phase difference in a given spatial-frequency
interval is simply an estimation of the gradient of the phase.
In this paper a process is described which estimates the true
phase gradient directly fronm t e speckle images. An important
property of the phase-gradian. process described here is that
the noise biases at low photon levels are less troublesome than
in the K-T process and, in principle, can be systematically
removed during data reduction.

Phase-Gradient Estimtor

Let in be the nth speckle image in a set of N, o the object
and sn the time-varying point-spread function of the atmosphere-

telescope combination. Their respective Fourier transforms are
In, 0 and Sn' For each of the speckle images compute

] ]
an = Im {Inx In}, (GD)
]
where Im{.} indicates the imaginary part, Inxz j2x F.T.{x in} =
dIn/dfx from the Fourier differentiation theorem, fx is the

x-component of spatial frequency, and the primed symbol denotes
differentiation with respect to the spatial-frequency components
indicated by the subscripts x or y.

If a and o, are the angles of 0 and Sn, respectively, the

expected value of (1) reduces to
2 ' FAE
= <L) > ey ‘-

2 2 t
<, > = j0b <S> e,
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]
where the fact that <en> = <°nx> = 0 has bteen used. Sirilarly,

E ] 2 '
- - s h - 3 &
Dny = 1 {Iny I,} and <Dny> = <L 12 oy Thus, the estimator
for the gradient of object phase is
~ N 1 3 1 & N 2
Va = nf1 Im{I I, %+ Iny I, vl 7/ nE1 1100 (3)

where x and y are unit vectors in the f and f directions,
respectively. y .

The phase estimate is found by integrating va outward from
the origin over multiple paths in order to determine the gross
tilt, then by function fitting to establish local features.

Bias and Noise

When the photon-effect model described by Nisenson and
Papaliolios? is applied to the calculation of an , the bias
term is

138 LI <10 .0)>/<I _(0)> , ()
where P is the Fourier transform of the recording system's
response to a single photon event and Ep is the average number
of photons per image. The long exposure image gives

1,5(0)>/<I (0)> , white |P}* and ﬁp can be evaluated for the
specific system. B has the same form.
Since for real obJects only I {<I (o)>} comes into play,

objects whose centroids are located at the centre of the field
will have zero bias. In fact, if the centroid of each speckle
image is shifted to the centre of the field, the bias terms will
be eliminated. The information lost is the true position of the
source; however, averaging of the shifts imposed on the in-
dividual images would re-establish the position.

The variance of an due to atmospheric fluctuations reduces

to
2 2 2 ' 2 ' 2
N> o= QI > [2<e,) > (ax) 1, (5)
Therefore, the phase-gradient error for N images is
] L /!
ba, = 2[((6 ) o+ (u ) ] (6)

ahen <(o ) > is very small the terms contributing ux in (&)
disappear. The error ir °y is of the same form.
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The quantities e; and e; are not readily accessible from

analytic expressions for S. However, a computer simulation using
100 instantaneous atmosphere-telescope transfer functions cor-
responding to a 1m telescope and ry = 12.5 cm yielded a value of

2 x 10', radianst/cycle for Ac;' . Of?er estiTates confirm that
the value would be of the order of 10 to 10 . For a 1m
telescope and a 128 x 128 sample field the maximum rate of
change of phase, °;ax’ would be 2 x 10'. rad®/cycle. These
figures indicate that with N«100 the effects of the atgosphere
will be reduced adequately to allow good estimates of va as is
demonstrated in the example described below.

Demonstration

Fig. 1(a) shows a test object as seen through the tele-
scope with no atmosphere. Fig. 1(b1) and (b2) show two examples
of the 100 speckle images generated by random phase masks in the
128 x 128 pixel computer simulation. A long exposure image is
shown in (¢). The reconstructed image in (d) was obtained by
Fourier inversion of the spectrum whose modulus was calculated
by the conventional speckle interferometry processing and whose
phase is the integrated phase g adient estimate. Finally, in
Fig. 1(e) Fienup's process® is applied with the constraints that
the object must be real and positive.

The authors wish to acknowledge the support of this work by
the Natural Sciences and Engineering Research Council of Canada.
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Fig.

1.

(a) The diffraction limited image. (t1) and (t2)
Typical speckle images. (c) The long-exposure image.
(d) The reconstructed image. (e) The image of (d)
after application of Fienup's algorithm.
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variability of Amplitude Scintillations Observed in Beijing and Rame
on SIRIO Satellite Links.

J. Wang (*), U. Merlo (**), E. Fionda (**)

(*) MOA/CAST, P.O. Box 5106, Beijng, China
(**) Fondazione U. BORIONI, viale Europa 160, 00144 Rame, ITALY

Amplitude scintillation measurements have often to deal with natural
events subject to intrinsic non-stationarities, such as solar heating
or clouds. In these cases, particular care should be paid in perfor-
ming spectral, variance and parameter estimations.
In the present contribution we report some scintillation measurements
over two links with SIRIO satellite and we refer a simple but ef-
fective evaluation of the diurnal evolution of turbulence induced by
solar heating.
Measurements.

buring the period June 1983-February 1985, SIRIO sate-
tellite was in a geostationary orbit over the Indian ocean and trasmit-
ted at 11.5 Qiz with circular polarization. Propagation and telecawmwuni
cation experiments were held in cooperation between Italy and
People's Republic of China. Amplitude scintillations have been measu~
red in two stations placed in Beijing (CHINESE ACADEMY OF SPACE) and
Fome {ISTITUTO SUPERIORE DELIE POSTE E TELECOMUNICAZIONI). The stations
were identical and were equipped with 3 m Casseqrain antennas with
mean axis elevation of 20.5% in Beiiing and 20.0°in Rome. Diurnal drif-
ting of satellite was compensated oy iautomatic tracking. Data were recor-
ded on magnetic tapes (sampling rates 1-10 Hz) and analogic strip chart.
The intensity of scintillations has been estimated by using records of
30 minutes length for Beijing and 25 minutes for Rame,
Data during rain events were excluded fram analysis, but cloud effects
have not yet been separated fram those of clear sky convective turbu-
lence. Meteorological ground recordings were gathered by observatories
situated near the vertical projection of atmospheric propagation path.
The intensity of scintillations has been evaluated by scintillation
index defined as SI = ({Ppmax - Pmin) / (Pmax + Pmin))x 100
where Pmax and Pmin are respectively the third peak down from the maxi-
mum and third peak up from minimum during each estimation interval /1/.
The use of this simple index may be justified by remembering that the
log-amplitude of each scintillation event follows a normal distribution
/2/ and that the standard deviation could be estimated by means of scin-
tillation index.

Synthesis of results.

Measurements of mean SI taken in Rame and Beiijing
and corresponding Mean ground temperature are shown in Fig. 1. These
values represent the mean of hourly samples taken over the same summer
month. It appears that the four curves present noticeable similarities.
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The largest part of data has been collected during clear skv conditions
but same variations of SI (particulary for Beiiing) may be caused by cunu-
ius clouds . Deily cyclical behavior of mean SI has been noted through
all summmer months (e.qg. Fig. 2), while in winter it is less noticcable.
Camparison between mean ground temperature and mean SI by regression ana—
lysis in Fig. 3 confimms the strong similarity of the behavior of these
quantities for different climates of Rome and Beijing. Correlation coef-
ficients are respectively 0.920 for Rome and 0.905 for Beijing.
Results shown are valid through vagelengths where direct effect of tem
perature over structure parameter C,, is negligible in respect of humidity
/3/. Apparent relationship between power and ground temperature may be
explained noting that intensity of turbulence and absoOlute humidity could
be enhanced by grond temperature increments and remembering that
scintillation power is proportional to the refractive index structure
parameter C,, after the well known relationship:

t 2 L, L2

Cu=aCt b+ 2abC
where the parameters in the seoond term depend on atmospheric pressure,
temperature, absclute humidity and the wavelength of radiation.

Behaviors shown have been obtained fram monthly mean quantities. The
spread of indidual samples is shown for Beijing and Rome in Fig. 4,
by means of the standard deviation of mean (hourly) values of SI
versus mean {(hourly) scintillation intensity for each month.
Por further deepening of the relationship between scintillations and
temperature, cross-oorrelation analysés of SI versus ground tempera-
ture are reported in Fig. 5 and Pig. 6. In Fig, 5 it is shown
the short-tem cross—-correlation index between mean SI and mean ground
temperature in Beijing. It may be remarked a tendency of SI to anticipate
about 0.5 hour ground temperature variations. This tendency is confirmed
by the long-term cross—correlation between hourly samples for Rame in
Fig.6. This behavior could be explained by approximately modelling the
cbserved turbulence as partly related to the varying of ground tempera—
ture and partly to the actual value of the same temperature, Higher
variability of mean SI has been found from 09 to 12 and fram 16 to 19
hours, local time.

Concluding Remarks.

Analysis of amplitude scintillations during summer
in the different climates of Beijing and Rome has shown that mean scintil-
lation intensity follows a diurmal cycle. A noticeable variability of mean
scintillation intensity index has been found, particularly around 10.30 and
17.30, local time. It has been noted that this behavior ocould be approxi-
mately related to the cycle of ground temperature, Scintillation intensity
has been found to be slightly anticipating ground temperature variations,
Relationships found may be useful for scintillation modeling and simulation,

References
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SCINTILLATION ON HIGH- AND LOW-ELEVATION
SATELLITE PROPAGATION PATHS

Patrizia Basili, Piero Ciotti, Giovanni d‘Auria
Dipartimento di Elettronica, Universita di Roma '"La Sapienza"
Via Eudossiana 18, 00184 Rome, Italy

Ugo Merlo
Fondazione Ugo Bordoni, Viale Europa 160, 00144 Rome, Italy

Paolo Ferrazzoli, Domenico Solimini
Dipartimento di Ingegneria Elettronica, Universita di Roma "Tor Vergata"
Via Orazio Raimondo, 00173 Rome, Italy

SUMMARY

Introduction.

In 1983 the SIRIO satellite was shifted from its original loca-
tion 15°W on the Atlantic Ocean to a new position 65°E on the Indian Ocean
for a cooperative Italian-Chinese experiment. A decrease of the elevation
of the satellite with respect to the Italian stations resulted from the
shift. Therefore the displacement offers a peculiar opportunity of analyzing
the propagation characteristics of two earth-space propagation paths invol-
ving the atmospheric layers to a different extent. In this paper the
statistical properties of the fluctuations of the field amplitude on
the two paths are analyzed for a number of selected events for which
enhancement of the peak-to-peak ve.ue was observed. Particular emphasis
is placed on the spectral properties, which are discussed with reference to
other observations and theory.

The experiment.

~ The SIRIO experiment was designed to investigate the propagation
characteristics of an earth-space path at the frequencies of 11.5 and 17.75
GHz. The amplitude of the circularly polarized field of the down-link at
11.5 GHz was recorded at the earth station of Fucino, Italy, nearly 700 m
above the sea level, and subsequently, after the displacement of the
satellite, in Rome, Italy, about 50 m above the sea level. The two stations
are about 100 Km apart. The elevation of the propagation path was 33°30'
for the first location and slightly less than 20° for the second one.
The Fucino station used a 17-m shaped Cassegrain antenna, while the Rome
Cassegrain antenna had a diameter of 3 meters. The sampling frequency
was 10 Hz and data were recorded on digital magnetic tapes.

Analysis of the intensity of fluctuations points out the sea-
sonal and diurnal variability already observed in analogous experiments
(1, 2). In addition, occasional enhancement of fluctuations are observed,
which are wusually accompanied by an average attenuation and occur in
concurrence with rain or in adjacent periods. The analysis of two of
such events is presented in this summary, one referring to the low-elevation
propagation path and the other to the initial link with the satellite seen
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at 33°30' above the horizon.

Results.

Observations taken by the Italian Air Force Metecrological
Service at Fiumicino Airport, about 20 ¥m from the Rome ground siation,
reported 2/8 of cumulus clouds at 12:00 GMT on August 17, 1984, Fig.l
reports the amplitude of the 11.5 GHz received field for a period starting
at 12:20 p.m. local time. The mean level of the field is nearly constant
and quite close to its value for clear sky conditions. The corresponding
spectrum (Fig.2), evaluated by an FFT routine, is slowly decreasing at the
lower frequencies and falls off with a slope close to -8/3 beyond the corner
frequency near 0.2 Hz. About one hour later a moderate mean attenuation can
be observed in the record of the field amplitude (Fig. 3). The attenuation
appears to produce an enhancement of the low frequency part of the spectrum
(Fig.4), whereas the high frequency behavior remains almost unchanged.
When a rain cell develops across the propagation path, a noticeable attenua-
tion is observed (Fig.5). Three regions can now be observed in the spectrum
(Fig.6): a low frequency zone where the spectrum decreases with a slope
that seems to be consistent with both the theoretically predicted (3)
and experimentally observed (4) -8/3 slope for propagation in an absorbing
medium; a rather flat intermediate zone between the low corner frequency
about 0.01 Hz and the high corner frequency about 0.2 Hz; a high frequency
zone which falls off with the expected -8/3 slope.

The existence of a low frequency spectral region with a -8/3
slope when the path attenuation is not negligible confirms previous obser-
vations (5). Indeed, although the frequency of the electromagnetic wave
does not fall within an absorption band of the atmospheric gases, the
presence of liquid water on the path makes the global refractive index
complex. The random space-time variations of the liquid water density due
to turbulence in the clouds produces random fluctuations of the complex
refractivity. The effect on the amplitude spectra of waves propagating
in such a random absorbing medium is analogous to the one theoretically
predicted by Ott and Thompson (3).

To clarify this point, several additional events have been
analyzed, taking also into account concurrent radiometric measuremerts.
Amplitude fluctuations and the radiometric signal have been recorded at
the Fucino ground station where, as said, the satellite had a local eleva-
tion different from that at the Rome station. The obtained results appear
to be consistent, at least within the natural variability of experimental
data, and with regard to the differences in the propagation path. As an
example, Fig.7 reports the time series of a long {(ih 26') attenuation
event and Fig.8 the corresponding spectrum. In this case the low frequency
region which is attributed to absorption extends to about 0.02 Hz, thus
somewhat reducing the flat portion of the spectrum, according, again,
“o the theory. Of course, statistical nonstationarities and possibly highly
variable atmospheric conditions along the slant earth-space path introduce
disturbing effects which are to be carefully considered.
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Some Recent Developments in Optical Coherence Theory+

*
Emil Wolf

Department of Physics and Astronomy
University of Rochester
Rochester, NY 14627 USA

(invited)

A review will be presented of some recent researches relating to par-
tially coherent wavefields. These include the clarification of the rela-
tionship between space-time correlation functions employed in the tradi-
tional description of partial coherence and the single-frequency correlation
functions frequently used in the analysis of problems relating to atmos-
heric propagation and to speckle patterns. Second-order as well as higher-
order correlations will be considered.

Progress towards the clarification of the foundations of the theory of
radiative energy transfer will also be described and some of the important

unsolved problems in this area will be noted.

+ Supported by the National Science Foundation

* Also at the Institute of Optics, University of Rochester
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Classical radiometry: a short wavelength limit for a

general mapping of cras-spectral densities in second-

order coherence theory

by
M. Nieto-Vesperinas
Instituto de Optica, C.S.I.C.
Serrano, 121

28006 Madrid, Spain.

In the last years there has been much effort in
the attempt to derive the empiric laws of radiometry
from the statistical theory of wave fieldsl-j. In this
context, expressions for the so-called generalized
radiance were proposed in terms of the cross-spectral
density of the optical field. It has also been showng
that it is not possible to build a generalized radiance
that depends linearly on the cross-spectral density of
the optical field and that satisfies the three requisites

of radiometry. In generals, all the generalized radiance

functions proposed in the literature can be mathematically




derived as particular cases of a general m&dpng. between
the cross-spectral density and the generalized radiance,
originally propond in Quantum Statistical Mechanic-~ b

Cohen6.

The difficulties mentioned above can be,
however overconed when one considers the limit of short
wavelengths for the radiated field. This was recently put
forward for quasi-~homogenecous sources, and for a parti-
cular case of generalized radiance, (the established in
Ref. 3) in Ref. 7. In fact, the sources for which tradi-
tional radiometry was applied are of dimensions very
large compared to :he radiation wavelength and are

quasihomogeneous (e.g. blackbody sources).

In this communication it is shown that for
this class of sources, in the short wavelength limit,
all generalized radiance functions obtained from Cohen' s
mopping reduce to the ordinary radiance and thus satisfies
the three conditions of classical radiometry., Also, the
associated specific intensity, that characterizes 3-D
propagation of the field, is shown to satisfy the

radiative transfer equation in free space.

x . .
(=) This Work has been supported by the National Science

Foundation and CAICYT.
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Lidar Profiling of Atmospheric Properties
that Influence Propagation
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(invited)

During the past 20 years, many lidar techniques have been devised and
demonstrated for quantitative, remote measurements of the atmosphere.]_" Such
measurements have been carried out even at ranges exceeding 100 km. Ground-

based, airborne, and balloon borne lidar probes measure stratospheric particu-
5,6

lates, ozone,7'8 and free9 OH. Remarkable observations of atmospheric

structure have been made using the mapping capabilities of lidar. These

10

include tropospheric folds, convection and advection in the planetary

1m,12 and gravity waves in the upper atmosphere.3'13 This

boundary layer,
paper describes the lidar technology now available for profiling the atmos-
phere's thermodynamic variables: temperature T, pressure p, density n, and
humidity [H,0]. The latter is included here because the typical H,0 latent
heat content is important dynamical’y and water vapor has strong effects on
optical propagation. It will be seer. that several accurate lidar methods can

be used to monitor the state of atmosphere during propagation measurements, or
as operational support for propagation devices such as radars and high

intensity lasers.

Table 1 lists lidar techniques by the physical effects and molecules
employed. Entries in the table indicate the altitude zones of the atmosphere
in which the methods provide direct measurements of T, p, n, and [Hzo]; in
this order, available accuracies are nominally 1°K, 3 mb, 0.3%, and 3%. Most
of the methods are based on optical transitions involving discrete energy
levels of the atoms or molecules (absorption, fluorescence, Raman scattering);
exceptions are #12 and #13 that employ gas refractivity and Rayleigh scattering.

Differential absorption lidar (DIAL) techniques are available for all
four types of profiling, .sing near infrared lines of H,0 (720, 820, 940 nm)
and O, (690, 770 nm). Two laser pulses are transmitted, one tuned onto an
absorption line, the other tuned into a nearby portion of the spectrum where
there i{s 'ittle or no absorption. Time-resolved analysis of the ratio of the

two lidar returns provides a range-resolved profile of the amount of




1-4,14,15

absorber. For certain lines of HZO this yields the concentration

[H;0] (or its mixing ratio in air) dir‘ectly.16'21

For other lines, the
absorber In question consists of excited state molecules whose abundance in
the atmosphere is related to temperature or pressure as well as sheer material
quantity. The 0, molecule has been singled out for this work particular-
1y.3'22—26 The laser requirements for DIAL (and fluorescence lidar) are
stringent, including emission linewidth and frequency stability of order 0.01-
0.03 em”! (300-900 MHZ). Groundbased and airborne DIAL observations based on
the near IR spectra of H20 and 02, while still undergoing refinements, are
part of the developed technology for atmospheric profiling.

Raman lidar27_37 employs the backscattered lidar returns at different
frequencies corresponding to the Raman spectra of atmospheric constituents
such as N2, HZO, CHy, etc. With sufficient care in blocking out backscatter
from the primary laser transmission (and, in some cases, daylight33’35), the
water vapor mixing ratio [Hy0]/[N,] and the nitrogen density profile [N,]
can be determined without using the spectrally pure lasers required for DIAL.
The countervailing fact i{s that Raman scattering coefficients are 3-4 orders
of magnitude smaller than for Rayleigh scattering; so the lidar returns are
faint, and one requires a favorable combination of large telescope, high laser
power, and discrimination against background light. Relatively recent devel-
opments include high spatial resolution in vertical [H,0] prof‘iles,35

measurements to high altitude.36

and temperature profiling to altitudes of
order 2 km using rotational Raman scattering3u’37 by Ny.

For higher altitudes, it has been suggested38'39 that stratospheric
temperature and pressure can be measured by means of a variation of the OH

9

fluorescence technique”’ already employed for OH density. The ambient

temperature in the altitude range 80-100 km is measured from the ground by
means of sodium D-line fluorescence lidar;uo—uu recently the sodium temper-
ature near 90 km has been measured with 2°K accuracy and 1 km altitude
resolution.45 To cover a broader range of altitudes, Rayleigh scattering of
high energy laser pulses (e.g., Nd:YAG) is used to obtain the relative density
and absolute temperature of the atmosphere between 30 and 100 km.3'13'u6_u8
To summarize, a host of lidar methods is now available to support
measurements of optical and millimeter wave propagation, even to great

distances from the lidar station and to high altitudes above the earth.
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REMOTE SENSING OF METEOROLOGICAL PARAMETERS :
EFFECTS OF ATMOSPHERIC TRANSMISSION AND SCATTERING
PROPERTIES ON DIAL MEASUREMENTS

G. MEGIE
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High vertical resolution measurements of the physical parameters of the
lower atmosphere (temperature, pressure, humidity) will allow significant
progress in various areas of atmospheric research (meteorology,
climatology, pollution studies). Such measurements have recently became
feasible due to the development of tunable, narrow bandwith laser sources
in the near infrared (720-760 mm) - i.e. Nd Yag excited dye lasers or
solid state Alexandrite lasers. The differeatial absorption laser
technique (DIAL) forms the basis for these high accuracy determinations of
state variables in the atmosphere : it uses two laser pulses, one located
on a resonant absorption line of the species to be measured (vL) and a
second one at a nearby refereuc¢ frequency (vR). The energy EL/R
backscattered at each frequency by aerosols and molecules in the
atmosphere is measured as a function of time using a range gated receiver
which allows the atmospheric absorption K of a particular species to be

measured over a known path AR :

1 E (R) / E (R)

2AR EL(R + AR) / ER(R + AR)

The absorption is then used to determine the species concentration as in
the case of water vapor. Furthermore, if the species concentration is
known {n the atmosphere as for molecular oxygen, the measurement of the
absorption at the center of a line will lead to the determination of the
temperature (Mégle, 1980 ; Korb and Weng, 1982). Similarly, measurement in
a far line wing can be used for the determination of pressure im order to
obtain a maximum sensitivity of the absorption coefficient (Korb, 1977
Mégie, 1980).
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Analysis of the varlous error sources in such measurements shows thiat,
besides stringent requirements on laser frequency stability and bandwith
and knowledge of spectroscopic parameters, propagation of the laser bean
through the atmosphere Leads to various systematic errors which have to be

accounted for to improve the measurement accuracy.

a) Atoospheric scattering and extinction ;

Equation (1) is only an approximation of the general formula which relates
the atmospheric absorption K to be the backscattered energy. Effects
related to differeantial extinction due to molecular and Mie scattering
have to be accounted for, whereas their relative magnitude is less than
10-3 {n the near infrared due to the sharp structure of the absorption
features which allows a small frequency interval between the absorbed and
reference frequencies. Spatial and temporal correlations between
successive range cells will also influence the retrieval of K depending on
the time interval between successive laser shots. Experimental results
show that the decorrelation time for backscatter returns by aerosols
particles 1s of the order of a few microseconds (Hardesty et al., 1981).
Successive pulses separated by time intervals greater than this will thus
appear as uncorrelated over the period during which the atmosphere can be
considered as frozean. This period is of the order of 10 msec and
corresponds roughly to the coherence time of atmospheric turbulence. This
means also that, taking into account the non stationary nature of the
atmospheric attenuation, a point might be reached where variations in the
attenuation level over the integrated interval will dominate the averaging

process.

b) Atmospheric absorption

These effects are related to the spectral characteristics of the laser
emission. A special attention should be payed to the contribution of the
amplified spontaneous emission (ASE) which results in a broadband spectrum
superposed to the narrow linewidth laser emission. To limit the resulting
systematic error at values below a few perceant, spectral purity of the
laser emission - {.e. ratlo between emission in the ndrrow peak to the
total ewitted energy - should be better than 99 Z. Whereas such values are

easily attainable with snlid state laser sources, ditficulties in the
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system design arise when using Nd Yag excited dye lasers.

