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Foreword

This is the final report of ARO Grant DAAG29-77-G~0051. From the
beginning of 1977 to September 1978, the principal investigator was
supported 20X by the grant in the academic year and 1002 in the summer.

On the basics of the work performed for the Grant the following
personnel received degrees:

J. A. Holzer, Ph.D.

W. B. Fowler, Ph.D.

W. D. Eberhardt, M.Sc.

Most of the work reported here was performed in 1979 and 1978.
The principal investigator was on his sabbatical from October 1978 to
June 1979. During this period he was not supported by the Grant and
no effort was made for the task except writing up the results for
publication. The report is writtem in June 1979, when he was away
from the Oak Ridge National Laboratory where he held a summer appoint-
ment.

In Section 1 the accomplishment of the works performed under the
support of the grant is summarized in three categories. The first two
categories are directly related to the original proposal and are
discussed in details in Section 2A and 2B. The last part contains a
summary of the research in some other area. The abstract of all
the publications is given in Appendix A; An important part of the
effort in the speckle statistics deals with the computation of the
probability density function of light received by a finite size
detector. This work is included as Appendix B to be submitted for

publication later.
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Section 1 - Outline of the work performed
S The following is a list of publications of the principal investi- i

,’ tor arranged in chronical order after the grant was started in the

3 beginning of 1977.

A 1. "Scattering of Electromagnetic Waves from a Rough Surface II"
with Holzer, J. of Appl. Phys. 49, 1002 (1978).

A 2, "Scattering of an Electromagnetic Wave from a Very Rough Semi-
Infinite Dielectric Plane (Exact Treatment of the Boundary
Condition)" J. of Appl. Phys. 49, 994 (1978) with W. D. Eberhardt. |

3. '"Magnetic Phase Transitions in the Dicke Model," C. Bowden, J.
of Phys. A 11, 151 (1978). i

4. "Distorted Wave Born Approximation for the Rate Constant of V-V
Energy Transfer," with Stettler and Witriol, J. of Chem. Phys.
69, 3112 (1978).

A 5, "Explanation of the Experimental Results of Light Back Scattered
from a Rough Surface," with W. D. Eberhardt, J. of Opt. Soc.
(AM) 68, 323 (1978).

C 6. "Radiative Energy Transfer through Fog" Appl. Optics 17, 1997 (1978).

A 7. '"Scattering of Light from Rayleigh Waves" Appl. Phys. Lett. 32,

. 399 (1978).

f E C 8. "Cooperative Bahavior among Three Level System I: Transient Effects
'fs [ of Coherent Optical Pumping," Phys. Rev. 18 A 1558 (1978) with

C. Bowden..
9. '"Probability Density Function of Scattered Light from a Moderately

AR it e
=
-]

- " Rough Surface,” Appl. Opt. 18, 312 (1979 with Stettler and Holzer.
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C 10. "Scattering of Light from a Dielectric Body of Irregular Shapes,"
J. of Opt. Soc. 69, 756 (1979) with B. Fowler.

C 11. "Phase Transition in the Three-Level Dicke Model", J. of Phys. A
(1979) with C. Bowden.

B 12. "Statistical Properties of Reflected Light from a Moderately
Rough Surface Observed through Finite-Size Aperature", this work

is included in the final report as Appendix B.

All the papers are published in refereed journals. Papers

delivered in meetings and conferences are not included.

Publication 3 and 4 are the results of much earlier work and will not
be discussed. We divide all other publications in three categories.
Category A and B deal with light reflection from a rough surface and
speckle statistics that are the main topics which were proposed to be

studied in the proposal.
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In publication A we show the limitation of the conventional ap-
proach of the scattering of light from a rough surface by using the
vectorial Kirchhoff integral based on Beckmann and Spizzichino.1 It
is clear that this approach is good for a good conductor and poor for
a dielectric body. A realistic surface model is constructed to explain
some experimental data and the importance of the boundary condition
is demonstrated.

Since the speckle statistics of light reflected from a rough
surface has been discussed exclusively for a very rough surface, we
compute the probability density function P(I) for a moderately smooth
surface both for a point end finite site detector. We show how P(I)
can be expressed as a function of the surface parameters.

During 1977 and 1978, we also worked on the laser propagation in
various mediums as a part of the Ph.D. dissertation of Mr. Fowler.
There was also active collaboration with Dr. C. Bowden on quantum
electronics. A brief discussion of these works and the various

contributions are given in the sectiom.