The problem of the finite linewidth of the laser emission has also to be
addressed. Cahen and Mégie (1981) have shown that the spatial distribution
of absorption coefficients in the atmosphere measured with the DIAL
technique is restored, in the case of a pulsed laser system, only if the
emission is monochromatic. Due to the finite linewidth of the laser line,
a systematic error 1s introduced which can be as large as 5 Z if the ratio
of the laser to the absorption linewiths exceeds 0.5. Furthermore, due to
the scattering process in the atmosphere itself, the backscattered line
always corresponds to a Doppler broadened line (Rayleigh Scattering)
superposed with a narrower peak due to Mie scattering by aerosol
particles. To account for the residual dependence on the transission
properties of the atmosphere within the laser propagation path, special
algorithms should be developed, to reduce the residual errors down to
0.05 K for laser bandwiths of 0.04 cu (Korb et al. 1982).

All these effects have been demonstrated ot accounted for {n various
experiments which have shown that the overall accuracy wvhich can be
expected from DIAL measurements can be better than 5 T for humidity
retrieval (Cahen et al., 1981 ; s8r« «ll et al., 1979), 0.5 to 1 K for
temperature and 2-3 mb for pressure profiling (Korb et al., 1983 b). Both
ground based and airborne systems have been developed which have been used
for the study of local scale convective activity or mesoscale processes
such as cyclogenesis or disturbances associated with the occurence of cold
or warm fronts. Further directions in this field will include developments
of automated systems either for ground based monitoring or airborne
experiments and feasibility studies of space borne active systems for

global measurements.
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The problems connected with atmospheric pollutants are
being more and more widely recognized. Soil- and lake acidifi-
cation have been long discussed while reports on widespread
damage to forests are more recent. Air pollutants constitute a
threat to public health both dire~tly through inhalation and
indirectly through possible long-term influences on the atmos-
pheric environment. The need for powerful actions and interna-
tional cooperation is becoming evident. Clearly, efficient met-
hods for measuring local, regional and global pollution are much
needed. Optical remote sensing techniques provide power ful means
for studying atmospheric pollutants. Most techniques utilize
differential optical absorption of radiation that is transmitted
to probe the air. Regular light sources as well as lasers can be
efficiently applied in pollution monitoring. A good review of
the field is provided by Ref. [11].

In optical remote sensing of atmospheric pollutants wave-
length regions relatively free from major species absorption (eg
by €D, and H20) have to be utilized. For obtaining a high sensi-
tivity to minor constituenis; molecular transitions with high
absorption coefficients are sclected. Freruently the accuracy of
an optical absorption measurement is not 1limited by photon
statistics but rather by noise due to atmospheric turbulence. In
a long-path absorption measurement, the turbulence will cause
the 1light beam to walk over the receiver aperture. If the beam
is first directed towards a remote retro~reflector, the beam
will instead walk over the reflector causing strong variations
in the intensity reflected back. In measurements employing laser
light back scattering (lidar: light detection and ranging) the
wavelength tuning of the laser is frequently changed between
the resonant wavelength and the close-lying off-resonance (re-
ference) wavelength between subsequent pulses. Again, atmosphe-
ric fluctuations in the individual volume elements will cause
the elastically backscattered intensity to vary. The remedy for
these detrimental effects of atmospheric turbulence is to mea-
sure the absorption on the resonance and reference wavelengths
simultaneously, or at least at such short time separations that
the atmosphere can be considered to be "frozen". The time scales
of atmospheric turbulence have been extensively investigated; of
particular interest is an investigation using CO7 lasers by
Menyuk and Killinger [2]. The conclusion is that most of the
noise can be eliminated by working on time scales below 10 ms.

Most practical Nd:YAG lasers, that are used for pumping
tunable dye lasers operate with a repetition rate of about 10
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Fig.1. Charting of NO; distri- Fig.2. Charting of particles
bution by the dial technique [4]. by the lidar technique [5]

Hz. Although wavelength changes between pulses still does not
fulfil the temporal requirements just stated, quite satisfactory
results can be obtained in range resolved dial (differential
absorption lidar) measurements at the price of some extra signal
averaging. Using the mobile system described in Ref. [3] we have
recently studied the NO; dynamics at temperature inversion
situations. In Fig. 1 the NOj, distribution over the central part
of the city of Goteborg during a winter morning is shown [4].
The data are obtained in successive horizontal scans during a
total time of 1 hour. An easier task for such a system is to map
the relative particle distribution in industrial areas. An exam-
ple from such measurements is shown in Fig. 2 [5]. A new, larger
and more versatile mobile system for lidar and other optical
atmospheric measurements has recently been completed. A lay-out
of this system is shown in Fig. 3 [6].When fast data taking and a
high precision are needed a laser system generating two sharp
wavelengths simultaneously or at very short time intervals is
desirable. In airborne dial measurements it is mandatory because
of swift changes is the aerosol backscattering. If the pulses
are transmitted at sub-millisecond intervals the signal returns
can be detected through a common detection channel wusing a
single transient digitizer. Simultaneous transmission from a
two-wavelength laser normally requires very sharp wavelength
separation into two individual detection channels. Different
more or less complex schemes for circumventing the problems of
atmospheric fluctuations have been introduced.

We have recently proposed a different approach using a rather
broad-band laser and utilizing the spectral separation obtained
by gas filtering. [7]. The principle of the gas correlation

lidar scheme is shown in Fig. 4. The laser emission covers both
on- an off resonance wavelengths for the species to be studied.
The spectral contents in the backscattered radiation is

unscrambled by comparing the intensity received directly and
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Fig.3. Mobile laboratory for Fig.4. The principle of gas
atmospheric remote sensing [61] correlation lidar (71.

through a cell filled with the gas to be studied in sufficient
concentration to cause strong or complete absorption on resonant
wavelengths. The spectral and temporal signals occurring in the
detection of a remote gas c'oud are illustrated in the figure.
The technique has been tes:ce: for the case of an artificial Hg
cloud. Since the gas can hancle many spec.r-al features in paral-
lel a very simple laser with little wavelength control might ba
used. A normal flashlamp can also be employed for path aver ayc
measurements using a topographic target or a simple retro-
reflector. This technique is now being tested for SO; [81. The
gas correlation lidar technique has the potential of allowing
very simplified equipment to be employed in certain measuvremant
situations. However, it should be pointed out that the sensiti-
vity is lower than in normal, narrcwband dial since the spectral
separation is incomplete. Calibration of the instrument using
gas cells is also necessary. Since the information is obtained
from ratios of the two channel signals for the same light pulse
immunity to atmospheric turbulence and other fluctuations is
largely granted.

Continous conventional light sources provide possibilities in
atmospheric long-path absorption measurements as shown by Platt
and Perner (See Ref. 9 for a review). In their doas (differen-
tial optical absorption spectroscopy) scheme a high-pressure
xenon lamp mounted in front of a reflector is used to transmit a
beam over a distance of up to several kilometers before reaching
the optical telescope receiver. Clearly, atmospheric turbulence
will cause the received intensity to fluctuate strongly. How-
ever, by performing a swift spectral scan covering on- and of{-
resonance wavelengths in a time interval of "frozen" atmospheric
conditions even very small intensity variations due to specific
absorptions can be monitored. The low photon statistics 19
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pathlength (MV: 22 ppb [10].

compensated by adding a large number of scans. We have con-
structed a high-resolution doas system with a new wavelength
scanning principle. Measurements have been performed for S0),
NO and Hg [10]1. The excellent signal to noise ratio obtained in
measurements of this kind is illustrated in Fig. 5. For the
first time it was also possible to measure the local Hg back-~
ground concentration in the ppt (1 :1012) range. The system has
also been used for assessing the Hg emissions from refuse dispo-
sal sites and chlorine-alkali industry [113l. A measurement
example is shown in Fig. 6.

This work was supported by the Swedish Board for Space Activi-
ties (DFR), the Swedish Nationmal Environmental Protection Board
(SNV) and the Air and Water Follution Research Institute (IV0L).
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Introduction

CO;-laser radars, as understood here, are systems using the
reflection of solid targets for the purpose of ranging, ima-
ging, tracking etc., and are using in general heterodyne detec-
tion to achieve sensitivity or to exploit the optical phase in-
formation. Such systems experience interactions with the at-
mosphere and reflection by diffuse or specular targets. The in-
teractions tend to degrade the signal, but can be used someti-
mes to measure atmospheric quantities. This talk gives a comp-
rehensive overview over more recent theoretical and experimen-
tal results, mainly obtained at our laboratory, both with res-
pect to describe atmospheric and target effects as well as
system approaches.

Atmospheric effects

Apart from atmospheric extinction, /1/, radiation will suffer
predominantly from turbulence which causes intensity, phase,
and angle of arrival fluctuations. For the case of the CO:- la-
ser radar the situation is simplified by the fact that for most
practical applications
scintillation is not sa-
turated which leads for
homogeneous turbulence
to a well understood be-
haviour /2/. One has a
complication by the ref-
lection geometry with
possible path correla-
tion effects.

10} v T rrrrer

1072

rig. 1: Phase difference fluctu-
10-3 1072 107! (o) 16¢  ations between two points of se-
paration g due to turbulence.
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Measured phase fluctuations for moderate path lengths and mode-~
rate to strong turbulence in a reflective geometry show good
agreement with theory, see Fig. 1, which indicates that the ma-~
ximum aperture for near ground applications is about 100 mm.
Fig. 1 shows as solid line the predicted g*'3 behaviour.

Rain will affect the phase 1in quite a different way /3/, see
Fig. 2. In this case, the mutual coherence function, which
describes the phase fluctuations as function of lateral separa-
tion, drops already at very small separations, but remains at a
constant level up to very large separations. The level itself
depends on the rain rate. Further depicted in Fig. 2 is the ef-
fect of turbulence for a pathlength of 1200 m and several le~
vels of turbulence strength. Aalso different is the frequency
behaviour: For rain, the spectrum is expected to be flat out to
several hundreds of Hz and drops then with a f7 -law. Fig. 3
shows a measured example. This frequency behaviour gives the
opportunity to separate phase fluctuations caused by turbulence
and rain and makes it possible to use phase fluctuations to
measure path averaged rain rates, as it was done recently /4/.

Heterodyne efficiency alsco is affected by turbulent phase fluc-
tuations. Heterodyne efficiency is 1 if a complete phase match
exists between signal and 1local oscillator (L.0.), both being
focused totally onto the detector. Fig. 4 shows the computed
heterodyne efficiency for a focused signal spot being slightly
smaller (factor of 0.8) than the L.0O. as a function of detector
size for various angle of arrival fluctuations g, & =2 corres-
ponding to strong turbulence over a distance of some km.
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Fig. 2: The mutual coherence function Fig.3: Experimentally obtained phase-diffe-

at 10.6 pm for a path of 1200 m and va- rence power spectrum measured during driz-
rious rain rates h (solid curves).Dashed  zlelight-rain conditions (upper trace) and a
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Fig. 5: Backscattered power 8s a
function of target aspect angle 8.
Detector viewing angle a = 3°.
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least-squares best fit to a

&€ , & = 2 corresponding to strong tur- cosine /5/.
bulence and a path of several km.

Target effects

For active systems targets are described by their reflectivity,
apart from effects of coherence. Reflectivity should be used in
the definition of the radiance factor which is unity for a Lam-
bertian reflector, i.e. a reflector which reflects all incoming
radiation in such a way that the apparent radiance is constant
for all aspect angles. There is an urgent need for standard
reflectors which enable system assessment and calibration. Fig.
5 shows candidates for standard reflectors /5/.

An additional property of targets, when illuminated by a laser,
is speckle. The signal characteristics of a diffuse reflector
are described by the negative exponential distribution which
leads to a normalized signal variance of 1. The dgeneralized
theory is quite intricate /6/, but many practical objects can
be discribed as diffuse targets whose reflective properties are
described as multiplicative factor with a variance of one cr
near one.
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False alarm and detection probability: Binary imaging

Atmospheric and speckle effects make it impractical to use an
imaging laser radar in the conventional way where the informa-
tion 1is extracted from the strength of the return signal (grey
scale imaging). More practical system approaches use e.g. a
threshold to determine if a target element is present or not:
Binary imaging. Such systemsdetermine range or range rate, e.g.
in an 3-D-system which analyses relief images.

It is still necessary to optimise binary systems with respect
to signal statistics, e.g. by using multiple channels, where
the signal of several channels is added incoherently, that is
after squaring. This leads to much improved signal statistics
regarding false alarm probability and signal detection compared
to a single channel system. Four channels are adequate to ob-
tain signal statistics close to incoherent systems /7/.

System aspects

The heterodyne technique in the IR region is well established
and the necessary components are available. With cw CO:-laser
radars the problem of frequency stabilisation of the transmit-
ter with respect to the L.O. is overcome by the use of a high
efficiency acousto-optical frequency shifter. The high effi-
ciency of the A.0. (up to 80%) allows the use of the diffrac-
ted, frequency shifted beam as transmitter. The unshifted beam
has a cleaner frequency characteristic, suitable for L.0. ope-
ration. For pulsed CO;-laser radars the frequency stabilisation
between transmitter and L.O. can be done with a Stark cell
technique /8/. Advances in thermoelectrically cooled detectors
will frequently eliminate the necessity of liquid nitrogen coo-
ling. An NEP of ~ 2:10°'*WHz "' at 60 MHz has been measured /9/.
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Lidar Measurements in the Marine Atmosphere

G.de leeuw, TNO Physics and Electronics Laboratory,
P 0 Box 96864, 2509 JG The Hague,
The Netherlands

1. INTRODUCTION

Propagation losses in the marine atmosphere are hard to determine
directly. Apart from the usual problems associated with transmission
measurements, the difficult accessibility of the oceans makes it almost
impossible to measure transmission reliably. To achieve this, two stable
platforms are required. At coastal transmission sites the results are
often influenced by aerosols produced by breaking waves in the surf
zone., Therefore alternative methods are used to investigate the
transmission of the marine atmosphere. The most common method is
measuring aerosol particle size distributions and calculation of the
extinction coefficients by Mie theory (cf. refs. 1-4). Direct
measurements are required, however, to verify the results. A promising
technique to do this is remote sensing with lidar (LIght Detection and
Ranging). With a monostatic lidar system, which uses the aerosol as a
diffuse scatterer, range-resolved extinction and backscatter
coefficients can in principle be meac.red.

In this contribution some results are p-resented of vertical
extinction profiles measured with a 1.06 im lidar system. In addition to
the lidar measurements, aerosol particle size distributions and
meteorological parameters were recorded. Empirical relations between the
lidar-measured extinction and backscatter coefficients and the
meteorological and aerosol parameters were derived from a statistical
approach. Some preliminary results of this analysis are presented.

The measurements were performed in May/June 1983 in the North
Atlantic at Station Lima (57°dt 200W), aboard the Dutch weathership MS

Cumulus

2. EXPERIMENTS

A small calibrated lidar system was used to measure vertical profiles of
extinction from the sea surface up to a maximum altitude of 1000 m. The
emitter was a Nd Glass laser (wavelength 1.06 um) with an energy of 100
m) in a 30 ns pulse. The receiver system consisted of a Cassegrain
telescope with a main mirror of 74 mm diameter. The intensity of the
received radiation was detected with a fast photodiode. The whole system
was contained in a box of 20x20x30 cm. Aboard MS Cumulus this instrument
was mounted on an actively stabilized platform to correct the roll and
pitch of the ship.

Vertical profiles of extinction were measured with this system according
to the method described by Kunz [5], from signals recorded under
elevations of -0.9, 0, 10, and 30 deqgrees.
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Aerosol particle size distributions were measured with PMS
optical particle counters in the size range from 0.16 to 32 wm, and with
a Rotorod inertial impactor in the size range from 10 to 100 um.
Visibility was measured with an AEG point visibility meter. Information
on airmass history was obtained from Rn measurements and airmass
trajectory analyses. Meteorological parameters, including radiosonde
soundings, were obtained from the crew of the weathership, MS Cumulus.

3. RESULTS
3.1 Vertical extinction profiles

A total number of 281 extinction profiles were measured in a purely
marine atmosphere. Visual inspection of the profiles showed that in 63%
of the measurements a vertically homogeneous layer existed near deck
level {12 m). The depth of this homogeneous layer was generally some
hundreds of meters, although in some cases it only amounted to some tens
of meters. Above the homogeneous layer the extinction decreased in 22%
(cf. fig. 1, profiles 1, 3, 6, 7 and 9), and increased in 48% due to
clouds (profiles 4 and S). In the remaining 30% the homogeneous layer
extended up to the maximum altitude probed by the lidar (profile 10).

In those cases where the extinction was not wvertically
homogeneous, the extinction was monotonously decreasing in 35% (profile
11), in 37% the extinction decreased until a homogeneous layer was
encountered (profile 8), and in 28% the extinction was increasing from
deck level (profile 2).

neignt .9
.

-

1decade

Figure 1. Examples of extinction profiles (see text).
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The quoted figures include all measured profiles. It is noted
that during practically all measurements the sky was (partly) clouded.
This may have had influence on the profiles, also in those cases where
they were measured between the clouds. As described by Blanchard and
Woodcock [6], a sea-salt inversion may exist just below cloud base which
extends beyond the clouds due to wind shear. The difference in particle
size distributions in the sea-salt inversion and in the lower layer will
affect the extinction profile near cloud base heights, also between the
cloud patches. In a small number of cases the influence of the clouds
extended to the sea surface, causing extinction profiles tnhat increased
fast with altitude (cf. fig. 1, profile 2). During the larger part of
the measurements cloud base was so high that cloud effects were not
observed in the range where extinction profiles could be measured
reliably,

3.2 Influence of meteorological and aerosol parameters

The shapes of the extinction profiles will be strongly influenced by the
vertical variation of particle size distributions. In cloud-free skies
and when cloud base is so high that they do not affect the surface
layer, particle size distributions are determined by vertical mixing,
relative humidity and mixing layer height. Vertical mixing is induced by
convective forces due to thermal instability, and by mechanical stirring
due to windspeed. Gravitational forces drag the particles down.
Obviously, vertical mixing velocities vary with particle weight (size).
Furthermore the weight of the hygroscopic sea-salt particles is very
sensitive to changes in relative humidity. Variations in mixing layer
height affect the overall concentrations by its dilution effect. Things
are complicated by the presence of a source (the sea), of which the
intensity varies strongly with windspeed. Another source is the
entrainment of particles from the layer capping the marine inversion.
This discussion shows that a strong interaction exists between the
micro-meteorological climate and aerosol particle size distributions,
which in turn have a strong effect on the extinction and backscatter
coefficients. A statistical approach is applied to analyse these
interactions and to derive empirical relations between extinction and
backscatter coefficients on the one side and meteorological and aerosol
parameters on the other side. Fits were applied to e.g. windspeed,
relative humidity, particle concentrations for specific diameters,
integrated particle number, area and volume cancentrations, and
combinations of these parameters. In future analyses other parameters
will be included as well.

As an example, the variation of lidar-measured extinction and
backscatter coefficients at 12 m (deck level) with windspeed are shown
in fig. 2., Extinction appears to be only weakly dependent on windspeed
(if at all). The correlation between these two parameters is very low. A
much better correspondence is observed between backscatter and
windspeed. The relation between these two parameters depends on relative
humidity. For humidities between 70 and B0% (fig. 2b) we derived:
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B = 1.6 10-3 u0.67 |

where B is the backscatter coefficient (/km) and u is windspeed (m/s).
This behaviour of backscatter can be understood from consideration of
the aerosol properties. It is well established [7] that the production
of marine aerosol particles (having a spectral mode near 3 um) increases
strongly with windspeed. Therefore it is not surprising that qood
correlations were also found between backscatter and aerosol total area
and volume concentrations.

. 3 Ll e 4 . - N 7, . - .

BT . -

Fiqure 2, Windspeed dependenc?78£ r-d

: lidar-deriyed extinction
and backscatter coefficients % < RH < BU%;.

4. CONCLUSION

Good correspondence was observed between lidar-derived backscatter and
aerosol and meteorological parameters. fFor extinction this
correspondence is less clear. Hopefully a multiparameter fit, including
more parameters than used sofar, will provide a better description of
extinction properties of the marine atmosphere. This subject is under
continuous study at our institute,
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Target Induced Speckle Bffects in Picosecond
Laser Ranging and Altimetry

by

Chester S. Gardner
Department of Electrical & Computer Engineering
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Urbana, IL 61801

(invited)

Mode-locking and Q-switching techniques are nov used routinely to generate
laser pulses of a few picoseconds in duration. These short pulses provide
higher accuracies in applications such as remote sensing and ranging. In
practice, many targets, such as the oc:an surface, the ground and man-made
objects, have range spreads that far exceed the widths of the picosecond laser
pulses. The reflected pulses are broadened to about twice the range spread of
the target, while the pulse shape is related to the target geometry. If the
range spread of the target is larger than the transmitted pulse width, the
width of the received pulse will be longer than the correlation length of the
speckle-induced fluctuations. As a consequence, speckle will cause random
small-scale fluctuations within the received pulse that will distort its shape.
This phenomenon is called time-resolved speckle. Similar phenomena can also
occur for extended flat diffuse targets, in which the broadening of the
received pulse is due to the wave-front curvature of the laser beam, and for
continuously distributed targets in the atmosphere.

Target surface characteristics significantly influence the statistics of
the reflected pulses. Speckle induced by diffuse targets is fully developed so
that the reflected field follows circular Gaussian statistics. The reflected
signal from a cube corner reflector (CCR) array consists of the coherent
addition of the reflected electric-field components from CCR’s at various
ranges within the array. For targets such as the LAGEOS satellite, the number
of CCR’s contributing to the received signal at any given time will be small
(i.e. < 10). Consequently, the speckle is only partially developed because the
statistics of the reflected field will not be Gaussian.

The severity of speckle is characterized by the speckle signal-to-noise
ratio parameter, K, which can be regarded as the number of speckle correlation
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cells averaged by the receiver aperture. K is equal to or greater than 1 and
typically is much larger than 1 for diffuse targets but usually is less than 10
for CCR arrays. K is defined as

<N>2

K= mran-<as

vhere N is the total photocount in the detected pulse.

The effects of time-resolved speckle are illustrated in Figure 1 where the
received pulse shape is plotted for the case where a 30 ps FWHM laser pulse has
been reflected from a tilted CCR array. The array consisted of 4 CCR’s spaced
4 cm apart and tilted so that the range separation between adjacent CCR's was
4 mm., The target japge vas 389 m and the detector was a streak-camera with a
2 ps response time '“. The speckle fluctuations within the pulse are clearly
evident. The mean pulse shape was computed by averaging 50 pulses and is
plotted in Figure 2. The structure in the mean pulse is caused by the range
spread of the target and corresponds to reflections from individual CCR’s
within the array. Similar effects are seen in Figure 3 where a typical ocean
reflected laser pulse is plotted. The two dominant peaks are reflections from
the crest and trough of a capillary wave on the ocean surface. The laser
altimeter was in ap gircraft flying over Chesapeak Bay at an altitude of
appoximately 330 m™’".

For applications such as target identification and remote sensing of sea
states, the waveform of the received pulse is used to characterize the target.
Therefore knowledge of the statistics of the time-resolved speckle is
important. For applications such as laser distance ranging, estimation of the
arrival time of the target-reflected pulse in the presence of time-resolved
speckle is the problem of interest. In this paper, the theoretical
descriptions of target signatures and target-induced speckle are reviewed and
compared with recent picosecond laser ranging and altimeter experiments.
Speckle effects in laser remote sensing and ranging are discussed.
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Figure 1.
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Typical waveform of a 30 ps FWHM Nd:YAG laser pulse that was reflected
from a tilted CCR array target. The wavelength was 0.355 um and target
range was 389 m. The target consisted of 4 CCR's spaced 4 cm apart and

tilted so that the range separation between adjacent CCR's was 4 mm.
The structure within the pulse is due to speckle noise.
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average waveform of 57 pulses reflected from the tilted CCR array target
described in Figure !. The structure within the average pulse is due to
the range spread of the targct and corresponds to reflections Sr.o
individual CCR's within the arrav.
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Figure 3.
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Typical ocean reflected laser pulse. The two dominant peaks are
reflections from the crest and trough of a capillary wave on the
ocean surface. The laser altimeter was in an aircraft flying over
Chesapeake Bay at an altitude of 330 m.
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Transport equations have been investigated also for a waveguide with
e.ther random wall 11 or random medium characteristics €213, to the
approximation of using the coupled power equation , neglecting the
intertference effects at all. In a recent paper [3), a unperturbative
transport theory has been developed typically for a random layer
with two rough boundaries allowing both reflection and transmission
of waves, and the results can naturally be applied also to the
present waveguicde, as illustrated in the figure below:

z
dzad mwwmﬁrm 52
kzl:kgo q 82 A n

B,
z2=zd;:20 WMM’P Sy

- . A . + N
With thg space coord%nate vectur X (x1,x9,x}) = (g,z) in terms ot
the horizontal coordinate vecior ¢ = (X.,,x5,; and 2z = X,, the wave
equation for a scalar wave uncilon ) may Le writtern, as:

LL- g 3= jed 2 \? 2
g J Ywexd = jend L o= -(;i) - &, (1)

Wit two efrective boundary conditions ot vhe form

-3,y = B w‘ : &di Bicen 'y yeg L 4>, a2, (2)
e S
i
taat ave cransferrea from the real bcundaries onto reference boundary
planes I, and 3,, chosen at 2z = d1 = 0 and d, = d, respectively.
A’ . N N .'. . .
1% Xx) ls the Pandan;partAgz thre nondissipative mediur,
source term, and 2, = m- 3/9x ; and B. has been

In arn wxpliclt sperator foem r'or givern boutdary change (43,
dere, Ly wWale egqugtlion and Tie wwo Doundary conditione can te wriiten
vy sre 22.rdinate matrix equstion, as

[L"%’B,’Ba]w:i, o




with the new boundary conditions that 9. V¥ be zero in Ehe outsides
of E and S,, z<0 and z>d. Here Bj is regarded as & X matrix

, , as well as o i
with the eleménts 85"’\“;‘ Yz 5‘1“’5)5;‘5'2 )S“"“p, ) is
with the diagonal elements gdx>8cx-%")>. Hence, for the Green

function of Eq. (3), say § , the governing equation is given by

LL-v]‘S:" V=%"80’82, (4)

which has exactly the same form as that in a random medium ¥ ; and
therefore enables the statistical Green functions to be obtained
with a well-established procedure, on treating the medium and the
boundaries on exactly the same footing [ 321.

Thus, the first-order Green function, G = (g , is the solution of
(L - M)G 1, with the effective medium~-boundary matrix M , defined
by <(vgd MG; and the second-order Green function defined by

I(x1,x2| x%;xé) = £ g* (x |x')g(x \x )>, or, in matrix form, by

I(132) = {g*(1)g(2)) is the solutlon of a Bethe-Salpeter equation of
the form

W

Teri2) = P 3200 1+ K3 2> T2y ] . (%)

Here, U'C)(152) - G*(1)a(2), and K(1;2) can be divided into two

major parts K(Q)(1;2) and K(B)(1;2) of the medium and the bound-
daries, respectively. Specific expressions of K(1;2) were given

for both a slightly random medium-boundaries and a particulate medium
and/or embossed boundaries £33, [4). The solution of B-S Eq. (5) can
be given by

<

LCt32) = V%052) + 0% 2)8¢3 29 Ul Cria2)y, (6)

in terms of the incoherent scattering matrix S(13;2), defined by (43
S = K L1+ U° 3 = L1~ ko271 Kk (7)

similar to the Lippmann-Schwinger scattering matrix.

The Fourier transform cf G(xix') = u(zl?—'lz ) with respect to £-¢
say G(zlilz'), can be expanded in a mode series, as

al‘lilr) =) Cat- ot 1 PPy, (8)
«

Here, the &,¢x. {) 's are a set of eigenfunction, defined by the
cirenvalie eguatinng
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with the toundary conditions

[-%-ﬁ“’cy]?aq,])\ =0, RTER (10)
5

where a? (2.3 is the eigenvalue, x‘ = { - au) » ImUx <0,
and ﬁ(J) and M(Q) are the Fourier transforms of H(J)(O) and
M(q)’zlr ~t'|z'), respectively; equations of 9 (2 I B are the trans-
pose of Egs. (9) and (10). The Fourier inversion of Eq. (8) can be
given in terms of the residue values at the poles »* = x s Say
A =% T ke with the two-dimensional unit vector & , since

the 1ntegrand has no other singularity as the whole; hence,

Gk = Y Guact-2' ¢ ';.(]')’ (11)
a“

where 4&,¢1y designates ¢,«1.1> at the poles. With i.b=({:' *,)/2,

a corresponding horizontal power-flux vector at x s say !(ili'), is

Wekidh - -.‘d } SR N Naw 1) Toeqtang-21a"d N p's, (12)
Here, X’ means the summation only over the propagative mode waves,
Nab(z) = ¢:(T)¢5(]), A = S 41 NP> ~ %2«b > and, from Egq. (¢},

€«

Tavied CRIL-210") = Ug -2 S.‘S“ g(g-g’)

L] we (()
v et fagm o et St eTiat ) U e ey (13)

where, from Eq. (7), Sab-cd is the solution of the integral equation
’

Sevicalale-ta’) = K, 4C010')8¢g-¢'>
+ .2 S d:u S 42" K..-_.‘j (-’:l&‘) U:,’(!*:“) S.‘j::‘ U.‘"ls.-f'| s’), (14)
ani Kac c~\~ln') is given in terms of the mode transform of K(x1;x2|

xl;xg} = K\.,zl,z l?-flr',z ,z )+ The solution of Eq. (14) may be

oztained by various means, 1nclud1ng the matrix doubling method by

. £ &r sid.tion formula of scattering matrices (33 and also the

nva:ue method ty constructing a set of eigenfunctions of Fab-"d
;e
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When a rixed scatterer qui(x), sa}, ta eniooade oot W - s
the equation for the Green functlon W EINY T, say, L& oo :
matrix rorm, by

[L-V-%‘]z(“={» v = §+ B, + 8B, . Ca
Hence, the equation of G = <g"’) becomes, by Lnt*o%gbAng thiu
ef'fective medlum—boundary metrix M, , defined by (vg“) SRS
and also setting M’ = M + A3y , as

’ o) ’
LL-m-3,26% = 1, B = Lot 4%, (10)

whose solution is given, in terms of a scattering matrix T or qys by

GV &+ 6 TG, T -3,/ 672"8, . (17)

Here, to the second order of q , 4%, =< &6 TG and is
generally very small compared with te » letting g, «,)g‘ . The

same is also for the second-order Green function TI4(132) = {g“=*(1)
2%’ 2)Y , which is still the solution of the B-S Eg. (5) with the
replacement of UG'C)(1;2) = G%%1)3%Y2) - et L O yle) g

K{13;2) - Kot 137) = K(132) + AK,\1,;), where v®» and AKg are
the changes caused by the scatterer. The solution is given by

I c¢t2) = TCt;2> « Ics2) V“’"“K’gg;z) ICi;2) (18)

in terms of an effective scattering matrix v¢/%*aK> op g, given

by
ax (ax/K) ,
YWIKEARD Ky e, V“‘/")IJS L1 v % 13 . (13)
-1

Here, the f'irst term w'/%>_ [, -y ytog y¢> 3 @ is the leading
term, and ™. [ 4 - sUMy yeg 37 g where ¢¢% s
given by the same equation as S(132) with K —= B8Ky. The mode
transformed version ol Vv %/Kk+vaK is given by the elements

(1/K:4K)(n 12’y ° which 1s subject to the important optical relatlion

abp i ¢ -~ -~

- dn y E/KEAKD i o

. R . . (/K +4K) .
meaning that the scattering cross section V,,..4 has negative
valiues in the shadow direction and its neighborhood.
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1. INTRODUCTION

The adverse weather capabilities of millimeterwave radars for surveillance
and guidance applications especially in comparison with IR systems are
rather well established. One of the more critical environmental conditions
for a millimeterwave radar sensor is snow covered terrain. Not only clutter
from the snow surface may impose problems but also the possibility of
performance degradation due to multipath propagation has to be considered.
In comparison with lower frequencies, however, the smaller wavelength in
comparison with a given surface roughness should result in a less
pronounced interaction between direct and indirect path. This should lead
to a better low angle tracking and guidance performance if compared with
classical radar frequencies.

2. MEASUREMENT APPROACH
2.1 OBJECTIVE

Some results on multipath propagation in the millimeterwave region are
published for a bistatic measurement configuration and different type of
terrain or a maritime environmeni /7, ., With the intention to study the
multipath effect representative fcr a millimetervave radar under snow
conditions monostatic transmission measurements have been performed at
94 GHz.

The influence of multipath propagation on the angle sensing performance of
a millimeterwave monopulse radar should be investigated.

2.2 MEASUREMENT SET-UP AND EQUIPMENT

Geometry
The radar was positioned at a height of 3 m above ground and was operated

over a folded transmission path against a corner reflector of 100 m'
nominal cross section at a range of 700 m. The corner reflector was mounted
at a sliding ladder contraption to allow a variation of the corner
reflector height. It was as well possible to vary the height continuously
as in steps of 12.5 cm.

For the main measurement approach the radar antenna was fixed at different
elevation angles while the reflector height was altered from bottom to the
top of the ladder during the measurement run.

For an additional approach the reflector was fixed in height and the
refiector and its vicinity was scanned by the antenna beam.
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Measurement Radar

The block diagram of the 94 GHz coherent monopulse radar involved in the
measurements is shown in Figure 2.1. The first stage of the transmitter
branch 1is a CW Gunn oscillator which is phase locked to the master crystal
reference. This Gunn oscillator synchronizes the 2-stage IMPATT amplifier
chain which in a short pulse mode drives the output stage tube. In a long
pulse mode the tube is driven by a CW IMPATT oscillator and the pulse
length determined by the modulator pulse. The polarization of the
transmitted signal can be manually switched by feeding one of the two ports
of an orthomode transducer in front of the 2-feet transmitting antenna. The
receiving antenna is a 2-feet dual plane monopulse antenna. The monopulse
comparator feeds the input ports of the mixers for the sum and the
elevation and traverse channels. A1l mixers are pumped by a common Gunn
oscillator which is again phase locked to the master reference.

The performance data are tabulated in Table 2.1. The radar front end is
mounted on a KRUPP 2000 pedestal to allow scanning and tracking modes.

Antennas :

Transmitter Receiver
3 dB Beamwidth 0.4 dB Monopulse Antenna in E1 and traverse
Gain 53 dB 3 dB Beamwidth 0.4 dB
Gain 53 dB

Null Depth (rel. to Sum Peak) -25 dB
Isolation between Sum and

Difference Ports 20 d8
Transmitter : Receiver :
Phase locked to Crystal Three identical Channels for Sum,
Reference Elevation Difference and traverse
Frequency 94 GHz Dynamic Range 60 dB

Table 2.1: Performance Data of 94 GHz Coherent Monopulse Radar
3. RESULTS
3.1 ENVIRONMENTAL CONDITIONS

The environmental conditions under consideration here may be described as
typically wintery for west and northwest Germany. The snow cover over the
measurement terrain, which was a plane wheat field, had a depth of about
10 ¢m. The seedlings were well covered by the snow, the snow surface was
structured by wind erosion with a rms height of the structure of up to 2
cm. The air temperature was around - 5°C over day and considerably Tower
during nights. The liquid water content of the snow was 4 7 by volume.

3.2 INTERFERENCE DIAGRAMS

As indicated in paragraph 2.2 patterns due to interference between direct
and indirect ray were gained from the variation of the backscatter
amplitude during variation of the reflector height. Measurement runs have
been performed for different fixed elevation angles of the antenna. Figure
3.1 gives an example for an antenna elevation of -0.3°. The patterns are
not corrected by the antenna characteristic.

This pattern, representative for snow covered terrain can be compared with
that measured with the same geometry over the same terrain without snow
cover. Figure 3.2 shows the respective graph.

From the interference patterns the ratio between maximum and minimum can be
extracted. lUnder consideration of the antenna diagram this leads directly
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to the specular reflection coefficient R. The reflection coefficient of the
surface is given by the product of R and the reflection coefficient of a
smooth surface r, .

Model ca]cu]atigns /2/ lead to a theoretical dependence of the specular
reflection coefficient R on the effective roughness parameter P which is
given by the equation R = exp -4tr* P where P is defined as P =4Ah*sin¥/ X
During the experiments under consideration the effective roughness
parameter P was varied by changing the antenna elevation and thereby the
grazing angle¥. The graph of Figure 3.3 shows the good conformity of the
experimental values and the theoretical curve.

3.3 BEAM SCANNING APPROACH

As mentioned in Paragraph 2.2 the radar employed during the measurements
allowed a beam scanning mode. To take advantage of this possibility the
reference reflector was positioned at a height of 2 m above ground and
together with the surrounding terrain scanned in elevation over azimuth by
the antenna beam. In the evaluation process the radar return for each
resolution cell was calibrated in dBm® and colour coded leading to a pseudo
colour representation of the antenna diagram. Figure 3.4 shows a grey shade
version of this representation. The figure shows a deformation of the
antenna diagram which is obviously due to the multipath propagation.
Figures 3.5 gives the corresponding response in the elevation monopulse
difference channel. Comparison with the undisturbed diagrams shows that
there 1is no influence on the position of the center of gravity due to the
multipath effect.

4. CONCLUSIONS

It could be demonstrated, that for very low grazing angles multipath
effects can be observed. The deperdence of the specular scattering
coefficient on the effective roughiess of the underlying ground is well
described by the existing theory /2/. .t shows up that snow covered terrain
under snow conditions which are representative for €0 % of the snow periods
occurring in northwest Germany do not impose additional problems if
compared with agricultural conditions of the terrain which can be met over
3/4 of the year. Moreover show the results of monopulse investigations that
at least under geometrical preconditions similar to those during our
experiments there will not be a significant amount of disturbance in
tracking performance for a monopulse system,
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Resonant Light Scattering from Rough Conducting Surfaces
E R Mendez, K A O'Donnell and A S Harley

Optics Section
Blackett Laboratory
Imperial College
LONDON SW7 2BZ

The scattering of electromagnetic waves from rough surfaces is a
subject that has been widely studied in the literature. A number of
methods have been used to describe the complex interactions between the
wave and the surface and to predict the properties of the scattered
light. These include the Kirchhoff method [1], the Rayleigh approach
{2), and more recently the extinction theorem [3]. All these methods
have their well known limitations. For example, theories based on the
Kirchhoff approximation break down when the surface has structure
comparable to or smaller than the wavelength A. Also, at least in
their simplest form, these theories do not take into account the
effects of multiple scattering and shadowing. The Rayleigh approach
has limitations in that it doe- n2nt converge for deterministic surfaces
with non-analytic profiles or large slopes: to our knowledge its range
of validity for random rough surfaces has not been established. In
principle, only the extinction theorem method puts no restriction on
the surface properties and correctly takes account of multiple
scattering. However, the method of solution is perturbative and hence
limited in that sense. The approximations involved in the various
scattering theories have been recently compared and discussed by Brown
[4].

In the present work we discuss the various solutions that have been
obtained with the extinction theorem for the special case of a
perfectly conducting surface whose height statistics are jointly
Gaussian to all orders. A perturbation solution for the case of scalar
waves has been given by Nieto-Vesperinas and Garcia {5], and also by
Shen and Maradudin [6]. The solution of Shen and Maradudin is
particularly interesting in that it is valid for surfaces of roughaess
comparable to the wavelength, and, under some circumstances, it

predicts rather dramatic departures from the Kirchhoff theory. In tre
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Figure we show the predictions of this theory for the scattered
specular intensity <I>g as a function of angle for different values of
the parameter T/A where T is the lateral correlation length of the
height fluctuations. This plot is for the case of a diffuser with

ke = 1/J31 where k is the wavenumber and ¢ is the standard deviation of
the surface height. It is apparent that when T ¢ A, the surface may
reflect much more specular light than the Beckmann [1] theory (dotted
curve in the figure) would pbedict. Under similar conditions, the
diffuse component also departs significantly from the Beckmann theory.
However, in the limit T >> A, the Beckmann results are, essentially,
recovered from those of Shen and Maradudin. A vectorial theory based
on the extinction theorem has also been developed (7], although the

analysis is limited to rather smooth diffusers.

A A l 'y 'y j A A l
30 60 30

Angle

In spite of the theory that is available, to our knowledge there has
not yet been an experimental test of these theories with a surface that
was known a priori to have Gaussian statistics. Diffusers that have
been used by other workers include metal coated ground glass, ground
metal surfaces, polycrystalline surfaces,and gold coated sandpaper.
None of these surfaces have well-defined statistics that are necessary
to accurately test the theory. On the other hand, Gray [8] has
developed a method of producing rough surfaces by exposing photoresist
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to a large number of speckle patterns. It may be shown that such a
surface will ideally have joint Gaussian statistics and a correlation
function that can be controlled. We have constructed such surfaces

with correlation lengths of the order of a few microns.

Of particular interest for us is the resonance region (i.e. T ~ &)
where significant departures from the Kirchhoff theory should be
observed. To experimentally investigate scattering in this region with
our diffusers, we have used a COy laser (A = 10.6 pm) and a nitrogen
cooled HgCdTe detector. In our set up, the angles of incidence and
detection are varied under software control from an LSI 11/23 computer
which also controls a bank of attenuators and the rotation of an

analyser.

Data will be presented for the specular reflection as a function of
angle with s polarised light, which should correspond most closely to
the scalar wave case of the Figure. If possible, preliminary data will
also be presented for the diffuse component and for depolarisation.
Finally, conclusions will be drawn as to which theory is most suitable
to explain the experimental results.
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LIGHT SCATTERING BY COMPOSITE ROUGH SURFACES

R. Schiffer and K.0. Thielheim
Institut fir Reine und Angewandte Kernphysik
Olshausenstr. 40, 2300 Kiel, FRG

Calculating the light scattering properties of statistically
rough surfaces is in general a rather difficult task, and only
two limiting cases can be treated in a straight-forward analy-
tical manner and lead to simple results. The first limit, the
case of strong roughness, is the geometrical optics case, where
the surface undulations are assumed to vary slowly on the scale
of the incident wavelength: here the slope distribution P(B)

of the surface structure enters - 8 is t e inclination angle of
a local surface normal vector. In the second limiting case, the
case of slight roughness, the surface height deviations are
assumed tc be small compared to the wavelength, and here a per-
turbation approach, the "Rayleigh-Rice-method", can success-
fully be applied; the decisive quantity in this case is the
correlation function Qf+) of the roughness structure defined as
follows: representing the rough surface by z = C(x,,) we have

<r(¥,j)> = O
<((x,:) I(Yu;r,%-cAz)\) = Azg (. (ax)'+ {Aca)' ) (910) = l)

where the brackets denote the average over (x,y). Both limiting
cases are discussed extensively e.g. in Chap. 9 of the Radar
Cross Section Kandbook [1

As most natural surfaces do not fall within the scope of one of
these 1imiting cases, the construction of a surface model with
composite roughness looks promising, a surface described as a
superposition of both roughness types. Surfaces of this kind
have been considered by several authors [2-8} , and our mode!
follows their general lines.

As we are especially interested in the spectral reflectance of
rough surfaces, we first concentrate on the wavelength dependence
of light scattered from a surface of the second type, the slight-
ly rough surface. Most authors applying the Rayleigh-Rice-
approach are only interested in the incoherent scattering, be-
cause the coherent cross section - resulting from the second
order perturbation terms - only describes the diminution of the
zero order specularly reflected intensity. The widely accepted
result for this diminution, the factor exp(-4h°k®cos’y;) (k:
wavenumber, Y. : angle of incidence), is, however, only correct,
if the tangent plane approximation is valid, i.e. if the corre-
lation length of the roughness structure is much larger thar
wavelength. In the general case Valenzuela's "effective reflec-
tion coefficients” ﬁ9] have to be appiied for calculating the
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coherent contribution - the only composite roughness model in-
cluding these modified coefficients appears to be that by Wu and
Fung [4] , who, though, only study the backscattered radiation.

The resulting modified coherent reflectances for linear polari-

zation states perpendicular and parallel to the scattering
plane are

o AT )
/RL (;) = m‘r&*m %)

2
/Rcouhr) ) (£ e - /_-_z—Mly;-' _ (z-l)(zcn‘lﬁ-ﬂ-/ﬁuz.-’) H (4.)
L £ Y, +v€ - By, (g, +Vemuy) 1"

where g 1is the dielectric constant of the material in the half
space z< 90, and H,,,, being proportional to h®k®, is defined in
a recent paper [10 . The resulting curves show that slight
surface roughness 1n general reduces the reflectance, and the
angle of maximum polarization (Brewster angle) is shifted to a
smaller value.

For discussing the spectral reflectance of the surface the total
incoherent intensity has to be accounted for, too; it results
from integrating the incoherent differential scattering cross
section [ 1] over all scattering directions. The general result
is, for most angles of incidence, a reddening of the integrated
scattered radiation. So a slight surface roughness of dielectric
material in general leads to a reflection loss and to reddening
effects - this phenomenon has recently been discussed in
connexion with light scattering from interplanetary dust [11]

Now the composite surface can be constructed by superposing

both roughness types; the following results apply in the special
case that the incident and scattered beams lie in a plane per-
pendicular to the surface. For the coherent cross section per
unitc area we obtain an expression resulting from the strong
roughness alone but containing the modified reflectances defined
aoove:

CoH

'ﬁ)lw. o
0“‘ hﬁ’uv, ‘5‘(1'"1") i (_JLL) ,I?.L/l! (M "1“>,

/N ( "k ) 2

where S is a shadowing factor [12] and 4. is the scattering
angle defined such that %, = y; for specular reflection. The

incoherent scattering cross section is
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the ﬁw are polarization factors [10] , where p and q represent
the indicesd and Hf, referring to the polarization states of the
scattered and incident beams.

Tne numerical results show that our surface model with composite
roughness can in fact reproduce many observed properties of

real surfaces. We not only obtain a reduced and reddened re-
flectance, but also a depolarization of the backscattered in-
tensity and off-specular peaks, which are discussed e.g. by
Gasvik [13] . Some of the plots closely resemble curves obtained
by Sung and Eberhardt [14,15] , who start from the geometrical
optics result and take into account the finite radii of curvature
by a perturbation techniqgue.

References

(1] 6.7. Ruck, D.E. Barrick, W.D. Stuart, C.K. Krichbaum, Radar
Cross Sect1on Handbook, Plenum, New York (1970}

[2] J.W. Wright, IEEE Trans. Artennas Propag. AP-16, 21

(3} A.k. Fung, IEEE Trans. Antennas Propag. AP-17, 590

[4] S.T. Wu, A.K. Fung, J. Geophys. Res. 77, 5917 (1972

125




—y ™

o

C. Leader, J. 0Opt. Soc. Am. 66, 536 (1976)
C. Leader, Radio Sci. 13, 447 (1978)

S. Brown, IEEE Trans. Antennas Propag. AP-26, 472 (1978),
P-28, 943 (1980) e
T
o
R

~ Ulaby, F. Kouyate, A.K. Fung, A.J. Sieber, IEEE Trans.
sci. Remote Sens. GE-20, 518 (1982)

. Valenzuela, IEEE Proc. 58, 1279 (1970)

Schiffer, K.0. Thielheim, J. Appl. Phys. 57, 2437 (1985)
Schiffer, Astron. Astrophys. 148, 347 (198%)

.1. Sancer, IEEE Trans. Antennas Propag. AP-17, 577 (1969)
Gasvik, Opt. Acta 27, 965 (1980); 28, 131 1T981)

.C. Sung, W.D. Eberhardt, J. Appl. Phys. 49, 994 (1978)
.C. Sung, W.D. Eberhardt, J. Opt. Soc. Am. 68, 323 (1978)

5]

OOXRIZIDTICOMPO GO

i2b




NONLINEAR EFFECTS




NONLINsAR vPTICS OF ATMOSPHERIC AnROSOL
Vese Zuev, A AeZemlyanov, Yu.D.Kopytin, V.A.Pogodaev
The Ingtitute of Atmospheric Optics, Siberisn Branch
USSR Academy of Sciences, Tomsk, 634055, US S R
{invited)
Introduction

The object of investigation in nonlinear optics of atmosphe-
ric aerosocl is the effects appearing at interaction of high~
power laser radiation with an aerosol component of the at-
mosphere, as well as radiation propagation under the action
of these effects[1]. Among the known effects, the effects of
vaporization, eublimation, combusgtion have the lowest ener-
gy thresholds, while those of explosion and breakdown have
the highest ones.