;
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Section 2

A. Light Scattering from a Rough Surface

Most works in the analysis of experimental data of light

scattering of a very rough surface use Beckmann and Spizzichino's work(o
as standard reference. In much earlier works,z.4 we have shown that
the so-called satisfactory results based on Ref. 1 is actually a
combination of many approximations, both uumerical and analytical
involving the treatment of random variables§.

In Ref. 5, this issue was carefully studied. It is shown that by

using the approximate boundary conditions to relate the scattered

field amplitude Esc and the incident field amplitude Ein

Esc = (1 +r) Ein (1)

where the sign is chosen for different polarization is a very poor
approximation for a dielectric body. This is illustrated in the

following figure.
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Hére Tthe results for very large dielectric constant £ are almost

ETVETS

independent of the boundary conditions, whereas for €= 0, Eq. (1)

predicts a reflection of finite magnitude although it is clear that
no light should be reflected from a non-existent boundary. It should ;
be emphasized that this conclusion is reached without using any

questionable approximation in the trzatment of random variables and

FA B AT Ity

numerical integratiom.

The vectorial Kirchhoff integral used in Ref. 1 also fails to
predict depolarization of back-scattered light from a rough surface,
contradicting the well-known experimental results.6 In Ref. 7 and 8,
a realistic surface model is constructed, so that the surface becomes

a combination of independent cells which are described by a quadratic

equation. In other words, this surface generalizes the tangent plane

approximation to include the curvature correction. When a calculation

including exact treatment of the boundary conditions is completed,7’8

we find that the results not only predict depolarization but also have
correct angular distribution. In the following figure, the dashed line
is roughly the experimental 'result, and the solid lines are from the
calculation. Notice that the magnitude of the depolarized component is
not sensitive to the surface roughness in contrast to the co-polarized
component. This result is also -in good agreement with the obsetvation.6
We are not aware of any work in the literature based on the first

principle calculation that can derive these results.




¥

. ml & 'y e A e T I "
0 0 (degrees) 80

FG 3.  Angulsr dependence of the backscatiered depolartzed component
for different incident angles § and to. h-0.1.;-2.‘5.




A
Pl e e s aan B s a

-

10

The only undesirable feature is that only small depolarization
is predicted whereas the experimental value is much larger. It is
possible that this deficiency is cause: by neglecting multiple
scattering in the calculation.

The importance of the boundary conditions in any calculation of
the scattering of light is again demonstrated in Ref. 9 , where the
laser light reflection from a corrugated surface generated by acoustic
waves propagating in a dielectric medium is computed. Experimental
data and previous works on this subject are reviewed by Lean.10
We show that p:cevious calculation based on Ref.l actually never predict
even the shift of the Brewster angle for diffracted wave of different
orders. This shift has been measured experimentally but unfortunate

algebraic errors in the earlier worklo

give a wrong impression, that the
calculation based on Ref. 1 is satisfactory. Our calculation satisfies
the boundary conditions exactly and should be useful for future
experimental work in this area.

We should mention many worksu.l2 in the recent literature on the
light scattering from a moderately rough surface, when the perturbation
technique is used to satisfy the boundary conditions. Our works, as a
matter of fact, follow their technique closely, with the important

difference that we deal with very rough surfaces where considerable

modifications are required as we did throughout these publications.
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II B. Speckle Statistics

The reflected intensity from a rough surface as discussed in
II A is related to the surface parameters. More information on the
characteristics of the surface can be obtained by measuring the
ﬁrobability density function P(I), which is determined by scanning
across the illuminated rough surface. This subject has been reviewed
in the literature by Goodman13 and Daintyla who provided a complete
de=cription of the background material. There are also a great number

of experimental activities. > 14

In both the earlier works and later omes, P(I) is computed by
assuming Gaussian statistical properties of the scattered amplitude;
real and imaginary part of the amplitude from a circular Gaussian
variable. This approach is similar to those in the random signed
analysis.lsThe coherent component is considered as the signal and the
incoherent component the noise, and is very successful for light reflec-
ted from a very rough surface, since the phase scattering amplitude
should vary between zero and 27 uniformly. The calculation of P(I) for
this case seems to be complete.

In the past year, we concentrated on P(I) for reflected light from
a moderately rough surface 0 < A when 0 is the rms of the roughness
and A 1is the wavelength. In this case the problem is somewhat
gsimplified since the amplitude can be expanded in 0/A .  On the other
hand, the statistical properties about the amplitude assumed in the
previous works are not valid and P(I) should be expressed in terms of

the parameters of the surface characteristics. This is what we have

il
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accomplished in Refs.16 and 17. In the first paper: P(I) for a point
detector is considered i.e. the size of the detector is less than that
of one speckle. P(I) is derived without using any specific assumption
about the surface properties except the illuminated area must be much
greater than the size of the correlation cell defined in the surface
model. Thig assumption is sufficient for us to invoke the Central
Limit theorem to obtain P(I) in terms of the first two moments of the
surface variables Z(x). The final expression for P(I) contains three
independent parameters related to the rough surface. We have used
this expression to fit the data by U. S. Missile Command, Huntsville,
Alabama with improved accuracy.

In Ref. 17, which is included as Appendix B, we generalize the
work in Ref.l6 for detector of finite size, where several speckles
may appear and one has to consider the fluctuation of many speckles.
Again this problem differs from our case to the very rough surface case
in that we have only one real random variable Z(x) instead of the real
and imaginary component of the amplitude. For a complete general case
of arbitrary scattering geometry, the numerical work is too formidable,

as indicated in Ref. 17. We work out for a case of practical interest

and the numerical results are expressed in terms of relevant parameters,

average number N of speckles in the detector, (o/k)z. and the ratio
of correlation length to the size of the illuminated area. It is shown
that for N >> 1, P(I) is not remarkably different from that of a very
rough surface, if the parameters are properly identified. For N > 1

a careful numerical solution is necessary for accurate results.

|
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II C. Miscellaneous

Refs.18-21 the product of other research activities beside the

grant, although they are all related in a broad sense. In Ref. 18,

et e SRR R

the radiative transfer equation is solved numerically for a medium

consisting of aerosols for propagation of a coherent light source of

AN o, Bt bk

arbitrary intensity distribution. The contribution is mainly numerical,

but it should be useful for practical simulation, and important to g

22

[ the application of laser radar technology, since no limitation is

imposed on the form of the intensity distribution in our calculation.
The loss of coherence and contrast as a function of the propagation
distance through the medium is clearly demonstrated in the numerical
calculation.

Continuing the effort in Ref. 18, we later address to the scattering
of light from a dielectic body of arbitrary size and shpe. This problem

is of interest both to laser radar tcchnologyz2 where the contribution

of anisotropic particles is a subject of concern and applied physics

where the Rayleigh's HypothesisZ3 has always been a subject of study.

D —

In Ref. 19, we compute the diffracted intemsity of an imperfect sphere

m and compare with the known exact solutionza to show the limitation of

‘ Rayleigh's Hypothesis. We also obtain numerical results consisteant |
with the experimental results in the light scaftering of an anisotropic |

} nediun.zs It is confirmed that although the previous cnpiricalzs

treatments are simple and efficient, in some specia’ cases, their
results, however, should be used cautiously.

- In the later part of 1978, the interests of the principal

investigator was shifted toward quantum electronics. Refs.20 and 21
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specifically are addressed to the three-level molecules, in contrast
to the two-level molecules used in the litetature?6 Our model of course

is more realistic. It is found in Ref. 20, however, that the character-
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istics of the phase transition in the Dicke model is not changed very
much except there exist two second order phase transitions instead of
one. One important result derived in Ref. 20 is that the transition
temperature should be given in rms terms of atoms inside a volume )‘3
instead of the V, the quantization volume which is arbitrary in the
Dicke model.

In Ref. 21, we also study the cooperative behavior in the three-
level molecules. This model makes it possible to compute effect of
coherent pumping. The results seem to explain some of the well-known

discrepancy between the two-level model and experimental data.26-27
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Reprinted from " Journsl of APPLIED PHYSICS ' Vel. 49, No. 3, 1. |, March 1978

Scattering of electromagnetic waves from a rough surface. !l

James A. Holzer
McDenneil Douglas Astronsutics Company, Huntsville, Alabame 35801

C. C. Sung

mqmun—né—mm:m
(Racsived 23 May 1977; accepted for publication 21 July 1977)

m—mmm-mwmm-m-umm
Kirchoff integral. The tangent-plane spprozimation is weed to relste the

incident fleids through the Fresmel reflection coefficients. The sverages involving random surface
mnmﬂﬁlmwhﬁwhﬁltnqﬂ
mduw“hm—wnﬂ“bhm—dmh

lﬂnMﬂﬂh“h*ﬂ“thWh’
Fiaally, .Mwhhmm-muﬁ-—q-“m
in the surface slopes. Our solution is compared with available theories.