In the present paper the explosion, combustion and break-
down of aerosols have been chosen as the objects for invegti-
gation.

1, Laser Beam Propagation tbhrough an bxplosively Evaporating
Water~-Uroplet Aerosol

The explosion of droplets heated by radiation causes an es-
sential nonlinearity in the interaction of high-power laser
radiation with aerosols. The explosion of an absorbing drop-
let is caused by the phase trangition from a liquid to a
vapor in regions where the electromagnetic wave energy is
dissipated in the form of heat.

The authors have carried out the experimental study of
explosive droplet vaporization initiated by high-power la-
ger radigtion for a wide range of droplets sizes from 1 to
103 pm, covering the range of droplets sizes found in natu-
ral meteorological objects. Both cw and pulsed laser sources
with wavelengths A , A = 10.6, 2.36, 1.06, and 0.69‘pm
were used in the experiments. The power density in the re-
gion of the droplets varied from 102 to 108 Wem™2.

Figure 1 presents experimental data describing water
droplet explosions caused by 002 laser radiation The depon-
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dence of the characteristic intensity of radiation (either
the mean or the peak power, according to the situation) on
the particle's radius is presented in this figure and is
characterisgtic for a given experiment. Open circles are the
authors' and their colleagues' data, dark circles are the
results of the other authors. The threshold intensities cal-
culated theoretically for various explosion regimes are also
presented in this figure. These curves have the following
meanings. Curve 1 corresponds to a stationary regime of par-
ticle heating to its temperature of explosion vaporization.
In the region between the curves 1I and 111 the transition
from fragmentation regime of droplet explosion to the gas-
dynamic regime takes place. The level 11l characterizes the
limit for the supercritical explosion of the super heated
region.

The investigations made concerned the study of the dy-
namics af extinction of radiation in the volume occupied by
small optical depth water aerosols (T ~ 0.1) irradiated by
TEA CO, laser pulses with en intensity of up to 30 Jem™2,

Figure 2 shows the dependence of the extinction coeffi-
cient (when A = 0,63 jxm) in the irradiated zone on the
high-power radiation density. The results show that the po-
ssibility of the complete clearing of a small-droplet fog
by TkA 002 laser radiation pulses with microsecond duration
exigtse.

IT, Lager Radiation Transfer in Combustible Aerosols

This paper presents the results of the experimental investi-
gations into the nonlinear distortions of the sounding beam
(A = 0.63.Pm) teking place in the beam of a high-power LD
glass laser () = 1.06‘Pm, W = 1000 J, tp = 1 ms). A suspen-
sion in air of scoty particles {exponential size spectrum
from 2 to SO.Pm radii) was used in the cexperiment.
rigure 3 shows the data relating to the dynamics of the

zerosol's optical depth obtained from the oscillograms of
the id=-glass laser pulses. (Curve 1 corresponds to the ener-
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gy density per pulse 150 J/cmz, 2 - 100 J/cm®). the decrease
in aerosol trgnsmission occurring during the laser pulse is
due to the joint effect of the scattering of light by ther-
mal and mass aureoles around the burning particles and frag-
mentation of large particles into smaller ones. The partial
"clearing" of the medium occurring just after the cessation
of the high-power pulse can be related to the relaxation of
the thermal and mass aureoles, which makes, as & consequence,
the effect of particles burning the dominating factor.

111, Ionigzation and Optical Breakdown in Aerosol kedia

The particles of condensed matter play important roles as
prime centers of ionization and centers of initiation of the
shock wave following the opticgl breakdown. Optical break-
down causes nonlinear energetic attenuation of light and pro-
vides the principle limitation to the beam power that is
transportable through the atmosphere.

Pigure 4 presents the exXperimentgl results on the depen-
dence of the integral (over the pulse duration) transmission
of the beam channel path T, . = W/Wo on the pulse energy W _.
tlere, W is the pulse energy at the end of the path. The cur-
ves presented in thisg figure illustrate two meteorological
situations wnich differ in intensity of atmospheric turbule-~
nce Cn2 by more than one order of magnitude (Curve 1 - Cn2=
= 10—14cm_2/3, Curve 2 - Cn° = 4‘10-15 cm-2/3).

xperiments on initiagting optical breakdown in natural
fogs and rains have been realized and proved that in the at-
mosphere aerosol formations such as fog and rain caused wea-
kening of the atmospheric turbulence, thus improving the
conditions for laser beam focusing and, as a consequence,
for laser sparking in the natural ailmosphere. The washing-
out of atmospheric aerosols was zlso observed in field ex-
periments, but only after a long period of precipitation,
what caused zn increase in the breakdown threshocld by one
order of magnitude.

Te Vewaluev, Asha.Zemlyanov et al, digh-fFower Laser wadiation
in Atmospneric aerosols. uv.iteidel iubl.cCompany, 1484.
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THE TRANSFER EQUATION METHOD IN TH: PROBLEM OF WAVE

BLAMS SELF-ACTION

V.k. Zuev, A.A. Zemlyanov, V.V. Kolosov, S.N. Sinev

The Institute of Atmospheric Optics SB USSR Acad.Sci.,
Tomsk, 634055, USSR

The investigations of focusing phenomena, partially-coherent
beam propagation, the methods for improving the beam quality
in nonlinear media are urgent problems in the theory of wave-
~beams self-action. To solve these problems [1] the transfer
equation method is used in the given paper.

Transparent media are investigated in the paper, and the pro-
blem of the beam self-action in the transfer equation method
is formulated as follows:

ox R 2
I(x=0,R,A,t)=1I,(R,A,t); (2)

oo
Wx,Rt)=[[d’n I (x,R A1 ). 3
- o

Here I is the brightmess, W is the beam intensity; x, E- are
the longitudinal and transverse coordinates, respectively;
t is the time,'ﬁ is the vector of direction in the plane per-
pendicular to the distance of propagation; E = £(W) is the di-
electric-constant perturbation in the beam channel depending
on its intensity.

To solve the transfer equation (1) the method of characte-
ristics has been used. This enables one to extract peculiari-
ties of integrated solution which are of great importance for
the prcblems with sharp intensity gradients in the beam chan-
nel. In the method of characteristics the beam intensity is
associated with initial brightness by an integral formula

W(x,ﬁ,t)=_ﬁd2n I, (E’(x’=0),ﬁ’(x’=0), t), w

g | —_—
where R (x') , n'(x') are the characteristics of Eqe(1).
The following type of beams is considered

d = o & BT 4=
[—+nv.+—%e(W)Vh.]I(x,R,n,t)-o; (0
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I(x=0,R,A,t)=T,(t)exp{-S(R, R},

vhich allows one to use the Laplacian method and its modifica-
tions for calculating the integral (4). In this case at a space
point the direction‘ﬁ'(x;i) is determined where the beam bright-
ness is maximum. The direction of brightness maximum coincides
with the normal to the beam wave front at a point x,_ﬁ; The co-
ordinate of maximum is sought from sclution of equation

Vﬁ S (ﬁ‘) = 0. -

Then, in the vicinity of directions n = n  the Taylor-series
expansion of the function S is carried out, and the integral (2)
is calculated. At large nonlinearity parameters P“- L% /L2 .
where Ld is the diffraction length, and L 5 is the self-action
length, the focal points forming a caustic can appear in the
region of the beanm.

The appearance of a caustic implies intersection of infinite-
ly close characteristics and vanishing of determinant of the S-
~-form stability matrix at a point 1" det [625’/611‘.3/7.};0; i,J =y,2.

Under this condition the S-function expansion a% a point n’
is determined by appropriate statements of the catastrophes the-
ory [2] .

This method is effective for describing partially-coherent
beams with "little" coherence time.

Figure 1 presents the results of solution of the problem on
partially-coherent beam self-action in the Kerr defocusing medi-
um. The nonlinearity parameter for a partially coherent beam is
connected with the corresponding parsmeter of a coherent beam
by the relation Ppc = Pz/ (1 + ¥ ), where N is the number of
spatial inhomogeneities in the cross section of a partially
coherent beam. X

The figure indicates a significant difference in solutions
in the vicinity of large and "moderate" nonlinearity parameter:
A% large nonlinearity parameters a limiting intensity level i:
formed to which the solution tends with the parameter P increasc.

The transfer equation method allows the investigation of wave-
-bean self-action in randomly inhomogeneous media with large
scale fluctuations of a complex dielectric constant of the me-
dium to be made [1] « It is etfective for analyzing the integr:il
quality of the beams in nonlincar media. The method enables one
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to obtain phase-correction algorithms for nonlinear laser beam
distortions.

The effect of the initial beam profile on the character of
its nonlinear distortions has been investigated in the paper.

Figure 2 presents the results of calculating the ring-beam
propagation under the conditions of wind nonlinear refraction.
It follows from the calculations that regulating the initial
intensity distribution in the beam, one can attain significant
growth of peak intensity at the end of the path. In so doing
the shift of intensity maximum to an optical axis of radiation
propagation is provided.
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Nonlinear Optical Interactions in Liquid Droplets during

High Intensity Laser Radiation

Richard K. Chang
Yale University

Sccticn of Applied Physics and Center for Laser Diagnostics
New Haven, Connecticut 06520, USA

(invited)

When a liquid is irradiated with a high intensity laser beam, the
induced polarization is no longer linearly (L) proportional to the electric
field at the incident frequency Wy, i.e., pL * x(l)E(wi), where x(l) is the
linear optical susceptibility. The first nonvanishing nonlinear (NL) polari-
zation in a liquid is pNL = x(3)E E E, where x(3) is the 3rd-order suscepti-
bility of rank four and the E's are the electric field amplitudes at specific
frequencies.1 The PNV can be treatel »s the "source term” in the standard
Maxwell wave equation within a polarizable medium described by x(l).

For liquid droplets, weak laser beam interactions are generally treated
by the Lorenz-Mie scattering theory, where the droplet is assumed to be a

(1)11/2. The size parameter

sphere with an index cf refraction n = [1 + 4m)
(x = 2na/A, where a is the droplet radius and A is the wavelength) and n
determine the elastic scattering at the far field and optical absorption
within the droplet which has a nonzero absorption coefficient [i.e.,

Imx(l) % 0]. Several facts based on the Lorenz-Mie calculations involving
cnly PL are well established and will be impcrtant to nonlinear optical
considerations when PNL is included: (1) at specific x values, morphology-
deperdent resonances {(MDR's) result, giving rise to large internal fields

confired rear the droplet interface and causing increased elastic scatter:ing

and, for liquids with Imx(l) ¥ 0, increased absorption; (2) when x dcus nct

’
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correspond to MDR's, the spherical interface focuses the incident plane wave
at one point just within the exit face and, for some ranges of x values, at
another point just within the entrance face (i.e., at one or two spots within
the droplet). A droplet with x > 1 and n > 1 can be envisioned as an optical
cavity for specific x values (xn,l) corresponding to MDR's of mode number n
and mode order f£. By solving for the poles of the Lorenz-Mie scattering
coefficients,2 th2 effective Q-factor for a droplet cavity is proportional

to Re xn'l/Im Xn,2 OF inversely proportiocnal to the linewidth of X0, when
the scattering coefficients or the internal field coefficients are plotted

as a function of x.

The MDR's occurring within the inelastic emission profile (e.g., fluores-
cence or Raman linewidth) can be envisioned as "trapping" the internally
generated inelastic radiation. Thus, should the amplification of the fluores-
cence oOr spontaneous Raman emission be greater than the radiation leakage
from the droplet, lasing or stimulated Raman oscillations can occur.

Dyed liquid droplets undergoing lasing and pure liquid droplet under-
going stimulated Raman oscillations have been detected spectrallya’b and
photographed.5 Spectrally, these oscillations consist of sharp peaks corres-
ponding to different MDR's which provide feedback at specific wavelengths
within the fluorescence and spontaneous Raman profiles. Photographically,
the lasing and stimulated Raman fields are .aoted to be confined within tiie
droplet interface.

Stimulated Raman scattering (SRS) from a single micrometer-size pure
water droplet is intense and can be readily detected with one ¢-switched
laser pulse of less than 1 GW/cm2. In fact, the SRS of the O-H stretching

1

mode at w, = w; ~ wg_ (where w, . = 3450 cm™ ") is so intense that this lst

1

Stokes SRS can act as the pump for another lst-order SRS process at
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we =W, = 2wg gy and possibly wg =Wy o~ Jwg_y- Should the water droplets
contain some anions {(e.g., NOS), the spontaneous Raman emission of the vy
anion mode will be amplified by the incident wave at Wy i.e., proportional
teo [Imxi?)]lE(ui)lz or amplified by the SRS wave of water at w_, i.e., pro-
i
(

portional to (ImxéB)llE(ms)lz, where [Imxv
1

i)] is related to the spontaneous
Raman profile and cross section of the vy anion mode.® oOur multi-order SRS
experiments indicate that intense fields exist at wy and at W, within the
droplet. In addition to elastic scattering at w;, a sizable fraction of
the incident radiation is converted to other frequencies at wg = w; - Mgy gy

(where m = 1, 2, 3) for pure water droplets. Furthermore, w; is converted

to additional frequencies at w_ = wy - m2ﬂv1 and wg = Wy

s - val for

- Yo-y
water droplets containing large concentrations of anions (e.g., greater than
0.2 M of No;). Intense inelastic scattering at wg via the SRS process can
be 2 significant fraction of the o,er -1l electromagnetic scattering from
single droplets.

In the wavelength region where there is no optical absorption by pure
water [i.e., Imx(l) = 0], high intensity laser beams can still induce droplet
heating via several nonlinear optical mechanisms related to x(3): (1) two-
photon absorption, i.e., proportional to [Imx(B)](E(ui)lz, inducing an elec-
tronic transition to the excited state (reachable by 2w;) which upon non-
radiative relaxation gives rise to droplet heating, and (2) the SRS process,
i.e., propcrtional to [Im\(a)]E(wi)E'(uS), can coherently excite the vibra-
tioral modes from v = J to v = 1 and upon relaxation to the vibrational
ground state (v = 0) give rise to droplet heating. The SRS process does not
involve real transitions to excited electronic states and hence there is no

requiremert for the cocincidence between these states and the photon energiss

as in the case of two-photon absorpticn (Zﬂwi) or lirear absorption fhu ).
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Furthermore, the SRS process does not require the coincidence of the infrared
or near infrared photon energies and the vibrational modes, overtones, or
combinations, as in the case of linear absorption. The SRS induced heating
does require the presence of an intense field at E(w;) to provide gain for
E(ws). Together these two fields can coherently induce vibronic transitions
from v = 0 to v = 1. Such SRS induced heating ultimately limits the irradia-
tion level of the high intensity beam with the droplet before the droplet is
vaporized, starting from the focal spots within the droplet.

(3) can limit the irra-

Other nonlinear processes also describable by x
diation level of a high intensity beam with the droplet before the droplet is
shattered. Although not yet demonstrated in the laboratory, stimulated
Brillouin scattering from a droplet should be considered. Through the elec-
trostrictive pressure [proportional to x(3)E(mi)E'(wB), where wg = w; -

1
wacousticl' intense pressure (acoustic) waves can be generated within the
liquid. The stimulated Brillouin scattering induced sound waves require the
presence of an intense field at E(mi) to provide gain for E(wB), which is
initially generated from spontaneous Brillouin waves. These two intense

waves, E(wi) and E(wB), can create such an intense pressure wave that they

can shatter a single droplet into many fragments. We have achieved laser-

1
»

induced shattering of water droplets which causes the destruction of the
droplet morphology and is accompanied by a sound.

In conclusion, nonlinear optical interactions within a single micro-
meter-size droplet must be considered in high intensity laser propagation
in the atmosphere containing water droplets. Several such nonlinear optical
interactions have been observed in the laboratory using lasers in the sub-

Gw/cm2 range to irradiate a single droplet flowing in a linear stream. Our

results suggest that the stimulated Raman process (which is known to coherently
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induce vibronic transitions) may lead to droplet vaporization and that the
stimulated Brillouin process (which is known to coherently induce pressure
waves) may lead to droplet shattering.

This work was done in collaboration with Shi-Xiong Qian and Johannes
Eickmans. We gratefully acknowledge the partial support of this work by

the Army Research Office (Contract No. DAAG29-85~K-0063).
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PROPAGATION OF INTENSE LIGHT BEAMS IN THE

PRESENCE OF HYDRODYNAMIC AEROSOL-BEAM INTERACTIONS

by
R. L. Armstrong

Physics Department, Applied Laser Optiecs Group,
New Mexico State University, Las Cruces, NM 88003, USA

(invited)

The propagation of 4 light beam through the atmosphere is
generally accompanied by interactions with aerosols along the beam
path. For the case of weak or moderate beams! (e.g., for
‘rradiances < 106 W/cm2 for 10um water aerosols), diffusive
evaporation and conductive heat transfer are the dominant aerosol-
beam interactions. In this regime, aerosol heating and enhanced
vaporization2 may result in thermal blooming effects,3 and
pronounced spatio-temporal distortion in the propagating beam.u
With increasing beam irradiance, explosive vaporization,5 aerosol
ablation,6 and enhanced aerosol breakdown7 are included in the wide
circle of allowed phenomena,

No single theoretical model exists for this high-flux aerosol
behavior, The concept of developed vaporization regimess'9 may be

i

T
1
AR
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exploited to provide insight into high aerosol heating rates, and
steady-state temperature conditions. Internal aerosol heat
transfer,10 when combined with a kinetic description of the boundary
condtions at the aerosol surface, lead to a description of explosive
aerosol behavior, Radiation~induced vaporization provides the basic
mechanism for a model of aerosol-enhanced breakdown.7'9 Finally, in
work discussed in this presentation, hydrodynamics in the
surrounding medium leads to a description of explosive vaporization
and shock wave-related phenomena accompanying intense aerosol
irrdiation.11

In this talk, we present the results of theoretical modeling
calculations of irradiated aerosols in the convective mass transport
regime.1 In this regime, copious aerosol vaporization together with
marked hydrodynamic (shock-wave) - related effects occur in the
medium surrounding intensely irradiated aerosols. This regime 1is
bounded at low irradiances by the diffusive mass flux regime treated
earlier,u and at high irradiances by the emergence of internal
aerosol hydrodynamic effects such as ablation and shattering, and by
the occurance of aerosol-enhanced air breakdown.'

In the convective mass flux regime, the multi-component
hydrodynamic equations (for the aerosol vapor and the ambient
atmosphere) must be solved subject to appropriate boundary
conditions at the aerosol interface. Boundary conditions may be
specified using the concept of a Knudsen layer, an interface region
a few mean free path lengths in thickness, across which equilibrium
is established. These boundary conditions take the form of "jump

conditions" expressing the conservation of mass, momentum and energy
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across the Knudsen layer, The jump conditions resul:t in relations
between the aerosol vapor pressure, density and temperature acrosSs
this layer.

Numerical solutions to the hydrodynamic equations have been
obtained using an extension of the CONID hydrodynamics code.'?2 This
code has been modified by the inclusion of a high irradiance source
term, and by the addition of jump conditions at the aerosol
boundary. The results of these calculations will be presented for
both liquid and solid aerosols irradiated by high-flux laser beams.
The phenomena to be discussed include aerosol vaporization and
heating, shock and rarefaction wave behavior, interacting shocks,
and beam propagation characteristics. A survey of recent
experimental results related to high~-flux atmospheric propagation

will also be given.
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Early-Time Hydrodynamic Response To Pulsed Laser Radiation

Melvin Lax and Boris Yudanin
Physics Depariment. City College of New York. New York. \Y 10031
(invited)

An implicit numerical Galerkin approximation using splines for the case of
spherically symmetric shock and rarefaction waves is compared Lo an approxi-
mate (scaling) analytic solution.

If an intense beam of high-energy laser radiation propagates through an atmosphere con-
taining absorbing aerosol particies. the aerosols will respond by altering their temperature. den-
sity. pressure. and by evaporation from the surface. As a result. the refraction index will
change markedly. Such an interaction involves the solution of a system of coupled equations
for the electromagnetic waves and for the matler. Solution of this complete time-dependent
coupled problem does not appear feasible at present. Some simplifications can be made based
on the difference in the interaction mechanisms at different time intervals as proposed by
Armstrong.! The first two stages involve absorption of the laser energy. and a hydrodynamic
response to the heated. pressurized fluid. If the pulse length is short compared to the hydro-
dynamic response time {droplet radius divided by the velocity of sound) these 1wo steps occur
separately: first the energy is absorbed with .sw=- tially no motion. Then there will be a hydro-
dynamic response with no absorption. Moreover. for pulses shor’ compared to thermal relaxa
tion times the hydrodynamic response will be essentially complete before thermal effects
become important. (The pulse repetition period is assumed long compared to all these times.)

This means that there exists a time interval, perhaps 107° < ¢ <1077 sec. in which we
can assume purely a purely hydrodvnamic response of the water droplet 1o the elevated tem-
perature and pressure induced in the droplet relative 1o the surrounding air during the first
stage. The solution of this short-time hydrodynamic problem provides an initial condition to
later events which are influenced by thermal processes.

For simphcity we assume a uniform distribution of temperature and pressure in the dro
plet (which 1s a good approximation when the droplet radius is small compared 1o the
wavelength). This assumption makes the problem spherically symmetric. The simplified prob-
lem can now be formulated as follows: at time 1 = 0 3 droplet of radius R, starts in the hydro-

dynamic state
r=I.. P=P_ . p=p_. v=0 (1a)
and the surrounding air starts 1n the state

TR1. Armtrong. "Interacuion of absorbing aerosols with intense light beams®. J.
Appl Phys S6.(7), 1984, (2142-2153).
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r=r,. P=P,. p=p,. v=0. {(1b)
where T, > 7T,:P. > P..p. > p,

At time t = O the hydrodynamic interaction between the water and the air begins. If we
neglect the surface tension, then the resulling evolution can be described by the sel of equa-
tions:

op Qv , 9P , 2vp _
o tPe et 0 (2)

ov + ov " 18P

FRAE Tl ®
=Y, =Y,
_@6_‘}_ + \-9"_6’;_ =0 (4)

where 7y, equal 1.4 for the air. 3.0 for the water. In deriving these equations a gas-like equa-
tion of state was assumed (for simplicity) for both water and air. but the method of solution
does not depend on this assumption.

We use as dependent variables P. p. v : pressure. density and velocity. If we neglect the
surface tension on the water-air boundary. then the pressure and the velocity will be continu-
ous across it. This is not the case for the demsity. which undergoes a discontinuous jump at
that surface. In the spline integration procedure. continuity is determined by the specification
of the multiplicity of the mesh points. To treat all equations with the same mesh specification,
over all space, it is convenient 10 make all functions continuous. For this purpose. we replace
the original density function, p,,. by

P =P + A1) Hr ~R, (1)) (5)
where
A1) = P (r =R.(1)~€) = p . (r =R, (1 )+€) (6)

is the negative of the jump in p. and H(x} is a Heaviside function. In this way, the jump is
canceled and p is continuous.

The above equations require a set of boundary and initial conditions which we are going
1o discuss now. If the time we are concerned with is smaller then that which the rarefaction
wave takes 10 reach the center of the droplet then the hydrodynamical parameters at the center
will remain at their unchsturbed values. Thus at ¥ =0 we have the boundary condition

P=r v=0.p=p,
The analogous boundary condition at infinity s
P=F  v=0.p=p,
But in order 10 reach this cuter boundary the selution experiences a discontinuous transi-

ton across @ shock. which propagates through the air trom the expianding surtace of the droplet

and for a sufficiently large difference of 1nitial pressure starts immediately w hen the interaction
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begins.