PACS numbers: 42.10.He, 41.10.Hv, 34.40B4

Scattering of an electromaghatic wave from a very rough

semi-infinite dielectric) plane (exact treatment of the
boundary conditions) 1. of A"L "\)‘S-

C. C. Sung and W. D. Eberhardt

Department of Physics, The University of Alabama in Huntsville, Huntsville, Alabama 35807
(Received 19 May 1977; accepted for publication 21 July 1977)

mm-ummndnwhamwut;'ﬁﬁ--éggqqq ‘1173)

wm-ﬂmﬂMhnhhﬂﬁmﬂdmAmm
ﬂhh“n&“ﬂ“dﬂnhhﬂﬂhmhwhh
mm-mwm-&mmm-mmwmﬁ
are expressed in terms of the siope distribution functios of the tangent planes and the avarage radius of
curvature. Numerical results for scattering of both polarizations are obtasined. The >
mbmnh*ﬂﬂ#hm “the relationship betwesa the
- surface model and the conventicaal Gaussian model is discussed, and a comparison with previous works is

PACS numbers: 42.10.He, 41.10.Hv, 8440.Ed

JOoSA 68 323 (1978)

Explanatlon of the experlmental results of light backscattered

-from a very rough surfaoo*

g Fele C.C.Su(qd'.b.m
Department of Physics, The UM.{AMM!&»M&. Huntsville, Ma-uaun
(Received 3 October 1977)

w.unmmumwmm.mwmcu
boundary conditions exactly satisfied. The surface model consists of three parsmeters: the dimension
of the independent cells, & ; the parameter in the slope distribution function of the tangent plane
te; and the average radius of curvature of the surface, R . Within the reasonsble range of thess .
parameters, we,have calculated the polarised component P and the depolarized component D meas-
sured by Rensu et al. and have found the following features of the scattering of the reflected wave
from a rough surfice that have not been previously explained theoretically. (i) » and D have very
different angular dependences. (ii) Whereas P is a sensitive function of ¢y, D inh‘hm
of t,. (ﬂ)l’hbumv“ummkmw the data and the




o TR RN T

|
|
I
|
]
i
l
l.
:i

|

|

l’
|
I
I
I

Scattering of light from Rajglgh waves Appl- Phys. Lett
C. C. Sung® 32 34% ({412)

Department mmvmqumuunm Huntsville, Alabama 35807
MI;’AWIW;WI&MIMIWQ
mMMdﬂMMWW)mhM‘wmm
meh“hh“m%mﬂmw
MﬂmW“h-ﬁ.-‘“ﬂmmmmw.
umwdmm*ummwmmwmm
experimentally, from those predicted in the present treatment-

PACS numbers: 43.35.8, 78.20.Hp, 43.35.¢

Reprinted from APPLIED OPTICS, Vol. 18, 312, February 1, 1979
Copyright 1979 by Opﬁdmydmcls'dupﬁnrd"bypi}meiubnoﬂhwightm.

“Probability density function of the intensity of light
reflected from a moderately rough surface in
the far field

J. A. Holzer, J. D. Stettler, and C. C. Sung

A general expression for the probability density function P(I) of the intensity of light reflected from a mod-
erately rough surface in the far field is derived by the cumulant expansion of the random variable. It is
shown that P(J) satisfies the modified Rician statistics for some general surface models in the limit of large
L/T, where L is the dimension of the illuminating area, and T is the correlation length.