In order to get a numerical solution for such a shock containing probiem without intro-
ducing an artificial viscosity. we consider our spatial region only 10 the instantaneous position
of the shock. and instead of the b.c. at infinity we use Hugoniot conditions at the shock front:

Y. +1
yﬂ—l

2
Yo +1

CP(r=R,(t)—€) = p, U2 —2— (1)

vi(r=R (t)-€)= Y. +1

U, plr=R (t)-€)=p,

Here R, (t) is the shock position, and U, is the shock velocity. The unknown position of the
shock can be found {rom:

R,
L
Eo=anf "_;,+__P_ r2dr )

° y —1

which represents conservation of total energy of the water-gas system within the sphere
bounded by the shock wave.

In deriving Eq. (8) we have neglected the pressure of the undisturbed air which means
that we neglect the original energy of the air in comparison with the energy acquired by the
droplet due to the laser irradiation. As to initial conditions, the obvious ones. Egs. (1a.b) are
difficult to employ. because of the jump at r = R, in pressure and density which at the next
instant of time will result in a nonzero velocity distribution and jumps on the emerged shock.
This suggests that we use as a set of initial con-litinns, the pressure, density and velocity distri-
butions shortly afier the surface of the droplet was released (e.g. a1 time t=0+7).

In order to find the latter conditions we will note. that for sufficiently small time 0", the
shock and the rarefaction waves will propagate the negligible distances Uk and —U guna?
respectively. These distances are much smaller than the radius of the droplet Ry + Upn which
means that the spherical geometry effects will not be of importance at that time. In other
words we can use the exact analytical solution of a one dimensional shock-tube problem to
generate our initial conditions. For the one-dimensional case. the shock and boundary veloci-
ties are time-independent. In the air the 1D solution is:

For: R, =R, +U,ta2r 2 R, =Ry + Uty

(28 o +1 . 0, +1
_'=7 —G;.L:i:l—(;;_f_:(;" - 2G __"___P“y“ 9)
c. 2 c. c. P, p. P. Y1

In the water the 1D solution is:
.+
For: R, —c.t, €r € R. + (U, LT-_ -c No
7). -1 Yo =1
2 [Py |- 2 E0 ) RN IR €D x=1{1-G
PSR | [RPEI R = 0 LR = = — {10
y. —1 | P ‘ y. -1 P. c. [‘+ T }2—(,‘ 10)
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L+ 1
For: R, + (U,.Zf-i-— ~c. o Sr LR,
,‘
. Ye
Y s=1-G L:c“(hzc} L=01—<;} (1)
c. P p.

and initial undisturbed values for r SRy, —~c.ty and r >R, . Here. the dimensionless
position, time. and G are given by:

)
r [N . P Yv(ya"‘l) Y
= _: T = : G = L 0 (12)
* L Ry (4% 2

Finally we have a set of hydrodynamical eguations {2) - (4} in an expanding spatial
region D<r <R With the set of boundary and initial conditions specified by Egs.{7-12).
‘The problem is solved by the use of a partial differential equation solver POST (in one spatial
and one time dimension ) written by N. Schryer.?

We will transform the original equations into Lagrangian form in order to split the prob-
lem into several regions with fixed boundaries. The transtormations are not known. a priori,
but are found by solving a set of ordinary differential equations along with the partial
differential equations (a facility provided by POST). In each of these regions the solution (for
pressure, density. velocity) is continuous. The regions are: water (from the origin to the
water-air boundary). air {from the surface of the drop to the position of the shock).
Corresponding equations. which describe the water-air and shock boundaries respectively are:

dR dR, e
R vl =R, 26) LSS (A

dt dt 2 (3)

in order 10 make these boundaries stationary we use the transformation (for waler and air
regions respectively):

:~,<‘ <E<y - - r"‘Rh(l) <t <
£ R0 OSEST: and ¢ 1+m 1 ££K2 (14)

Viewgraphs depicting the solution of this transformed system of hydrodvnamical equa-
tions i the spatial reqion [0.2] will be presented at the conference.

N0 Sohrver, "POST A Pachage Tor Solving Partial Differential Yquations in One
Space Varable™ A T.&T Bell [ aboratories report
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PULSED IRRADIANCE PROPAGA ION NI RANDOM NONLINEAR
MEDIA

GOCHELASHVILI K.S., PROKHOROV A.M., STARODUMOV A.N.,
SHISHOV V.I.*
General Physics Institite, Moscow, USSR

.P.I.Lobedev Physiocal Institute, Moscow, USSR
(invited)

The scattering of laser irradiance in turbulent atmos-
phere leads to development of phase-amplitude distortions in
the beam. Under the conditions of self-action the atmosphe-
rically induced distortions are exhibited together with the
nonlinear blooming effects.

The blooming effects may be minimized by the use of
short pulses and large aperture, The development of phase-
amplitude distortions in the process of propagation of irra-
diance in turbulent atmosphere is determined by two fact
the accumulation of fluctue.j-ns due to linear processes of
scattering, and the growth of perturbations as a result of
development of instabilities. The character of instability
depends upon the nature and sign of the nonlinearity. In the
medium with noninertial nonlinearity the beam is stable in
defocusing media and unstable in focusing media. In the me-
dium with inertial (heating) nonlingarity the ingtability
develops for arbitrary sign of nonlinearity for values of
the self-induced phase increament
( X is the wave number, ¥ - the distance of propagat-
ion, Io - irradiance intensity, ‘tp - pulse length, &
is proportional to the absorption coefficient). We have in-
vegtigated the regimes of instabilities of long pulses
(%- <‘fP< %, where ( - is the beam width, VY - is the
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speed of sound .in the medium, \ - the transverse comp..en’
of tlLe wind speed).

The growth of amplitude fluctuations in turbulent non-
linear medium is analyzed by the method of smooth perturba-
tions. It is shown, that in the region {3“ >> 1 amplitude
fluctuations grow up exponentially with small oscillations.

Although the initial stage of growth of perturbations
(Of2<1) is emenable to linearized theory approach, the ana-
lysis of propagation of randomised field demands the full
account of nonlinear interaction of spatial harmonics. The
stage of stochastization of the field is characterized by
saturation of amplitude fluctuations Of':i 1. The equations
for the mutual coherent fluctuations of the second order in
nonlinear media are derived. The analysis of these equations
is carried out, and the laws of evolution of the scales of
the field in the do iin of saturated amplitude fluctuations
are obtained. The cases of stationary and moving media are

considered.
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INTERFEROMETRIC DETECTION OF CONVECTIVE INSTABILITLES
INDUCED IN AIR BY ENERGETIC BEAMS

L. Crescentini and G. Fiocco

Dipartimento di Fisica, Universita' "La Sapienza",
00185 Roma, italy

In this note a laboratory simulation of the effects expected by the passage of
relatively powerful laser beams in the atwmosphere is reported. The purpose of
the experiments is, among others, to establish how the coherence of the beam
is degraded by self-induced modifications of the refractive index and in a
more general perspective to study the transition regimes between diffusion and
convection at low Rayleigh numbers.

while a vast amount of literature e:is's on the effects of thermal blooming in
a powerful laser beam, the asymmetries induced in the refractive index of air
by self-induced convection appears to have received less attention; the onset
of convection in an absorbing gas and the related effects on the propagation
of the beam have been studied mainly using nunumerical techniques, e.g. by
Cerasimov et al., 1Y78; Gerasimov et al., 1979; Petrishchev et al., 198l.

On the other hand, interferometric measurements of the refractive index fields
in fluids have been carried out at least since the early sixties (e.g. J.
Gille and R. Loody, 1964).

preliminary experiments for the detection of convective instabilities induced
in an initially motionless volume of air by the in-situ deposition of heat
will be describea here.

The experiments are carried out with a Michelson interferometer operating at
visible wavelengths; the light source is either an Ar+ or a He-Ne laser. The
arrs length of the interierometer is about 50 cm. OCne of the mirrors can be
moved fiezoelectrically for the purpose of scanning.

A horizontal 3u~cm long and U.3-nm diameter constantane wire is placed along
the axis of one of the interferometer arms: the wire, and subsequently tne
surrounding air can pe heated by the flow ot an adjustable current.

The interferoreter tringe patterns and their changes are observed with a video
detector connectec o a nicroprocessor. Solutions of different complexity, anc
cost, for the detection and further analyses have been utilized. Rather sinc!le
is tre association of a 25bx128 pixel video cctecter made by icron Torld, S
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Inc. with an Apple [! personal computer. Sonewhat worc =2faborate is a
stuceessive version  including a vidicon camera, hardware for the dirital
acquisition of the sipnal, an array processor hosted by an I PC XT ror
subscquent  processing  of the acquired sipgnal. The sottware which has beea
developed allows some degree of correction tor the mnisalignments and
impertections in the optical elewents ot the interteroneter.

The ertect of heating of the gas induced by the current flow in the wire is
rade evident by chanpes in the fringe pattern. By comparing the fringes
obtained in the presence and absence of the source, the bidirensional
perturbation of the temperature tfield is obtained.

Preliminary experiments, carried out with the first version of the instrument,
indicate that difterences in temperature of the order of 0.Ul K can be
detected for a heat dissipation of a few rnw/m in steady state conditions. Such
temperature field displays a stronyg vertical asymmetry, indicative ot the
presence of convection. These experiments were limited by the sensitivity and
resolution of the detector. Progress with the more advanced version ot the
instrument will pbe reported.
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AMPLITUDE AND PHASE SCINTILLATIONS IN THE OXYGEN ABSORPTION REGION

R.S. COLE

Department of Electronic & Electrical Engineering, University College London,
Torrington Place, London, WCIE 7JE. (invited)

Introduction

It has been shown that the theoretical work of Tatarski! on the effect
of atmospheric turbulence at optical frequencies can be applied to millimetre
wavelengths2. To take absorption into account a complex refractive index
must be included in Tatarski's analysis. [t was Ott and Thompson3? who first
predicted an enhancement at the low frequency end of the amplitude
scintillation spectral density function due to the absorption mechanism,
subsequently observed by Medeiros, et al*. IshimaruS has theoretically
examined the phase scintillations for the lossless case. This paper
summarizes the theoretical predictions for both the amplitude and phase
scintillations in the 60 GHz absorption region and compares them with the
experimentally observed results on a 4 Km line of sight path across central
London.

Theoretical Model

Use is made of the two dimensional spatial spectral density of the
log amplitude fluctuations in a plane perpendicular to the propagation path
at a distance L from the transmitter. This function was obtained by Gurvich®
for the plane wave case and is given by

FX(K) = w2k2L [fo(K)QR(K) - foI(K‘aRI(K) + fo(K)®l(K)] (1)

1(K) and fxRI(K) are filter functions, K is the spatial

= 2n/), where A is the wavelength of the electromagnetic
wave. ¢p(K) and ¢1(K) are the three dimensional Kolmogorov spectral density
functions of the real and imaginary parts of the refractive index
fluctuations and spy(K) the cospectral density function between them. The
term fyp(K)¢r(K) describes signal fluctuations due to variations in the real
part of the RI (scattering}, fxI(K}¢1(K) due to variations in the imaginary
part of the RI (absorption) and fypi(K)er1(K) due to the interaction
between these mechanisms.

where fyp(K), f

xI (K
wavenumber and k
1

The corresponding spatial spectral density for phase fluctuations is

Fo(K) = =7k Cf p(K) 2 (K) + F pr (K)o (K) + £ [ (K)2 (KD (2)

Here fop(K) = fy1(K)s fSI(K) = fyn(K), fori(K) = foI(K).

i.e. the roles of the filter functions between the phase and amplitude
cases nas been interchanged.

Terporal ratrer than spatial characteristics are easier to measure
exper inentally. !sing Taylor's hypothesis of “frozen turbulence" the
temporal spectral density of the amplitude and phate ccintillations
Wxl.], Ws(.) can be related to Fx(K), Fs(K) respectively. Analytic asymptotic

expressions can then be obtained for the extremes of the scintillation spectra.
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Low Frequency Region [%’-/-:i- <13

Here fy1(K), fsr(K) can be approximated to two whereas fyp(K), fg1(K)
are negligible. The cospectrum can be neglected provided that the
refractive index structure parameter C3p << Cig. In practice
Crzﬂ = ]O'GC%R. Hence

c2
nl k43 w,"8/3

Nx(w) = Nx
Cor (3)

u/3
where W o = 0'85CiR % k? (%) / , Vv is transverse wind velocity.

The spectral density starts departing from the expected scattering shape
(given by WxR) for frequencies below a "lower corner frequency" defined
by Nx(m) = 2wa, i.e.

2 TJ3/8
1 v
£ =0.74 | M YooHz
i CgR /AL (4)

The corresponding expressions for phase are

Clr Kk.o/3 . ~8/3

Ns(w) = NSR 1 +5.15 ) L (v) (5)
‘nl
Here W_o = 0.85¢7, L k2 (&)’
Eré W = V.80, v ([)

Unlike the amplitude case no lower cut-off frequency will exist since the
frequency independent term Wcp, associated with Cﬁl, is very small compared
with the frequency dependent term. Hence

L wy=8/3

= 2 (=) k2 (&

Ws(w) 4.38CnR (V) k (V) (6)
and again, unlike the amplitude case, the lower scintillation frequency
phase fluctuations are due to the real part of the refractive index.

High Frequency Region [

(KY ~ 1. Again neglecting

In this case f_,(K) = f
the cross term xR x1 s1
_ ~ Lo pr qw -8/3
Nx(w) = Ns(w) = 2]9 V k CnR (-V-) (7)

i.e. the amplitude and phase scintillation spectral densities are both due
to the real part of the RI and are identical. These results are summarized
in Figure 1.
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Differential Phase Spectra

In order to avoid equipment related phase noise masking the effect of the
turbulence induced phase fluctuations, the spectra of the phase difference
fluctuations between two neighbouring frequencies on the side of the oxygen
absorption peak were measured. These two phase related signals were obtained
by narrow band frequency modulating a Gunn oscilator. In this case, the phase
difference between signals with wave numbers k,,k, can be written as

t) = t) - t
94(t) °k,( ) °k2( ) (8)
The spectral density function can then be written as

Wogluwskiaka) = Wo(wakyky) - 2H (wokyokz) + W (wikz,k;) (9

Here Ws(w,k ,k ), are the signal frequency spectral density functions (k=k; or k;)
corresponding to equations (6) and (7). Again using Taylor's hypothesis an
asymptotic expression for the cross term Hs(u,k,,kz) can be found and hence

also for HQd(m,kl,kz).

Low Frequency Region [% /-E < 1]

-8/1 . -
Here Hs(m,k,,kz) = 4.38C§R kyk; % (%) . Combining with equation 9
2L w-83
Woglwskisky) = 4.38C20 (ky - k;)° T (2) (10)

High Frequency Region [% /-t- > 1]
Here, provided Hs(w,kl,kz) can be neglected, substituting equation 7 in

-8/3

L
Wogluskinkz) = 2,192, (kF + k3) = () (am

when k; = k,, as in the present experiments, this is a factor of two greater
than the corresponding expression for the phase scintillation spectrum at a
single frequency.

Hence the asymptotes to the low and high frequency ends of the differ-
ential phase spectrum will be expected to show a -8/3 slope with a ratio
between them of (kg + k;)/Z(kl - k;)? (12)

The assumption that Ws(w,k;,k,) is zero in this case does depend on the
relevant filter function, which arises in the differential phase shift case,
being zero in the wavenumber range of interest. In fact when k; and k, are
very close as in the current experiment this is not always the case. For
large wavenumbers (small outer scale of turbulence of Lp) it can be
neglected but for smaller wavenumbers (large Lp) it can no longer be
neglected and the ratio (equation 12) is reduced.

Results

Figure 2 shows an example of an experimental amplitude crintillation
spectrun and clearly exhibits the -8/3 slcpes. The lower cut-cff frequency
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fo: compares well with equation“. A differential phase spectrum 1s shown
in Figure 3. The ratio between the asymptotes (equation 12) is 45 dB
comparing well with a predicted value 47 dB (k, = 1160 m !, k. = 1165 m™ ! ;.
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EXPERIMENTAL INVESTIGATION OF »iLLINETER WAVE PROPAGATION IN THE ATHOSPHERE

Ernst Peter Baars
FGAN - Forschungsinstitut fir Hochfrequenzphysik
D-5307 Wachtberg-Werthhoven
Federal Republic of Germany

(invited)
1. INTRODUCTION

The importance of the millimetre wave region for radar remote sensing and
guidance and for communication has grown considerably during the las decade due
to the increasing demands on higher angular resolution, wider bandwidth, im-
proved jamming resistance and covertness of operation. As a consequence an
intensive investigation of the environmental constraints for system performance
in this frequency band became necessary.

One aspect, the characterisation of the propagation effect for the terrestrial
line-of-sight path will be discussed here,

Starting with short survey on its general characteristics our measurement
approach, instrumentation and examples of results will be given.

2. CHARACTERISTICS OF THE TERRESTRIAL LINE OF SIGHT PATH

On a terrestrial path the propagated electromagnetic wave interacts with the
atmospheric gases, the terrain (or sea) surface and, if present, with particu-
lates as from precipitation, smoke, dust or sand clouds. This interaction
effects the parameters of the wave mainly by three mechanisms: Absorbtion,
refraction and scattering.

Fortheclear atmosphere, i.e. in the absence of particulates,
Oxygen and watervapor are the primary gases causing propagation attenuation due
to molecular absorption in the millimetre wave region.

This effect varies with radiated f-ca.2ncy, temperature and atmospheric pres-
sure. A plot of the attenuation due to atmospheric gases versus frequency or
wavelength, ranging from the centimeter wave region to the visible, is given in
Fig. 1 for the ‘normal' atmosphere.

The macro-structure of the atmospheric refractivity influences the millimetre
wave 1in a similar extent as the longer microwaves. However, for short slant
ranges ( 10 km) as envisaged for most applications ray bending and increased
time delay can be neglected for the normal atmosphere.

The fine structure of the refraction index may cause amplitude and phase scin-
tillation by a stochastic refraction process on inhomogenities.

Scattering may occure if the refraction inhomogenities are in the order of the
wavelength., For the usual line-of-sight path the scattered field, however, is
negligible small.

Scattering on the terrain or water surface may constitute indirect paths and an’
interaction of the direct and indirect waves. This phenomenon, known as multi-
path propagation, depends on the geometry of the propagation path and the
reflectivity and roughness of the surface relative to the wavelength,

For the millimetre waves specular multipath is only possible if the antenna
beam illuminates partly the surface at very low grazing angles.

The primary par ticulates effecting millimetre waves are rain drops
due to the significance of their influence and their frequency of occurance,
Absorption and scattering can be calculated by expressions derived by HIE,
provided size, shape and density of the droplets are known in the statistical
sense,

The influence of other particulates on millimetre waves is either small as for

161




fog, hail, dry snow, smoke, dust and sandclouds or occurs less freguently as
sleet and wet snow,

3. MEASUREMENT APPROACH AND INSTRUMENTATION

Our experimental investigations were concentrated on the atmospheric window at
94 GHz. 1In most propagation measurements parallel observations at 47 GHz have
been performed for comparison reasons.

A typical measurement set-up in a bistatic transmit/receive configuration is
outlined in Fig. 2:

At 94 GHz the transmitted signal can be switched between vertical and horizon-
tal polarization. An orthomode transducer at the output of the receiving anten-
na splits the incoming wave into its co- and crosspolarized components. The two
channel superheterodyne receiver and the associated data recording allows the
parallel registration of both components. Transmitter and receiver are phase
coherent locked to crystal references permitting short term phase measurements.
For long term phase measurements a reference signal has to be transferred.

The 47 GHz system is a one channel amplitude only system. Transmitter and
receiver polarization are linear/circular switchable.

To arrive at comparable path geometries for both frequencies the antenna beam-
widths and positions have to be nearly identical. 2 feet and 1 feet diameter
antennas usually have been selected for the 47 and 94 GHz systems respectively
providing a beam width of about 0.7 degrees and a gain of 47 dB at both wave-
length. A solid state IMPATT oscillator as the transmitting source providing a
CW power of 100 mW and a receiver sensitivity of -90 dBm results in a system
dynamic range of greater then 45 dB for a slant range up to 10 km.

To avoid unintentional multipath effects the antenna positions have t- be
carefully selected. A good indication for the absence of multipath is a con-
stant receiving level for a variation of either transmitter or receiver height.
For a monostatic measurement configuration transmitter and receiver are col-
Tocated with either two seperate antennas or with a transmit/receive switch and
a common antenna. A folded path is constituted by operating against a cali-
brated reflector at the required range. Unwanted reflections wil be minimized
by pulse modulating the transmitter signal and gating the received signal at a
time corresponding to the propagation time to and from the reflector,

This monostatic radar approach allows in a simple way to assess propagation
inhomogenities by using multiple reflectors and multiple range gates.

It is obvious that the experimental investigation of the millimetre wave propa-
gation requires a comprehensive characterization of the respective environment.
As an example the meteorological instrumentation accompanying our long term
rain measurements over a 500 m path is given in lower part of Fig. 2.

4. MEASUREMENT RESULTS

In the passed seven years several measurement campaigns have been performed to
assess the propagation characteristics in both measurement configurations over
land and in the maritime environment.

The main results may be summarized as:

- Multipath propagation could be observed for one-way and folded near hori-
zontal line-of-sight paths over Land /2/ and over sea. An interference dia-
gram resulting from pathlength changes by tidal variations is given in
Fig. 3.

- Clear air scintillations up to about 2 dB occured occasionally on a 500 m
path when solar flux varied due to fast changing cloud cover. A quantitative
investigation is required.

- Rain attenuation at 47 and 94 GHz is well described by the MIE theory, if the
calculation is based on the actual measured dropsize distribution, larger
deviations have been observed on particular rain events, if the dropsize dis-
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tribution is derived from the rainrate (Marshall-Palmer or Joss et.al.)/3/.
- Rain attenuation is general higher at 94 GHz then at 47 GHz /3/.
- Rain attenuation at 94 GHz is comparable to those at the two main IR-windows

141, /5/.

- Attenuation due to sleet and wet snow is lower than for rain at a comparable

water equivalent.

- Other particulates (dry snow, hail, haze, fog, smoke, dust) have no
significant influence on millimetre wave transmission but cause severe
restrictions on IR transmission /3/, /6/. /7/.
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COUPLED MODE THEORY OF PROPAGATION THROUGH
THE TURBULENT ATMOSPHERE

M.Bertolotti and C.Sibilia - Dipartimento di Energetica
Sezione Fisica- Universitd di Roma "La Sapienza”
ROMA, ITALY (invited)

Coupled mode theory is an alternative way
to usual methods (1) to derive correlation functions
of electromagnetic fields transmitted in the
turbulent atmosphere (2).The measurement of corre-
lation functions has been the object of a numer
of investigations.

In Italy in particular, phase and angle of
arrival fluctuations have been studied (3) together
with intensity fluctuations (4).

Basically the coupled mode method consists
of adapting the formalism of coupled-mode theory’
usually employed for describing electromagnetic
propagation and mode coupling in an imperfect
optical fiber (5) to the case of propagation in an
unbounded randcmlmedium.

The description of propagation of a mono-~
cromatic field in an unbounded random medium is
achieved by choosing as ideal normal modes the ones
pertaining to a homogeneous medium possessing a

constant refractive index n1,

E T &t XT-e)

where
Yo (2)
(P
b= (X))
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with K:wd fc , T2 (X,4), and ¢(X) is the
unit polarization vector.
For linear polarized (Ey=E2=O) wave one can

then write

E(?’z,t); /((X EX(;,Z)el‘wtCK CZ) (3)

where the expansion coefficients cx(z) are derived
solving the set of coupled equations

dz

(4)

where .= w/(_ and

n(Z,e)< n v8a (7 2). (5)

The correlation functions

X)(X' (z)- ‘C/((Z)C;f(z)>, (6)

Tob

dede) (1., - Kol 26002 N oxpl A(T-R)
A :f(,lx eﬂpli(g-p‘/)zj(—ﬁxz $(Zz)erp[<Xx) T ]z,




are then found to obey a diffusione equation in the
X -space

2

DX N D

X,X*7 2 VX -0
D2 Z ) Ky 0,
e

where the diffusion coefficient D assumes a
particularly simple expression for Gaussian refractive-

index fluctuations

_D:/}chén&/i. (8)

The solutions of eq.(7) permit to evaluate the mutual
coherence function and compare it with results
obtained by the moments of the field.