JosA 69,756 (1919)
Scattering of an electromagnetic wave from dielectric bodies

of irregular shape

B. W. Fowler
US. Army Missile Ressarch and Development Command, Advanced Systems Concepts Office, Redstone Arsenal, Alabama 35809
C. C. Sung
Department of Physics, The University of Alabama in Huntsville, Huntsville, Alaboma 35807
(Received 4 May 1978)
Cross sections for an electroinagnetic wave scattered from dielectric bodies of ha
hmmmm:-m;.udummmwmn
varisbles are the expansion coefficients of the electric and magnetic fislds. Numerical results are
compared with the exact solution for oblate sphercids and good agreement is obtained despite the

Rayleigh hypothesis implicitly used in the formulation. The procedures used by Chylek, Grama,
Mbﬂt_ﬂnwd-hmibmhddu - -




A3

Appl. 0pt. 12,1791 (/18

Radiative transfer in two dimensions through fog ;

B. W. Fowler and C. C. Sung

The 3.D time-independent unpolarized radistive transfer equation is developed into a form smenable to nu

PHEYSICAL REVIEW A VOLUME 18, NUMBER ¢4 OCTOBER 1978

MMmW“zMMdMW*

C. M. Bowden
Missile Rasserch Directorats, High Energy Laser and Research Laboresery. US Army Missile Ressarch
and Development Commend, Redmons Arvenal, Alebeme 35809
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T.04 Pl'\ys. (In press) ’
Phase Transition in the Multi-Mode Two- and Three-Level Dicke Model
(Green's Function Method)

C. C. Sung, Department of Physics, University of Alabama in

Huntsville, Alabama 35807, USA : ‘

C. M. Bowden, High Energy Laser and Research Laboratory, US

Army Missile Research and Development Command, Redstone Arsenal,

Alabama 35809, USA -

Abstract. By using vthe thermodynamical Green's function method,

we study the phase transition of a collection of two- as well as

three-level atoms interacting with the electromagnetic field and

contained within a volume much smaller than the smallest resonance

wavelength (Dicke model). We show for the case of three-level

atoms, the existence of two critical temperatures where a second

order phase transition takes place. The upper critical tempera-

. ture is determined by the largest of the three coupling constants

. s a function of the remaining two coupling constants. We also
show that for a collection of two- as well as three-level atoms,
the critical temperature depends upon the number of atoms _contain-
od _vrltMn i?, (xr is a resonance wavelength) rather than the den-
sity as has previously been suggested. Also, using the Green's
“furiction method, we show the formal equivalence of the Dicke model

in ‘thermodynamic equilibrium with the BCS model of superconductivity.
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Statistical Properties of Light Reflected from a
Moderately Rough Surface Scanned Through Finite Size Aperture
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The probability density function P(I) of the inte-
grated intensity I , reflected from a moderately rough

surface, is computed correct to (Zwa/x)? where o is the

rms of the rough surface z2(x) and )\ is the incident wave-
length. By using the assumption that z(x) is a Gaussian
random variable, we obtain P(I) as a function of the size
of the detector aperture, and the dependence of the corre-
Tation Tength of the surface model. Numerical results and

a comparison with previous works are given.
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I. INTRODUCTION

Statistical properties of speckle patterns have been discussed

extensively in recent Hterature.1 Several review artﬂ:lesz'4

provide
excellent background material. The calculation of the probability den-
sity function P(I) for reflected 1ight from a very rough surface, or
transmitted through a very diffusive medium, is based on the justifi-
able assumption that the field amplitudes obey Gaussian statistics. The
result, which is 1ndependent.of the details of the surface properties,
is that P(I) is a Gamma distribution function with the order parameter
depending on the size of the detector aperture. Numerical results and

5, Da1nty6, and Barakat7.

8,9

other applications are given by Seribot

For a moderately rought surface, P(I) has been calculated and

10 observed for a point detector. In References 8-10,

experimentally
P(I) 1s calculated by assuming that the field amblitudes obey non-circular
Gaussis; statistics. In Reference 11, we have transferred the assumption
of Gaussfanity from the field onto the surface variable z(x). Since the
field amplitude and z(x) are proportional for a moderately rough surface
where o/X < <1, the difference between Reference 11 and References 8-10
is only in the'definition of various moments that appear in P(I).