The coupled mode method can be extended to the
propagation of a nonstationary and non-monochromatic
field, with the hypothesis that the refractive index
fluctuations are not time-dependent during the inverse-
band width or pulse time.

In this sense the coupled equations for the field
amplitudes are 4 little bit more complicated and

now the significant quantity is:

.

Xey (zw,0): <C (29) ¢ (2,90 . ®
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For a stationary nonmonochromatic field the equation
for Xxx,(zﬁg/w ) is

~

v

2

XX,(/ 3 —D} ’DX}X/-_ DXXX’ CL‘) —O\J‘Jy?
Dz Ry Dw? (10)

) R

QW

which is of the same form of the Fokker-Planck

equation for the field propagatioﬁﬁé nonlinear

optical material .

A discussion of this case will be also provided.
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RAY PROPAGATION THROUGH SUB-FRACTAL MEDIA
by E Jakeman

Royal Signals & Radar Establishment

Malvern, Worcestershire, WR14 3PS, UK

{invited)

Although a great deal of attention has been devoted over the years to
diffraction and interference effects associated with the propagation of
coherent 1light through the turbulent atmosphere, effects visible to the
naked eye are generally gecmetrical in origin and associated with the
scattering of incoherent light. Thus the performance of many simple optical
instruments which are used to enhance our natural eyesight is limited by the
refraction of rays. Even in the case of coherent light, strong scattering
regimes exist where geometrical optics effects assume an important if not
dominant role. It is therefore of interest to investigate the statistical
properties of rays propagating through refracting media, both from the point

of view of noise modelling and in the context of rewote sensing.

In many calculations of the atmospheric propagation of light it has been
assumed that the refractive index spectrum is an inverse power law based on
the Kolmogorov model for the inertial range velocity spectrum [1}. For
example, in the case of phase screen scattering, the structure function

corresponding to such an unmodified power law would be

<(0(0) - 8(r))2 > (x| 3/3 (1

) v T

\




Following the work of Mandelbrot (2] this can be identified as a fractal
model with @(r) containing a heirarchy of structure down to arbitarily small
length  scales. Though continuous, the initial wavefront is  not
differentiable and on both physical and mathematical grounds it is unreason-
able to expect such a model to generate geometrical optics effects
associated with rays or wavefront normals. Although models belonging to the
same class as (1) may find applications in scattering problems involving
rigid structures, such as rough surfaces (3], 1in the case of fluid media
there will generally te some effect such as an inner scale cut-off in the
velocity spectrum, capillarity, or thermal diffusion, which will smooth the
wavefront over distances which are considerably larger than the optical

wavelength [4].

It 1is well known, however, that the use of single scale smoothly varying
models, which are differentiable to all orders, leads to the prediction of
focussing, caustics and other higher order geometrical singularities in the
propagating wave field [5]. These render the ray density statistics
infinite beyond the point where focussing starts to occur. In practice
these divergencies are smoothed by diffraction in coherent configurations,
and by finite source and detector siz: in the incoherent case. Moreover
there are many situations of interest where the light is detected at propa-
gation distances which are much less than those where focussing begins to

take place.
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When the above considerations are added to the mathematical difficulty of
investigating full diffraction limited geometrical optics, it is evider:
that what is required is a multiscale model which will generate ray effects,
but not geometrical singularities. Such are the properties of the class of
sub-fractal or fractal slope models. These can be interpreted as fractal
models subjected to elementary smoothing and exhibit a more rapid power law
spectral cut-off at high frequencies [6]. The class of structure functions

corresponding to equation (2) are given by [7].
<(@(0) - o(x))2 > Ar2 - B |r|P 2<P <& (2)

Wavefronts with this property are only once differentiable and may be
thought of as heirarchical constructions of different sized facets.
Although this remains a crude model for the properties of real turbulent
media it has led to a number of predictions in agreement with experimental
data and is remarkable for the reduction in complexity which it brings to
both analytical work and numerical calculations [8]. Thus earlier work has
shown its close relationship with K- iistributed noise, often observed in
propagation experiments [7], and it also appears to provide a good model fo:
the intensity statistics observed in phase screen scattering into the far
field [9]. In more recent work numerical ray tracing has been used to
simulate propagation beyond a sub-fractal diffuser [10}, see figure 1.

This investigation is being extended to include the presence of simple
optical components and additional scattering layers. At the same time
laboratory experiments to measure the phase structure functions of turbulent

layers are being undertaken in order to examine the validity of the model.
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In this paper a brief review of the subject will be followed by presentation

of recent results.
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Figure 1. Ray propagation key on a subfractal diffuser
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FACTIONA. REPRESENTATICHNS OF THE EM FIELD 1% INHOMCGENHEOQUS POSSIBLY
STOCRASTIC MEDIA

S.P. Petracca, [.n., Pinto

Cip. d¢i £lettronica, Universita di Napold

(invited)

Electromagretic fields and potentials in non-homogeneous
media are nonlinear functionals of the refractive index di -
stribution. Accordingly, several functional representation tools
(alternative, though possibly related) do naturally suggest them-
setves. In this Communication we shall atterpt to survey them
briefly, paying special attention to computational accuracy and
eass.

In the eak inhomogeneity assumption, viz.:
3n(r)

nlrj = ng+ ‘n(r) ; a <
o

1 (1)
the Volterra functional series (1] :

Elruw = X £ (r 0
m=1 -

[ [+ )
£ - fr, - Jors £ Peorss o) nn) Sl

r(m)(.)

(2)

will be rapidly convergent. The kernels can be syste-

matically found by letting (2) together with:

Snr)
= = A &(r- A e - N -
e (Elrra) « AS(rer;) * AS(rer) , k=1,2, ... (2)
successively into the wave eqguation:
R - - m1_ Ve
OFE -+ TET In Jn%(r)] §= joBpd+ itaBo ¥ [F | (6)

wherein 7 and B are the free-space ( n=n,) characteristic
impedance and wavenumber, respectively, and J is the im-
pressed source-term. Differentiating the resulting ideﬁtity with re-
spect to  A,,A;, .., A, and then setting A;=A,=..=A =0 gives
a hierarchy of linear space-irvariant wave equations in the unknown
r(e), k=12, .., m [2]

The Volterra series is especially useful when dealing with

random inhomogeneities. A simple but relevant example is that of a
quasi-ergodic 2zero-mean gaussian-uncorrelated rancon medium, viz.:
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wherein the sum runs over the (2M-1)!! unordered partitions of
{ry,ry, .. ,ry}  into pairs. For this case, the EM field ave-

rage and self-coherency matrix {(including field intensity and¢ po-
larization) are easily found [2]

<E(r)> = Nofdf1 [("(3-51,5-31) + o

<E(_[)E*(£)> = Noﬁ£1l£(1)(£-rl Z + W /drfﬁrz .

(r-ro,r-r;) «+ r )(Y‘ ry,r- rz)[ —

The standard Volterra series, being a singular perturbation
method [3 ] can exhibit secular terms. The latter can be removed
by using ron.rmal zarion (eigenvalue straining) schemes, where,
e.g., the formal elgenvalues‘ expansions:

N-1
.0, m;

0
(kg ) being the unperturces problem's eigenvalues, and xgm)(-)
unknown, m=1,2, ... ,N-1) are telescopically inserted into the
N-order truncated Volterra series solution, and the x; mh(.).
are then determined by comparison with the complete (secular)
sofution [! ]. Alternatively, a {prerenormalized) solution
d la Rytcv [3] can be sought, whose exponent is expanded into
a Volterra series,

Conceptual extensions of the Volterra functional power
series include the ({functional) Lagrange-Biirmann exsanrsion and
Padé approximants.
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The forrer [ 4] is notning but a Yolterra series, whose
argument is @ rrizerln dacsen funciionel of dnlrj/ng, instead
of én(r)ing. A skillful choice of the argument functional may
result in a dramatic convercency improvement, compared to stand-
ard Volterra series.

Rational (Pacé [5] ) functicnal approximants can be
easily obtained from truncated Volterra series solutions [6]
They have been the key to non-perturbative QED and QCD [ 5 ], and
could reasonably vield accurate sclutions of Maxwell equations in
siromzl. snhomcgerecus, possibly stochastic media.

We turn now briefly tc cther functional representations
based or functicnal integration [7] .

Patn-inteqral representations of the EM propagator in
inhomogeneous media [8 ,9] can be evaluated in closed form
only in a very few cases [10] . Remarkably, the Feynman expan -
sion of the EM path-integral gives back the Volterra series
solution [2]

Solving Maxwell equations in inhomogeneous media using
the Cameron Martin orthoaonal functional expansion [1!] (fun-
ctional analogue of L2 approximants, infinite-dimensional
Fourier-Hermite series) meets t'  difficulty of evaluating
Wiener integrals [7] . This task deserves further study, to
be accomplished efficiently.

As a conclusion, we sugcest that functiona! methods may
provide a general, systematic framework for studving EM wave
propagation in inhomogeneous, possibly stochastic media. It is
important to note that the whole machinery of Volterra series
and Padé approximants can be fully implemented, using symbolic
manipulation codes such as, e.g., MACSYMA, SMP, REDUCE, etc.,
to obtain autcmatically analytical solutions as well as their
numerical evaiuation.
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A STATISTICAL MODEL FOR THE INTENSITY AND PHASE
OF RANDOM OPTICAL FIELDS

L. C. Andrews
Department of Mathematics, University of Central Florida
Orlando, Florida 32816

R. L. Phillips
Department of Electrical Engineering and Communication Sciences
University of Central Florida, Orlando, Florida 32816

(invited)

1. INTRODUCTION

To date, the most useful models for the .:tensity and phase fluctua-
tions of an optical wave propagating through atmospheric turbulence are
those which have been heuristically derived. Although the approach is not
from first principles, sowe of these empirically derived models show good
quantitative agreement with experimental data. FPor example, the class of
K distributions has been found to provi-.: excellent wodels for predicting
intensity statistics in a variety of erperiments involving radiation scat-
scattered by turbulent media [1 - 4]). However, the K distribution is not
satisfactory for all such experimental data and is not theoretically
applicable in weak scattering regimes [3,5]. The universal scattering
model (USM) appears applicable under all conditions of atmospheric turbu-
lence, but it is mathematically coamplicated for certain computations
[6,7]. The I-K distribution for intensity fluctuations was developed as an
attempt to find a more tractable version of the USM distribution {8,9}. Like
the USM, the I-K distribution is theoretically applicable under all conditions
of atmospheric turbulence.

In this paper we wish to discuss the underlying mathematical basis
that leads to the I-K distribution and develop a corresponding model for
phase fluctuations [10].

2. SCATTERING MODEL OF THE OPTICAL FIELD

By assuming a discrete scattering model, the field of the optical beam
at a given detection point and time is of the form

ue) = it (Ae16 + Re“) , 1)

where w is the carrier frequency of the optical wave. The term Aeie

is a constant amplitude component while the second term is the resultant
of one or more scatterers with combined amplitude R and phase P. We make
the assumption that the scattered portion of the field 1is a zero-mean,
doubly-stochastic, circular complex Gaussian variate where the mean
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intensity b = % is a fluctuating quantity governed by the gamma distri-
bution. This is comparable to making the assumption that the number of
terms contributing to the scattered portion of the field is a random
variable (independent of the amplitudes and phases of the individual
scatters) that is governed by the negative binomial distribution [4,9].

The conditional joint probability density function (PDF) of R and
? is given by
R -gl
pURE|D) = o R, )
which is simply the product of a Rayleigh distribution and a uniform

distribution over 27 radians. The gamma distribution for b has the
functional form

a-]
u(ab/bo) ~ab/b
py(b) = “T(op © o,
o
where b, is the mean value of b and a is a positive parameter related to
the effective number of independent scatterers that contribute to the

average intensity b of the scattered portion of the field. The uncondi-
tional joint PDF of R and ¢ is recovered by calculating

b >0, 3)

a(a/b )
F(u)nbo

o L] - - 2
py (R,0) = S p, (b, (R,?] b)db g p% 20/ oge =R /by, (4)
o o

By making the change of variable b = bORZ/x , we find that Eq. (4) becomes

oo a 2

- 1 S a -x/b_ _2a-1 _ -aR"/x

p3(R,&) Ta)7b (x) e o R e dx, (5)
o o

which we choose to leave in integral form at this point.

3. THE I-K DISTRIBUTION

The total intensity of the optical field (1) is

I = IU(t)l2 = A2+ R2 + 2ARcos(d - 0), (6)

Qur approach to finding the PDF of I will be to first calculate the
characteristic function of I defined by the expectation

® AW
s I B (P RIS Q)

o -n

C(u) = Ele

Substituting (5) into (7) and performing the integration with respect to
only ¥ and R, we obtain the characteristic function representation
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2
o .a -x/b -aA“/x 2,2 22
1 a)l e o -a"A"/x n.1.A
Clw) =3 S (x) a e %Pl 5 xﬂ(‘ ailig )d"' (8)
o o (—- —iu) - -iu == {u
x x x
where |F, denotes the confluent hypergeometric function [11].

The direct inversion of (8) for arbitrary values of a is very
difficult. However, for a = } the confluent hypergeometric function is
approximately unity. 1If we set = | in (8), the inversion of the resulting
expression leads to the family o} i- dtstributions [8]

a—l
2“("; Ko, (2A‘/—)Ia 1(21/ e 1 A2

pa(I) = /-)a—l
b {4 al(ZAJ_) l(zl/ ), 1> A%

Eq. (9) is exact for a = 1, but represents an approximation to the PDF of
intensity associated with (1) for ether values of a. We have found, however,
that a caan be restricted to values near unity for almost all conditions of
atmospheric turbulence except in the saturation regime., Moreover, the
normalized womeunts of (9) appear to fit experimental data very accurately for
all conditions of turbulence, even in the saturation regime.

)

A particularly advantageous value of a to use in (9) is the value
1/2, since in this case the Bessel functions reduce to exponential func—
tions. A comparison of the normali.e’ mowents of (9) when a = 1/2 with
experimental data of Parry and Pusey [2] 1s shown in Fig. 1.

4. THE PHASE DISTRIBUTION

To develop a corresponding expression for the phase distribution of the
optical field (1), we start by iatroducing the complex phagor

vel? = 2019 4 pel?, (10)

where V and y denote the amplitude and phase, respectively, of the field U(t).
From (10) we obtain the equations of transformationm

R2 = a2 + v2 - 2avcosy

v (11)
sin b = X sin v,
where Y = y - O and the Jacubian of transformation 1s V/R. By substi-
tuting (11) inrto (2), we get the conditional joint PDF
ps(v,lﬁlb) = % exp[— -:;(Az + v2 ~ 2AVcos Y)J. (12)

where 0 ¢ V < = and -7 < Y ¢ 7, The unconditional phase distribution
is then determined by evaluating the double integral
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Pg(¥) = § of Py (bIP(V,¥]b) 4V db, (13)
where pz(b) is given by (3).

pPerforming the integration in (13) with respect to V leads to

(asb)* ~
p6(¢) =“2Tr‘(—u)'—(A m o cos YL+ M), (14)
where
L4 2
L S bu—:’/2 exp(- %E - %— sinzY) db (15)
) o
and

2 2

M = S bm_1 exp(- ab _A_ sinzY) F (—l/2;l/2;--écoszv) db.
b b L' b

] o (16)

The evaluation of (15) is immediate but (16) requires an application of
Kummer's transformation and then expressing the resulting F, function by
its series representation [11]. Termwise Iintegration finaily leads to the
result (-7 < Y < M)

Vo at+l1/2 1
Pe(¥) = i—?%gm-"-—— cos Y |stn ¥|® /ZKa_l/z(Z/;;)lsin D an
(/EE)“ @ (up)n/2c052“1
* T/m Fa + 172) Ka-n2/%),

n=0

where p = Az/bois the power ratio of mean intensities of the constant

amplitude component to the random component of the field.
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YET ANOTHER PROBABILITY DISTRIBUTION FOR INTENSITY
FLUCTUATIONS IN STRONG TURBULENCE

James H. Churnside, Reginald J. Hil}!, and Gerard R. Ochs
NOAA/ERL/Wave Propagation Laboratory
Boulder, Colorado 80303

INTRODUCTION

It {s generally accepted that the fluctuations of an optical signal caused
by propagation through weak turbulence will have a lognormal probability density
function. For propagation through strong turbulence, no such concensus exists.
A number of density functions have been considered, including Riclan,1 lognor-
nal,z’3 and Kl.‘s distributions, and others that cannot be described by simple

7
& 0f these, the K distribution has probably been the most

4,5,8

analytic formulas.
successful at describing data. It also reduces to the generally accepted
1limit of a negative exponential density function for extremely high turbulence
levels. Using an argument similar to that leading to the K distribution, we
arrive at a probability density function that consists of a negative exponential
whose mean value is a lognormally distributed random variable. This is shown to

agree well with experimental results.

THEORY

It has long been noted by one of us (GRO) that for strong scintillation the
probability distribution of intensity departs significantly from an exponential
distribution because of the slowly varying intensity underlying the spikes of
intensizy. The spikes of intensity have a small spatial scale of order the wave
coherence length Py whereas the temporally slowly varying part has the large
spatial scale of order AL/po, where A and L are wavelength and path length. As
asymptotically strong turbulence is approached the small-scale scintillations
give iatensity variance approaching unity whereas the large~scale contribution

to the vartance decreases to zero, It therefore seems reasonable fo assume that
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in the approach to asymptotically stroang turbulence the small-~scale intensity
filuctnations have an exponential distribution which is modulated by the large-
scale intensity fluctuations. 1t remains to determine the probahility distribu-

tion of the large-scale {intensity fluctuations.

A method of measuring only the large-scale intensity fluctuations is to
aperture average using an aperture size VAL, which is the geometric mean of the
small=~scale CH and large scale XL/po. This takes advantage of the gap in the
spatial power spectrum of intensity between the small-scale (high wavenumber)
and large-scale (low wavenumber) contributions to the intensity variance. This
gap is more pronounced for plane waves than for spherical waves and most pro-
nounced for strongest turbulence. Note that the corresponding gap in the tem-
poral spectrum of intensity is not well defined because strong turbulence

measurements in the atmosphere usually imply light and variable winds. We

hypothesize that the large-scale contribution to the scintillation is lognor-
mally distributed, and our measurements of aperture-averaged scintillation tends

to support this hypothesis.

The two-scale model 1is appealing since intensity covariance in strong tur- 1

3,10

bulence clearly shows the effects of two scale sizes. Another two scale

model applied to speckle hy Newman9 gives the K distribution.

The probability density function of intensity that results from a lognor-

mally modulated exponential distribution is given by J
- (anz + L g2)2
1 dz [ 1 2
p(1) = [ = expl-= - ————-——~—~—-—] QD)
2 z 2
— 0 z 20
/2n o

where 02 is the log-intensity variance of the large-scale process, z is the
modulation depth due to that process, and T is the observed intensity normalized

hy its mean value.

The moments of Eq. (1) are easily found to be 4

,
o, (2)

1
<1 = at exp/= a(n-1) o

which agrees with the asymptotic approach to exponential statistics given by
Dashen.H Equatinn (2) can be written in terms of the normalized variance of

{rradiance o 2 as

N
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2 1
oy +1 2 n(n-1)

2

The lognormal-exponential moments are seen to lie between those of the lognormal

<™ = a! | . 3

and the K density functions. Previously published experimental moments seem

4,5,8
also to lie between the lognormal and K values. '™’

EXPERIMENT

The experimental source was a He-Ne laser producing about 20 mW of 0.633 ym
radiation with a beam divergence of about 1 mrad. This light was propagated
across | km of flat grassland at a height of about 1.5 m to the receiver. At
the receiver, the light was passed through a 1 sm aperture, a marrow-band inter-
ference filter, and into a photomultiplier tube. The photomultiplier tube
current was amplified using a high gain transimpedance amplifier, and the
resulting signal was digitized using a 12 bit A to D converter. The digitized
signals were stored on magnetic tape for later processing.

The intensity signal was sampled at a rate of 5000 samples/second for 10,833
samples; sampling was then stopped v'.i.- these values were recorded. Each data
set consisted of 50 of these blocks of data and took about 3.5 minutes to
collect. The probability density function of a typical data set is plotted In
Fig. 1. Also plotted in the figure are the K and lognormal-expoanential distri-
butions that have the same normalized variance (°N2 = 4.,32). Although the two
distributions are very similar, the data suggest that the lognormal-exponential
distribution might be a better approximation to the probability density function
of intensity than either the lognormal or the K distributions.
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Figure 1. Plot of probability density function vs. intensity for
X (dashed line) and lognormal-exponential (solid line) models along
with experimental values (points).
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Experimental Investigations of Atmospheric IR-Propagation

over Land and Sea
A.Kohnle, R.Neuwirth, W.Steffens, H.Jundt

Forschungsinstitut far Optik (FGAN-FfO)
SchloB KreBbach
D-7400 Tdbingen 1 (invited)

Introduction

The performance of electro-optical (EO) sensors is often se-
verely limited by atmospheric transmission characteristics.
This 1limitation results from the complex interaction of
electro-magnetic radiation with atmospheric particles and
molecules. For proper EO systems performance assessment the
atmospheric process must be quantified and related to easily
measurable meteorological and (for a maritime environment)
oceanographic parameters.

Experimental and theoretical investigations of infrared (IR)
atmospheric propagation in the past have permitted to estab-
lish transmission models and codes 1like LOWTRAN /1/ and
others /2/, which are extended and updated depending on the
availability of new relevant scientific results.

The need for sensors with better "all weather®™ capability
raised the interest on mm-wave propagation (35-300 GHz). It
is well established that with increasing wavelength the all
weather capabilty of a sensor -.creases, whereas the geo-
metrical resclution decreases. Therefore, "multisensor
systems"™ are being envisaged to account for this fact.

As a part of multisensor assessment studies simultaneous at-
mospheric transmission experiments at visible, IR (3.4-
5.0 pm, 8.25-13.0 um) and mm-waves (94 GHz) over ranges of
4.35 km, 6.5 km and 11.91 km over sea and S00 m and 5.4 ka
(also at 10.6 pm) over land with relevant meteorological
measurements and measurements of the size distribution of
aerosol- and raindrop particles (0.15 - 10 mm diameter)
were performed. The mm-part of these tnvgftigations has been
performed by scientists of the FGAN-FHP.

These measurements have produced time series of extinction
values for the wavelengths (bands) mentioned above under
different meteorological conditions, extinction correla-
tions, statistics, aerosol extinction, aerosol-scatte-
ring-functions and rain extinction. As a part of this large
effort basic results concerning IR-propagation are reported
here.

*) FGAN-FHP: Forschungsinstitut fir Hochfrequenzphysik
principal investigator: Dr.H.H.Fuchs

1. Kneizys, F.X., et al., Report AFGL-TR-83-0187, 1983

2. Jessen, W., et al., Report FfO 83/79, 1983

- 191




IR/mmW-Extinction in Rain /3/

As a part of the analysis of the experiments mentioned abo-
ve, correlations of IR- and mmW-extinction in rain over sea
for ranges from 4 to 12 km have been made and compared with
theoretical calculations based upon model rain-drop
size-distributions and Mie's theory. The scatter plots of
experimental values (measurements every 10 sec, integration
time 150 sec) show good correlation with the measured values
for medium ranges. The deviations increase with range. This
is basically caused by the different sensitivities of
IR- and mm-waves against

- change in rain-drop size-distribution,

- change in molecular (continuum) attenuation,

- change in background aerosol distributions (IR),

- multipath interference (mmW).
Fig.l presents an example of such a scatter plot for a range
of 6.58 km. It does not only show a rain- but also a fog-si-
tuation. Both cases can be clearly separated because of the
fact that IR is much more affected by fog than mm-waves.

1024 10+ 0
! 1- SYTRAN (MMP) 2
- p RANGE 6.58km 2- Joss et.al."drizzle"
= ] 3- Joss et.al."widespread”
€ 4- Joss et.al. a
(,E} "thunderstorm"
- 1014 1014 §- Marshall-Palmer Lice
© (MP)
z 2
:
a —
= . --rain-rate 'g’
2 1004 ¢« ¢ 1090 4 /7 n mmh-y L 20 B
= -—
= =
= &
RANGE 6.58km ¢
10-74 o e Uy, L 30

30 20 10 20 30 20 10 2 0
« ATTENUATION 94GHz 1n a8 <~ ATTENUATION 94GHz 1n aB

: . Currelation ot IR-transmission - . Currelatiun ot calculated rain-
Dﬂ;]": and mim-allenualion tur a rdhye F_lg_g_ attenuation tor R and uwld tur

ut b.58km . difterent ca1n mudeis and rain-rates
and tyr a range ot b6.58km

Comparisons of calculated pure rain extinction values based
on calculations with different rain-models reported in the
literature /4,5,6/,s.Fig.2 with measurements (corrected for
molecular absorption) show that *he Joss et al. "drizzle"-
and "thunderstorm"”-models are good upper and lower bounds
for the experimental data at all ranges.

3. Neuwirth,R.,Fuchs,H.H., Rep.FfO 85/50, FHP4-85/Lfd.Nr.235
4. Joss, J., Waldvogel, A., J.Atm. Sci., Vol.26, 1969

5. Marshall, I.S., Palmer, W.M.K., J.Met., 5, 1948

6. Van de Vrie, Phys.Lab.TNO, Rep.No.PHL.,1976-07, 1976
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Algorithm to Convert Broad-Band to Laser-Line Extinction /7/

Another interesting analysis aspect for the above mentioned
experiments (and others) is the question how exactly 10.6 m
(CO,)-laser extinction coefficients can be calculated from
meafured broad-band (8-13 um) transmission values. The theo-
retical results can be compared with simultaneous measure-
ments over a range of 5.4 km over land mentioned above.

The laser extinction coefficient ¢ for a certain laser-line
is given by a sum of scattering(B8) and absorption (x) coef-
ficients (molecular (m) and aerosol (a) part) by

n a”’ (1)

The mean band aerosol transmission T, over the experimen-
tal range R, for a transmissometer with blackbody source
temperature QB and relatjive sensitivity Rn can be ex-~
pressed as

(o] + A a
=8 + B, +

-~

T T )
vith = [ (LROR ML THAr/ [ R (LA, THEs .
AA AA

T is the measured transmission, L(7,T,) the Planck func-
tion at wavelength) . Equation (2) holdg within about 2% ac-~-
curacy. The band aerosol extinc.ion can then be expressed as

- -In ( Ta)

Oa - T . (3)
It can be shown that for a wide range of environmental con-
ditions and a variety of aerosol models a unique conversion
factor Q = 0.8 exists to convert 8-13 um aerosol extinction
53 to 10.6 pm laser extinction o, by

0a(a) = Gy(aNQ . (4)

To determine the laser extinction coefficient o from a
broad-band measurement, the molecular part o_ in Eq.(l1)
has to be calculated using a transmission code, g.g. FASCODE
/8/.

Experimental results (to be shown at the oral presentation)
show good agreement with calculated values using this algo-
rithm,

7. Tamir ,M., et al., Report FfO 1980/124, 1980
8. Smith, H.J.P., et al., Report AFGL-TR-78-0081, 1978




Aerosol Extinction and Phase-Functions

A third area of investigation is the development of aero-
sol-models based on in situ aerosol size distribution measu-
rements and validation of these models by comparison of cal-
culated and measured transmission values. New dynamic aero-
sol models have been developed recently and were published
(U.S.Navy Maritime Aerosol Model , FfO Maritime and Rural
Aerosol Model etc.) /1,9,10/. For special applications not
only extinction but also the whole scattering function is
essential. The impact of a size distribution change of the
FfO Maritime Aerosol Model (caused by different relative hu-
midities) on the corresponding phase-function for 10.6 jm
laser radiation is indicated in Figs.3,4.
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A comparison of a number of phase-functions calculated from
aerosol size distributions measured over sea (North and
Baltic Sea) and over land (Southern Germany) with FfO aero-
sol model calculations show a fairly good agreement for vi-

sibilities 2 2 km., Comparisons with other models e.g.
LOWTRAN 6 aergsol models will be shown at the oral presenta-
tion.

Concluding Remarks

There are other analysis aspects of these measurements which
are pursued presently, e.g. absorption fluctuation, range
extrapolation of transmission data.

9. Halavee,U., et al., Reports FfO 82/50, 1982
and FfO 83/49, 1983
10.Hohn, D.H., et al., Infrared Physics, Vol.25, Nol/2, 1985




THE ROLE OF TROPOSPHERIC PROPAGATION IN EARTH-SPACE TELECOMMUNICATION
SYSTEMS AT MILLIMETER WAVES

Aldo PARABONI

Dipartimento ai Elettronica del Politecnico di Milano,
Centro di Studio per le Telecomunicazioni Spaziali del
Consiglio Nazionale delle Ricerche (CSTS-CNR)

ABSTRACT

The future telecommunication satellites will operate in the 20, 30,
40 and 50 GHz bands, where propagation is seriously impaired by tropos-
pheric effects.

This paper deals with these effects and their impact on the system
design.

1 - Introduction

In the first half of the 80's the exploitation of the 12/14 GHz
bands for routinary Telecommunication services (second generation sa-
tellites) has become a reality.

The continuous growth in demand for tramsmission capability however
is bound to bring also these new bands to saturation quite soon; for
this reason the World Administrative Radio Conference (WARC) in 1979 and
1985 has proceeded to the assignement of new frequancy bands in the
millimeter waves range.

With this allocation, c.nes'derable bandwidths are assigned to
satellite telecommunication and broadcasting services in the 20/30, 40
and 50 GHz bands, even though in sharing with terrestrial services.

The exploitation of these new bands poses extraordinary problems to
the technology world as well as to the bodies responsible of planning
these advanced systems (third generation satellites), whose operational
phase is envisaged to st.rt in the second half of the next decade.

It must be said however that this challenge is well worth facing,
since problems 1like the bandwidth shortage, the geostationary orbit
congestion and the electromagnetic interference should be alleviated for
a fairly long time; one must consider in fact that the efficient exploi-
tation of the spectrum, together with the use of very sofisticated
antennae systems (viable only at millimeter waves), will allow the reuse
of the same frequency several times within the same terrestrial area
(with a gain much greather than the mere increment of the allocated
bandwidth), the increase in the number of satellites within the usable
geostationary arc arnd the decrease of the "respect distances" to be
cbserved between terrestrial transmitting terminals, which will no
longer be installed¢ in remote shielded sites, as presently is, but will
be pessibly located at the use premises.

It is obviously very difficult to draw the scenario of satellite
telecocrunicaticrs in  the mnext 10-15 years, even by restricting
ourselves te what can be envisaged simply by projecting the actual
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trends; infact, apart irrom the new applications, even the bare configu-
ration of the future telecommunication systems will be quite different
from the actual one: different integration and role of the satellite
with respect to the terrestrial network, difterent proportion of the
local business networks with respect to the public ones, new services
such as high capacity data transmission, electronic mail, fac-simile
newspaper transmission, teleconferencing etc.

Finally it is worth mentioning the breakthrough of direct TV or
audio broadcasting, for which the feeder-links will be frequently
choosen within the millimeter waves frequency range.

2 - From centimeter to millimeter wavelengths

Moving from the 4/6 GHz to the 12/14 GHz bands a lot of problems
appeared due to the fact that the wavelength (inside the water medium)
and the raindrop circumference became comparable thus causing some
resonance-like phenomena which resulted in a remarkable increase of
absorption and scattering.

In order to gather the information needed to evaluate the required
system margins, a number of propagation experiments were set up in the
last decade; common objective of these experiments was the compilation
of statistical Cumulative Distribution Functions (CDFs) giving the frac-
tion of the total time during which given fade levels were exceeded;
some of these experiments were conducted in terrestrial paths, others in
inclined paths; among these latter same utilized satellite links thus
performing direct measurements whereas others estimated attenuation
indirectly by means of radiometers or meteorological radars.

Table 1 gives the satellites employed for thse experiments /1, 2,
3, 4, 5, 6/,

Fig. 1, taken from /5/, gives an example of CDF measured with the
satellite SIRIO in the Italian station of Fucino; the ordinate gives the
percentage of the observation time during which the attenuation value
was exceeded. Assuming this curve as a long term probability distribu-
tion, a hypothetical link should be designed with a margin equal to the
abscissae corresponding to the given (tolerated) outage in ordinate.

Despite the enormous effort which single countries or groups of
countries had to sustain to partecipate in these experiments, it became
soon apparent that a limited number of stations such as the ones
actually eployed was far from enough to allow the complete characteri-
zation of the region in which future plants were planred; moreover
little was known, even atter long measuring campaigns, about the possi-
bility cf extending the results to frequencies, polarisations and
elevations different from the ones directly involved. Finally it was
noted that a very large variability existed from cne year to the other
and that, even in short distances, attenuation varied both on an instan-
taneous and statistical baslis.

A great effort was then devoted in the assessment of what are
called "prediction methods" or '"scaling methods", which, in a sense,
completely overturn the previous phylescphy accordiug to which measure-
ments are primariiy a means to achieve the information directly neecded
by system designers. In the new viewpoint the measurements are rather
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intenced as a tccl for checking procedures which allow us to conrect
what is "krown" in a certair site (meteorclogical data, measurements in
different conditicns etc.) to what is actuzlly "needed".

For the future appliications our zbility to devise significant
propegation experiemnts will be seriously defied as important differen-
ces with recpect to the actual conditions, w:ll need consideration.

These differences arise from the following peculiarities of the
future svstems:

~ very high attenuations at 20 and 30 GHz (see Fig. 1) due to rain
for time percentages as low as 0.01%Z, which are the omes tc the
considered in many CCIR regulations concerning the availability and
quality requirements for telecom. and TV feeder-links. This con-
straint compels us to consider alternative and more cost-effective
svstem philosophies which require more information about propa~
gation and characterization of the tramsfer channel.

- advanced technologies allowing the satellite and terrestral network
to be considered as a global system, in which many functions
traditionally performed by the network (exchanges, rigemeration,
routing, etc.) will be assigned to the satellite. The full exploi-
tation of this flexibility also requires complex information about
attenuation and depolarisation jointly reached in places at large
distance.

3 - Attenuation

The prediction of the Co-Polar~Attenuation (CPA) still remains the
major problem to be tackled when designing the radiolink margin (i.e.
the excess fading the system .an stand before reaching a specified
signal-to-noise ratio).

The most common input-information for this prediction is the "point
rain intensity" CDF; nowadays it is however rather frequently the case
that attenuation CDFs are available but at a different frequency,
elevation or polarisation.

Censidering first the case of the rain intensity, two sources of
uncertainty exist: the non perfect knowledge of the local long-term CDF
of rain intensity and the possible errors in making allowance for
factors such as the horizontal and vertical structure of the rain, the
raindrop size distribution of the particles and the nature of the
phenomena encountered along the path (melting snow, ice, temperature
profile, absorptior by gaseous tropospheric components, etc.).

Despite these latter difficulties, reasonably accurate methods to
predict CPA statistics from given rain intensity statistics have been
recently established and tested against a verv large amount of CPA and
rair data collected concurrently /7/; as a result of this test it was
dercnstrated that accuracies of the order of some 25% (RMS error) can be
reached by means cf simple procedures (amcng which is the one propcsed
by CCIK 8’); better values (lower than 20Z) can be also reached by
sacrificing secplicity or by inserting some auxiliary information
typical of the site (local data).

Unfortunately these data are only at 11,14 and 18 Ghz (SIRIO and
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0TS satellites), so that we can not be sure that the same confidence
applies also in the 30,40 and 50 GHz bands.

The future activity in Furope with the satellites CLYMPUS /9/ and
ITALSAT /10/ will be devoted to filling in this gap.

As fot the uncertainty due to the unawareness of the rain statis-
tics, of course the situation varies considerably from site to site; the
CCIR world map of rain intensity exceeded for typical fractions of time
/8/ is probably accurate in areas where many measurements are available
but it can not be elsewhere.

Extensive tests /l1/ have been conducted in the recent past on some
prediction methods utilizing as input information the raint CDFs given
by the CCIR climatic maps.

As expected a much greather uncertainty was found (of the order of
50-60%); unfortunately it is impossible to distinguish the contribution
due to the input data from that due to the higher frequencies (30 GHz),
longer paths involved (20 deg. elevations) etc. even if the major source
of uncertainty is certainly the first one.

A more refined rain intensity climatic map stil remains an objec-
tive of many countries or research bodies.

As for the frequency scaling formulae, a good accuracy can be
achieved in the range 11-18 GHz (less than 10Z) over and extended
attenuation range (2 to 10 dB @& 11.6 GHz) /12/.

There are however different aspects to be considered when moving
from the centimeter waves (second generation satellites) to the milli-
meter waves (third generation satellites).

A first difference concerns the different time percentages that
probably will be taken as reference. For services other than telephony
and/or in case of private business networks it is perfectly possible
that outage time percentages much greather than 0.01%7 will be tolerated.
Moreover even in the case of ordinary telephonic services outages longer
than some minutes could be considered as equipment failures (even though
caused by propagation) and assigned to the higher time percentages
allowed by the present CCIR Regulations for this cause of outage.

These higher percentages imply a completely different scenario as
regards the physical phenomena which dominate propagation: indeed when
passing to percentages of the order of 0.l1%7 or greater, the widespread
stratified rain is to be considered instead of the convective one.

The spatial and temporal structure of such rainfall still remains
to be understood satisfactorily: the melting layer, the distribution and
dynamics of the small drops, the horizontal and vertical profile etc.
are only a few examples of large research areas to be explored in the
near future.

A second important difference is constituted by the topology of the
novel systems which wiil be characterized by a large number of (possi-
bly) small earth terminals with s margin of a few dBs. In order to aveid
the very frequent outages which would be implicd thereby, many tvpes cof
countermeasures are now being studied by several administrations; one of
these could consist of a stearable spot beam on board, to be pointed
toward one (or a few) earth terminal(s) undergoing severe wheather
conditions (large scale diversity). In other cases particular beans at
different frequencies or particular forms of redundancy could bte reserv-
ed for these "unlucky”" earth terminals /13/.
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When few dB margins are considered, many new problems, previously
considered marginal, become of great importance: the scintillatione, the
so called "clear air" plateau due to the absorption of water vapour and
oxygen, the contribution to the total CPA due to the above mentioned
melting layer, the interference due to depolarisation (in case of dual
frequency links) or any other type of interference.

Moreover the design of common on-board resourcs as mentioned
before, requires the knowledge of two-dimensional statistics giving the
probability of simultanecus exceedance of CPA in two separate sites,
since this could constitute outage in the event of this resource being
required simultaneously by two or more earth stations.

4 - Depolarisation

The major source of depolarisation (XPD) is the anisotropy of the
medium, which, being constituted by non-spherical particles, presents a
different propagation constant im the various polarisation planes. Since
the transmitted polarisation can not be always parallel to the symmetry
planes (if existing) of the medium, a depolarisation arise; its entity
depends on the degree of asymmetry of the particles and on the angie
formed by the transmitted polarisation and the symmetry planes.

These factors, in turm, depend on frequency, op the dynamic pheno-
mena governing the drop-air interaction (turbolence, up draft, wind
shear) and on the electrostatic field sustained by the charges carried
by the couds, which tend to align the ice needles.

Fig.2, taken from /l4/ gives an example of probability of depola-
risation at 11.6 GHz conditioned to attenuation (median value and
extreme deciles- Sirio data).

Despite the greath effort in measuring the XPD in many earth
stations, up to 30 GHz, our present ability to predict this parameter is
far less than the one concerning the attenuation.

S5 ~ Scintillations and mmltipath

The phenomenon of scintillations is well known in its physical
background and technical consequences; it is due to the presence of
irregularities in the structure of the refractive index, whose scatter-
ing causes a series of paths (or scattering chains) which interfere to
each other whithin the receiving antenna. The mechanism is not concep-
tually different from the one better known in the terrestrail pahts as
multipath; the only difference consist in the different spatial configu-
ration of the tropospheric irregularities (of layered type in terres
trial paths) which produces secondary waves of higher intensity.

Effects of these phenomena are, besides the well known amplitude
scintillations, the phase scintillations and possible spectral distor-
tions,

Out present ability to predict these effects at millimetric waves
is certainly very low.

199

e

PR P




6 - REFERENCES

1/

12/

13/

14/

15/

16/

17/

/8/

19/

/10/

/11/

/12/

/13/

/14/

L. Ippolito "Radio Propagation for Space Communication Systems" IEEE
Proc. Vol. 69 N, 6, June 1981

D.Cox, H.W. Arnold "Results from the 19- and 28- GHz COMSTAR Sa-
tellite Propagation Experiment at Crawford Hill" IEEE Proc. Vol.
70 N. 5, May 1982

J. Fugono et al. "ETS-1I Experiments" IEEE Trans. on Aerospace and
Electronics Systems Vol. 16 N, 5, Sept. 1980

P.A. Watson, F. Dintelmann, N.J. Mc Ewan "Propagation Experiments
with the OTS Satellite" Interim Eutelsat Rep. P/Tec 83/1 Feb. 1983

"Programma SIRIO' Tech. Rep. of Consiglio Nazionale delle Ricerche
Italy Feb. 1983.

H. Fukuchi et al. "Centimeter Wave Propagation Experiments Using
the Beacon Signal of CS and BSE Satellites™ IEEE Trans. on Antennas
and Propagation Vol. AP-31 N. 4 July 1983

"COST 205: Prediction of rain attenuatifon statistics from point
rainfall intensity data™ Alta Frequenza Vol. LIV N. 3 May-June
1985

"Recommendations and Reports of the CCIR"™ Vol. 5 Propagation in
non-ionized media, XVth Plenary Assembly Geneva 1982

"OLYMPUS user's guide™ Report of the European Space Agency UG-6-1
Nov. 1983.

B. Giannone, E. Saggese, E. Matricciani, A. Paraboni "The ITALSAT
Propagation Experiment” Space Communication and Broadcasting Vol. 3
N.3, Sept. 1985

W.L. Stutzman, W.K. Dishman, "A simple model for the estimation
of rain-induced attenuation along earth-space paths at millimeter
wavelenghts" "Radio Science Vol. 17 N. 6 Nov.-Dec. 1982.

"Project COST 205: Prequency and polarisation scaling of rain
attenuation" Alta Frequenza Vol. LIV N. 3 May-June 1985

F. Carassa “Adaptive methods to counteract rain attenuation
effects 1in the 20/30 GHz band" Space Communication and
Broadcasting Vol., 2 N, 3, Sept. 1984.

M. Mauri, A. Paraboni, D. Tarducci "Depolarization Measurements
at 11.6 GBz in Earth-Space Paths using the SIRIO Satellite" IEEE
Trans. on Antennas and Propagation March 1986.

200




Satellite

ATS-5 (USA)
ATS-6 (USA)
CTS (Canada)
COMSTARs (USA)
ETS-I1 (Japan)
SIRIO (Italy)
CS (Japan)
BSE(Japan)

OTS (Europe)

FIGURE CAPTIONS

Fig. 1

TABLE 1
launch date

8/69
5/74
1/76
5/76 7/76 6/78
2/77
8/77
12/77
4/78
5/78

Frequencies (GHz)

15.3
20-30
11.7-12.2
19-28
1.7-11.5-34.5
11.6-17-17.8
17.7-20.3
11.7-12.2
11.6-11.8-14.5

Cumulative distributions of Attenuation (CPA): ordinate give

the probatility of the value in abscissae being exceeded-SIRIO
Data 8 1i.6 and178GHz /5/.

Fig. 2

Conditional quantiles (i.e. values exceeded for 10,50,907 of the

time) of depolarisation (XPD) against attenuation (CPA) /l4/.
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Table 1. MPM Predictions of Atmospheric Emission Measurements (3] Taken at
10, 33, and 30 GHz from Two Jeparate Elevations (hy 2) in Califorma

EXPERIMENT® ] MPM PREDICTIONS ¥
Dry Air# Water Vapor® Cloud Droplets*
f T Ag T4 ay Oy 1 Ay Ty ! oaytbyV a X
' ¥ T(100%RH)
e K Vimm)= 0 Q 0 o 48.2 f 1 ' 58 W=015mm
hy = 0.25 km: a8~ ' K 48 K aB/mm 3B7mm
£1073 ! 073 107 «1073
10 2.5 (3} 35.3 2010 0.u7 0.29 | 0.0072 0.u6 0.64 0.098 154
130 () 2.t 0,63 .56 3.19 | o.0841  5.u3 7.0 0.990 134
90 1 34.3 (9) 195.6 1 1.5 22,80 2310, 0.365 22.8 30.20 4.830 133
\ )
V(mm )= a 0 U to 13.3 | 4.7 13
hs = 3.80 km:
10 ] 1.1 (u) 7.5 1l.0% a. 30 0.92 | 0.0016 0.10 G. k2 0.098 233
33 4.8 (18) 56,5 1 3.36 3.86 8,00 | 0,0199 1.29 4.90 0.990 207
90 1o (V) 90.5 5.36 15,50 su.uégj 0.0851 5.0 22.70 4.830 2t3
+) Clear, dry wealher conditions (W « 0), V(hp)/V(ny} =« t/3
hy @ 15 ~ 24°C, 99.5 kPa; h, : 2 = 10°C, 65,3 kPa
1) San Francisco, CA Mean July height profile
hy @ 17°C, 99 kPa } Cloud between 4.4 and
h, : 6.5°C, 65 kPa 5.1 km, X, = ay/[a,+b,V(T00%RH);

M) A= Ag v Ay v Ay dB, Ay = 3V +by¥2(revised MPM - see (10)], A, = a .M
Ty = Tg * Ty K, Tg = 260+ (1~1070-1Ad), T = 2B3.(1~1070.1Av)

A series of 10/33/90 GHz radiometer experiments at two elevations (0,25 and
3.80 km) was reported in [3]. A typical set of zenith brightness results T,
for clear conditions is given in Table 1. The MPM program was applied to a
mean July climate for the general area specifying P(h), T(h) and v(h) profiles
over the range h = 0 to 30 km. By numerical integration, dry air zenith
attenuation A4, water vapor attenuation Ay, and cloud attenuation A, have been
calculated for various vapor (V) and droplet (W) path contents (see Table 1).
By assuming average medium temperatures of 260(dry)/283(vapor)X and vapor
contents of V = 14 and 4.7 mm, it was possible to reproduce in consistent
manner all six reported T, values. The factor x, indicates the enormous
increase in attenuation should a small amount of V convert into W [7,8].
Predictions by MPM have been tested with a variety of reported cases [1].
Fairly good agreement was found over a wide range of parameter choices:
frequencies varied between 2.5 and 430 GHz and meteorological conditions as
follows: P = 70 to 131 «Pa, T = ~10 to 35°C, v = 0 to 20 g/m® and V = 0 to

30 mm,

In an effort to improve the MPM program, we conducted quantitative laboratory
studies of presaure and temperature dependencies of water vapor (e) and moist
air (P) attentuation a in the W3 frequency range {4]. Recently, with improved
instrumentation, pressure scans of a {(e,P) were repeated at 137.9 GHz and T =
286 to 315 K for e (< 90% RH) and P < 110 kPa. A first fit of the extensive
paranetric data set yielded the following preliminary result:

a = (15 e20%-® + 0,44 epQ) 1072 dB/km, (2)
where e and p = P-e are in kPa and 3 = 300/T(K).

The local H,0 line base (30x) of MPM employs a VanVleck-Weisskopf shape
function and makes a contribution to (2) that is represented by
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ag = (3.815 e?¢? + 0.174 ep2?) 1072 ¢3/«. (3)
A continuum term ap = 2 — ag Just be formulated to zccount for the measurecl
attenuation a. The MPM continuum reads

ae = (14,2 e28°-% + 0.27 epd'+?) 1072 d3/«m. {4)
All three results (2)-(4) follow the analytica: form 4]
ath = kg € + kp ep and m = kg'ke, (5)

as is expected from self- and airbroadened contributions of tne rotaticnal
spectrum of H,0, where = indicates the bdroadening efficiency of H,J with
respect to AIR. The rotational spectrum extends beyond 15 THz, displaying
many lines which are stronger than those falling with their center frequencies
below | THz (local line base of MPM). Hence (3) is not a full account of 5,0
line contributions. From line center studies it is known that m, (H,0/AIR) =
4,80 and m, (H,0/N,) = 4.41, proving nitrogen more effective (m,/m, = 1.088)
than air in broadening H,0 lines. Wwhen the experiment leading to (2) was
repeated using nitrogen, it yielded at 6 = 1 (300 K):

ke (N;))/kp(AIR) = 1.09(2). (6)
This surprising result indicates that foreign—gas-broadening is the same in
far*wing ranges and at line cores. Now, if a similar behavior for
self-broadening is assumed, one can write

kg = m, kp 82-% = 2.11 x 1072 @*-3, N
which leaves the substantial amount
k§ = 0.15 0°*-* - 0.021 6%-* = 0.13 0°-° dB/km(kPa)? (8)

to an unidentified absorber. An Arrhenius plot (tn k¥ - vs -~ 1/T)
determines a characteristic energy of 5.90 kcal/mole. Based on (7) and (8),
the observed attenuation a (2) can be separated into three terms

a = (2.11 e?02-% + 0.44 epB)10~2 + 0.13 e?0”-¢ dB/km (9)
Equation (9) confirms findings in the 30 THz window by Loper et al. 5], who
identified the additional absorber to be a dimer (H,0),. On the other hand,
there is a line shape theory capable of predicting, with empirically adjusted
parameters, far-wing behavior of the H,0 spectrum, leading to comparable
results 6],

The laboratory result (2) calls for a revision of the Millimeter-wave
ropagation Program, MPM. An experimental water vapor absorption term is
formulated on the bdasis cf (4). It follows with £ in CHz that

N3(f) = ao/0.182f = £(41 e?8” + .78 ep6'-?®) 107° ppm. (10)
Equation (10) replaces the continuum contribution (14a) in [1], predicting
lower water vapor attenuation rates at warm temperatures (nigh absolute
hunidites e or v). The laboratory studies are still in progress and (10)
should ve viewed as an interim solution., We like to emphasize that (4), (10)
are only valid i{n conjunction with the local 4,0 line base of MPM described
in [1].
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CORRELATED MEASUREMENTS OF ATMOSPHERIC SIGNALS AT 10, 33 AND 90 GHZ

J. Costales, G. De Amici®, S. Levin, H. Pascalar**, G. Smoot, and C. Witebsky
Lawrence Berkeley Laboratory and Space Sciences Laboratory
University of California Berkeley, CA 94720

Coordinated ground-based measurements of atmospheric emission have been made
at several different frequencies (10, 31.4, 33, and 90 GHz) and several different angular scales,
at altitudes of 250 m and 3800 m. These measurements have produced results important
for both ground-based and space-based observations of and through the atmosphere. In
particular, these results provide statistics about atmospheric fluctuations on time scales
ranging from seconds to days.

As part of a larger effort to measure the cosmic microwave background radiation
spectrum, we have made frequent simultaneous measurements of the microwave thermal
emission from the atmosphere at 10 GHz, 33 GHz, and 90 GHs in Berkeley, CA and at the
Barcroft laboratory of the White Mountain Research Station in California. Typical good
weather values of the atmospheric antenna temperature measured in Berkeley (250 m) are
3.1840.29 K, 12.3+0.3 K and 34.4+0.5 K at 10, 33, and 90 GHs respectively. Correspond-
ing values at White Mountain (3800m) are 1.11+0.04 K, 4.48+0.18 K, and 11.030.1 K.
Correlations among the different frequencies are well explained by a simple model in which
T, = a, + b W, where a, is the oxygen term, b, is the water coefficient, and W [mm) is
the precipitable water content. Linear correlations were seen among the atmospheric an-
tenna temperatures at the three different frequencies, and the slopes of these relations place
restrictions on models which predict the values of a, and b,.

Using the three radiometers mentioned above, as well as a parabolic dish system
operated at 31.4 GHg, we have observed atmospheric fluctuations from the Berkeley site by
measuring the atmospheric antenna temperature difference between two zenith angles. We
sampled various angular scales. The dish system was used to sample angular scales of a
few degrees, while the other radiometers were employed at larger angular separations. A
typical measurement consisted of a sequence of 4096 consecutive 1-second samples from each
of several radiometers comparing the same two patches of sky. These measurements show
strong correlations among the different frequencies, and are consistent with the hypothesis
that water fluctuations dominate other effects.

Taking the fluctuations to be due entirely to atmospheric water, we find the RMS
variation (cm) for atmospheric water to be (5.0 & 2.5) x 1073¢!-3%0-3 for times from 1-10°
seconds. The Kolmogorov turbulence theory predicts a power spectrum given by

|P(H20)| = Cf~la*i2p=r2
= Cf'l'ss‘Do"3 for D <5.6km.

Data taken at a variety of different zenith angles with the radiometer systems mentioned
above are consistent with the Kolmogorov theory, but do not place stringent limits on the
spatial dependence.

*On leave from Istituto di Radioastronomia/CNR, Bologna, Italy
** Aerojet ElectroSystems
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Apertura-Averzure Statisties of Laser Intensity Fluctuitions Pl
In Strong Turbulence

E, Azoulay, Z. Azar: Soreq VNuclear Research Center, Department of
Atmospheric Cpties, Yavne 706CQ, Israel; and M. Tur: School of Engineering,
Tel-Aviv University, Tel-Aviv, Israel,

The statistics of intensity scintillations cof a laser beam, propagating
through atmospheric turbulence, has been extensively studied in recent years
for point receivers. While the log-normal distribution is fairly adequate in
the weak turbulence regime!~2?, quite a few distributions have been suggested
to describe strorg optical scintillations: from the Rayleigh distribution
(for very strong turbulence), through the I'- K- and the recently introduced
I - K distributions®-®, Most practical applications, however, use detectors
with finite apertures, rather than point receivers, and the statistics of the
aperture-averaged scintillations is vital for system analysis., Fried et. al.}
measured the cumulative distribution function of Pg | as a function of the
aperture diameter, under weak scattering conditions, and found it to be very
close to log-normal for all aperture sizes,

If I{#) is the random (point) spatial intensity distribution over the
aperture, then the aperture-averaged power is

n

Po = J Pt = ZI({)A;} M
L i=1

where the aperture was divided into n cells, with dimensions smaller or
equil to the correlation lerneth, Thus, to evaluate the probabtility
distribution function of Pg one needs to know the multi-dimensicnal joint
probability distribution of I(F) (up to order n), along with the different
correlations distances, and to have the capability to carry out the required
n-dimensional integration. Bearing in mind that the analytical forms of the
I'- K- or I - K distributions are fairly complicated, the above mentioned twoe
regquirements render any such attempt virtually impossible.

Ir tris paper we propose an empirical, Monte-Carlo approach to eovaluiate
the preobability di-*ribution function of the aperture-averaged pcwer, Py
for at least a certain class of point probability distributions.

For sirplicity, we shall approximate the intensity normalized sovatial
covariance by?
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. = Q_?{,/E/Oli’/s is the transverse correlation distance, by is ths height
the gerrelaticn tizil and Ly is the outer scale, normallyv muczh biFger than
ne aperturse size, The point probability distribution function of i{*), is now
ecomposed into two random components, satisfying the following conditions:
Ed .

Y L= 1, + I; (b) L1 is independent of r arcd Var(ly) = nyVar(D); (o) 1) 4nd

Consiter *he oftsn used T cgistributicn  functicr?, wrich iz the
cniractaristic distribtution of a random walk in one dimonsicn ancd thus
cnaracterizes the power fluctuaticns cf an incdherent sourcee. It is o (uir
approximation te a laser becam propagatineg over distances much longer thun



its cohererice length. Its characteristic function is easily expressed as a
product

“a ~a ~a2
u) - [\ - x}] - [1 - xg] [s - 1{] = & (u)-(u) 3)

I, and L. will be both r-distributed variates with B; = 8; = 8 and
8; = br/Var(l) and aj_ = (1-by)/Var(I). We now divide the dpertufe into n
swall squares, each oOf length Pp. We further assign random intensities to
the various cells according to the following rule: we draw, at random, a
nusber from the I, gistribution and assign it to 211 cells. Then, numbers
are drawn from the 1, distributions, and randomly assigned to the different
cells. The intensity at each cell is the sum of I, ang I,. Under the above
mentioned conditions and by repeating this drawing procedure many times, it
can be readily shown that the resulting I(f) s r-distributed with the
assumed correlation function, where a and 8 are deteramined by the mean and
variance of the distribution.
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Fig. 1: Computed valuea of the sperture averaged normalized moments
< I >/< 15" for ne3-5 are compared with the values expected from
various model distributions, having the same second moments
<I*>/< 1> ., The continuous lines indicate the moments obtalned
fros log-normally distributed intensity fluctustions. The dashes
lines indicate wmoments fros T[r-distributed intensity fluctuations,
Data were computed for of = 20

Using this scheme we were able to perform sultiple jterations, each
yielding one realization of I(#) at the receiver's plane and the total pover,
collected by the receiver's aperture, Pg , was calculated from Bq. (1). The
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first five statistical moments of Py were then evaluated as a function cof
the integrated turbulence and the aperture's diameter.

Figure ) depicts the results obtained for aperture diameters in the range
2mm-10mm. The results show gradual departure from the point receiver
distribution functior toward the log-normal distribution function, so that
for rather small apertures one can use the log-normal function as a good
approximation even in the strong turbulence regime,

10

oD ow

FIG. 2. Measured values of the aperture averaged normalized third,
fourth, ancd fifth moments are compared with the values predicted by
the various model distributions, having the same normalized second
moments as the experimental data. The continuous lines indicate the
moments expected from log-normally distributed intensity
fluctuaticns and app:y tc all values of normalized second moment.
The dashes lines indicate moments expected from K-distributed
fluctuaticns and apply to valuss of the normalize¢ seccend moment
greater than 2.

Measurements of the same morments of the aperture-averaged intensity
distribution function were obtained using a set-up, describecd elsewhere’, The
measureTents were made with 3mrad He-Ne laser beam propagated through
1000m of 1 fairly komcgeneous, 1.8m high, atmospreric layer. Simultaneously
with the probability distributicn measurements, we also recorced the index-
of ~refraction structure corstant Ci , by monitorire the normalized variance
07 of a seconc He-Me laser beam propazating over & shert path ‘.ength".
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“he exparirents, the index-of-refractior structure constant sattained
tre range 1271 - 10-Y g5-¥/3 wnieh  correspond tc  strong
: zoncitions.

Af tne sudbtraction of the ¢2 background levei the corrected digitized
cords of the received signal was used to compute the first five
3 isal rormalized =moments ¢f the beam intensity < IP >/< I >M This
r

s-ztlerirg process incdependerntly cf the pcwer of the laser beam.

Figure < depicts the measured values of the normalized moments
<IM>/¢i>M for n=3-5 as a functions of the normalized second moment
¢ I2>/< 1> , for four aperture sizes (D=1,5,20,40mm), For purposes of
comparison with theoretical models, wWe also show the log-normal and K-
4istrizution curves for those normalized moments., Many of the data cbtaired
4itn the point receiver (D=1mm) correlate well with previously published
results®™®, for values of < I2 >/< 1 >% < 3.5 the data indeed substantiate the
iog-normal mocel while showing big discrepancies with this mcdel for large
values of the mearn-sguare fluctuations. The K-distribution appears to fit
rany c¢f the ovoint receiver data for values of < I? >/< I >% 23,5, The
apsrture averaged (D=5,20mm) normalized moments clearly shows early trend
tc4arcd the log-normal wmodel, i.e. the passing level from log-normal model
tc the K-distribution decreases (for D=20mm the passing level is 2.2). The
data obtaineg with the larger aperture size D=40ma remain log-normally
Zistributed for all values of the mean-square fluctuations that were
ottzined in the experiment, so that even in the deep-saturation regime the
aperture-averaged intensity distribution function can be adequately described
by the log-normal distribution function. While data scatter increases with
+he order of the displayed moment, plotting of the different order
rorzalized moments of an unknown distribution, as a function of
< 12 >/< 1> is often advantageous to the plotting of the cumulative
gistribution, since it delineates the subtle differences between statistical
c¢istributions, particularly in the tails., Anyway, scattering can be reduced
sozew#hat by taking more sample points from which the calculation are made.

in summary, tne proposed method enabled us to show that under strong
scattering conditions the point receiver power statistics is consideradbly
different from the aperture averaged power distribution function. Moreover,
the aperture-averaged intensity distribution function can be adequately
describecd by the leg-normal cistribution function. The described method is
empirical in nature. Its mathematical justification and validity, as well as
gereralizations to probability distribution functions other than the
r~-gistribution is under current investigation.
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PREL IMINARY RESULTS FROM THE ENEA LIDAR SYSTEM p2
R. Barbini, A. Ghigo+, M. Giorgi, K.N. Iyer , A. Palucci * and S. Ribezzo
ENEA, TIB, Divisione Fisica Applicata, P.0. Box 65, 00044 Frascati (Rome),
Italy

INTRODUCT ION

The remote sensing of gaseous species in the atmosphere using Differential
Absorption Lidar (DIAL)(]) is well recognized as a very sensitive and long
range technique (2). Since most of the atmospheric pollutants have specific
absorption bands between 8 and 12lpm, this is a very promising spectral
window for atmospheric DIAL. Employing coherent (heterodyne) detection
technique C02 Lidar is best suited for accurate wind measurements
Hence a CO2 Lidar system is being developed at the ENEA Centre at
Frascati (Rome) with the primary objective of atmospheric pollution
monitaring.

PRINCIPLE AND RELEVANT LIDAR EQUATION
In the DIAL technique the laser transmits at a high and a low absorption

frequency of the species under investigation. The two wavelengths are so chosen
as to minimize the interference effects by other gases such as water vapour.
In the range resolved DIAL the return signal is provided by the naturally oc-

curring aerosols in the atmosphere. The average gas concentration in the
4)

range cell AR ( is given by
_ 1 P] (R) P2 (R+4AR)
n (R) = In (n
73R P, (R) Py (R +4R)

where P] and P2 are the received powers at the high and low absorption fre-
quencies respectively, normalized to ihe corresponding transmitted powers,
Ao s the differential absorption cross section, R the range and /R the
range resolution . For sensitive and high range resolution measurements over
long ranges the LIDAR transmitter should have high power output and narrow
pulsewidth.

THE ENEA LIDAR FACILITY
The dual laser DIAL system under development is schematically shown

in Fig. 1 and its characteristics are listed in Table I.

The laser head with the required characteristics has been developed
using a SFUR (Self Filtering Unstable Resonator)(5) TEA CO2 laser cavity,
which emits a single transverse mode (TEMOO) radiation with Tow divergence

employing a limiting intracavity aperture at the confocal point which also
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serves as the output coupler (6)(Fig. 2). Singie Longitudinal Mode {SLM)
locking is achieved by injecting a (W 202 into the laser cavity. The
measured performance of this cavity is included in Table I.

The return signals from either the target or naturally occurring aerosols
are collected by a telescope (Fig. 2) and focussed onto the HgCdTe detector
cooled to ]Nz temperature. The detected signal is preamplified, digitized and
stored pulse by pulse in a PDP 11/24 Computer via the CAMAC interface which
also controls the measurement cycle, the time delay between the two laser shots,

the movement of the telescope and stores other housekeeping system parametiers.

PLANNED CALIBRATION EXPERIMENTS

The value of ¢ , the differential absorption cross section, to be used in
eq- {1} is very critical and depends on the laser line shape, the pressure
broadening effect and the interference by other species. Therefore, actual
measurement for the given laser parameters using laboratory absorption

cells of the gas under investigation is necessary rather than employing the
widely varying values quoted in the litc—2ture.

The transmission of iaser radiation with power P0 through an absorption cell
of length L may be expressed as

Pc = P0 exp (-~ oNcL) (2

wnere NC is the concentration of absorbing gas molecules in the cell, PC
is the power after transmission through the cell. Using eq.{2) for the higr

absorbing line and a similar equation with Pé and c' for corresponding
quantities in the low absorption line, we can write

p
4 1 c .
.-z '—N'L—— In (T) (3
¢ c
which can be used in eq. (1). We propose to make the measurements of .- for
the different lines of the CO2 laser in the 10 u ragion and these results
will be reported.

Before undertaking actual DIAL measurements of atmospheric gases, it is
necessary to employ remote calibration targets and the laser return from
these targets should be quantitatively analyzed as a necessary part of
Lidar performance estimate. Uncertainties are introduced by strong signal
fluctuations due to speckle, glint and atmospheric turbulence effects. We
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intend to make measurements of the laser returns at different CO2 wavelengtns
using standard calibration targets such as polyethylene foam, 400 grit Silicon
carbide sandpaper and topographic targets such as treetops. From a study of
the normalized variance of the received intensity the probability density
functions (PDF) can be estimated, which gives a measure of the uncertainty

of the measurement for different types of targets.

Furthermore the effect of signal averaging on reducing these uncertainties
will be investigated. A study of the temporal correlation of the normalized
laser returns would give an estimate of the effect of changes of the back-
ground atmospheric absorption which is neglected in eq. (1).

REFERENCES AND FOOTNOTES
1) Baumgartner R.A. and Byer R.L.: Opt.Lett. 2, 163 (1978)
2) "Optical and Laser Remote Sensing", Killinger D.K. and Mooradian A. eds.
Springer-Verlag , Berlin 1983
3) Brown D., Callan R. et al.: Proc.3rd Topical Meeting on Coherent Laser
Radiation: Technology and Applications, Great Malvern (UK), July 1985,
pp. 30
Schotland R.M.: J.App!.Meteorol. 13, 71 (1974)
Gobbi P.G. and Reali G.C.: Opt.Comm. 52, 195 (1984)
6) R. Barbini et al.: LXXI SIF Annual Congress, Trieste, October 1985, p. 143;
Lasers'85, Las Vegas (USA), December 1985; and submitted for publication.
(+) ENEA Guest
(°) ENEA Guest. Permanent address: Phys.Dept., Saurashtra University,
360005 Rajkot (India).
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TABLE |

co, LIDAR/CIAL SYSTEM

LASER
COZ source grating tuned » =9+ 12 um
Pulse energy E=2.7J TiMgqo
Pulsewidth T =80 ns
Pulse repetition rate f=14+5H:
Beam divergence (half angle) 2 = (.65 mrad

' RECEIVER

. Telescope d=33cm

t Newton with spherical mirror f# =3
FOV (adjustable) FOV = 1 mrad

. Detector: HgCdTe @ 77°K

; Area = 1 x 1 mg

{ e 108 - 1072w
TRANSIENT DIGITIZERS

T Dynamic range 8 bits, 9 bits

| Sampling rate 100 MHz, 1 GHz

CHARY
ECORDER

Fig. 2 - The CO, SFUR resonator: M,, M, M

2 1772 '3
tric detector; P = photon drag detector; C.W. = CO2 injection laser;

are mirrors; D = pyroelec-

PZT = piezo-transducer.
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LASER PROPAGATION THROUGH THE ATMOSPHERE NEAR GROUND LEVEL P3

Henry G. Booker

Department of Electrical Engineering and Computer Sciences
University of Californis Sen Diego

La Jolls, CA. 92093, USA

and

Hari Om Vats
Physical Research Laboratory
Ahmedabad-380009, India

Introduction. Based on the work of Booker et al (1985), and of
Booker and MajidiAhi (1981), Booker and Vats (1985) (Hereafter
referred as BV) have 1nvestigated the laser propagation near
ground level for divergent terminals at equal height (2 meters)
above a curved earth in gn atmosghere possessing rms fluctuations
of temperature from 0,03 C to 3° C. These rms fluctuations of7
tempergture correspond to rms refractive index variations of 10™
to 10°°, Four propagation ranges namely 1, 2, 4 & 8 Kms were
considered. Here we shall summarize the main results of BV,
Reader may refer BV for details about the procedure used in the
calculations,

Results and discussions. Intensity spectra and scintillation
index S, were calculated for seve§a1 distances between Transmit-~
ter and receiver. The value of Sf, tre square of scintillation
index, are shown in Table 1.

Figure 1 shows intensity spectra for range of 1 kilometer.
The scale of the irregularities (wavelength/27%1) is shown along
the upper abscissa, and the values of the outer scale Lo, the
inner scale Li and the Fresnel Scale F areemarked.2 Spectra are
shown for values of (A¢)2 from 10 to 10" radian®. For suffi-

ciently small values of 2 , the intensity spectra show a
(AQ)< »

maxima at approximstely the Fresnel scsle. In these circumstan-
ces the important phenomenon is difractive scattering by irregu-
larities whose size is of the order of the Fresnel scale and less.
The intensity correlation scale in the reception plane is then of
tre order of F, and scattering is trrough angles of the order

of (A/2TTF). However, when (;gzb)z exceeds unity, refractive

scattering by large-scale irregularities comes into play, involv-
ing deviations through angles of the order of (X /27T7Lo).
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Table 1. Values for Sﬁ, the square of the scintillation index

——

T

-

Ln,(ﬁzﬁ ) Bange in Kilometers ==
0.05 1 2 Y
102 0.00k  0.007 0.01k4 0.04
103 0.0h 0.07 0.17 0.38
10" 0.33  0.55 0.87 1.10
107 1.19 1.21 1.17 1.1
108 1.2  1.19 1.15 1.09
107 1.20 114 1.08 1.05
10® 1.10 1.08 1.06 1.0
FLUCTUATION SCALE IN METERS
- Lo | 10 rL 6> 6%t 8°
5 IO2 T 1 Y L L T T
w ) d =1 KILOMETER
(BT =10 - -
. $ hy=hg=2 METERS
2
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3 10?
e 107 4
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-4 1
a 0\
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[ 4 \
g IO-3 L /\ ‘\:k []
03 02 0! ' 10 102 103
RATIO OF SPATIAL FREQUENCY TO FRESNEL FREQUENCY
Fig. 1: Illustrating the spatial spectrum of intensity

fluctuations for a range of 1 kilometer.
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Successive unit increase of (O )2 cause these deviations to add
up on a root-mean-square basis (Booker et al 1985). This leads
to an accumulated rms scattering angle of the order of (A/27T1)
where, for the Kolmogoroff spectral index, the value of 1 is

given by 1 \_o
:O~6 P ——
[ Cagrl™s

Diffractive scattering dominates refractive scattering so long
as the accumulated refractive scattering angle is less than the
diffractive scattering. Thus, when (Ak#»z is large enough the

refractive scattering dominates and character of the intensity
spectrum changes. BV orovided 2 detailed procedure for the
estimation of the key scintillation parameters, these are easily
calculated from the formulae when the following quantities are
specified : (1) the rms fluctuation of temperature which 1is re-
lated to the rms fluctuation of refractive index at optical fre-
quencies (Crain and Gerhardt 1952), (i1i) the height of the ter-
minals which decides the outer scale of the irregularities

(111) the range, and (iv) ghe wavelength. Consider 2 rms fluct-
uation of temperature of 1 C, terminel heights of 2 meters and
propagation ranges of 1, 2, 4 and 8 kilometers. Table 2 shows
the key scintillation parapeters for & He-Ne laser operating on
a8 wavelength of 6.33 x 10”7/ meter.
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Statistics of Laser Beam Propagation through a P4
Turbulent Atmosphere

by R.H. Clarke, P. Kara and H-Y. E. Ng.
Imperial College of Science and Technology, London

Introduction

The beam propagation method is amenable to b