We are not aware of any work on P(I) from a moderately rough surface
for finite-size detector aperture. An obvious and simple method is to

12 who obtained P(I) for a sur of

extend the work by Ohtsubo and Asakura
N independent speckles. Thg1r procedure is similar to the earlier work
by Goodman? who der1ved.a Gamma distribution for the P(I) of a very rough
surface for a finite-size detector. If we follow this method, the derived
P(I) however, contains a parameter N , the number of speckles in the
finite-size detector. N 1s proportional to the size of the aperture

for larger N . For small N , P(I) %s more complicated as demonstrated

by Seribot.’ ,
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The purpose of this paper is to calculate P(I1) of a moderately rough
surface observed through a finite-size aperture correct to the second order
in (0/1)2 by assuming the Gaussianity of z(x). Besides this assumption and
other simplification involving scattering geometry, no other assumptions
are made and we believe that this work and Reference 5 complete the cal-
culation of P(I) for surfaces of moderate and extreme roughness.

In the second section, we present the general pripc1p1e how P(I) can
be computed from the known statistical properties. In the third section
a simpler scattering geometry is considered and solved numerically in the

last section.

II. GENERAL

We consider the field amplitude E(?,ﬁ) scattered from a rough, illumi-
nated surface (; = x? + y}) located at a distance d from the detecting
plane. (ﬁ = u; + v3 , and all vectors in this p&per are two-dimensional.)
It is ;;sumed that the incident 1ight is linearly polarized and the depol-
arization of the scattefed 1ight is not important sé that E(i,ﬁ) is a scalar
function. Generalization of the calculation to a vectorial E(X,u) has been
discussed by qudman.2

z/A( A= 2n/k) and expand

We 1imit our calculation to the second order in

E(X,0) = f, + f kz + f2k2z2 (1)

where f, f, and f, are assumed to be real functions of X and U .
The imaginary part of E(X,U) will be included later. Equation (1) then is
a general form for all scattering geometries from which fb. fj and f2 are
determined. Our problem now is to derive P(I) for a given statistical

property of z(x). We assume that z(X) are Gaussian random varfables

3

o, spoa o ookl "
S0 RN SO f"»t““r‘.aﬂ‘ BTN

X




=

whose first two moments are given by

<zlx) > = 0 , <z(%) z2BZ)> = o exp[} (?-i')z/tz]. (2)

Equation (2) replaces the assumption on the Gaussianity of the E(X,U) in the

treatment of scattering amplitude of a very rough.surf‘ace.z'4

Physically
E(x,u) is a macroscopical quantity whereas z(x) are the characteristics of
the surface property. The assumptions used in this work and previous work
are different in nature. Equation (1), however, connects these two quantities
and it is clear why they serve the same purpose in the derivation of P(1).
It should be emphasized that because of Eq. (2), P(I) in this work depends
only on the surface properties. :

The major difference between our problem defined earlier and other works
in the literature is that only one real random varfable z(x) is present in
both the.real and imaginary part of E(X,U) whereas in the calculation of P(I)

13,14

from random signals and P(I) for light scattered from a very rough sur-

face,z'athe real and imaginary parts of the amplitude are assumed to be in-
dependent Gaussian random varfables. Roughly speaking, P(I) for light re-
flected from a moderately rough surface is generated by real Gaussian variables
z(x) instead of circular complex Gaussian variables.

z(x) 1is expanded in terms of othogonal functions wi(x) and random variables

S
2(x) = T Sgp(x) . (3)

It can be easily verified that ¢q(x) is a solution of the integral equation

S( z(X) z(X')> Wi(X') dzx. - Xﬂq(ﬂ (4)
where N is the eigenvalue. Since S1 are linear combinations of Gaussian

4
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random variable ;s then

< 51 > = y L (5)

From Eq. (2) and

< 515J > = Sijxi . (6)

S1 then have the distribution function given by Eqs. (5) - (6), or ,
O(sy)as, = o5, ew (-2 /) [Nem, . (7

The intensity received in the detector I is exp]iéi;1y given

correct to the second order in kzoz by

1= S[(fo(?.'ﬁ) fo(I' B o+ 24%°2 £, (x,u) fz(x'.U'))

+ 2 F (50 f{ED kz(x') + K fxau)z(x) f(x',u) z(x')]
% d% d% s (8)

R

2 is set to be k" ¢", since kz(zz-oz) = § may be neglected.

where kzz
This 1s justified by the observation that the average of & and any

function W(kz)

" o _d" Wk
<o) >+ Dcotuty/n LM i

is of order (kz)‘. sincen=0and n = 1 {n Eq. (9) both vanish.
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Consequently § can be neglected. Equation (8) can be written as

L~ 19 1, where I, fs the total intensity received at U and

I 1is from the imaginary part of the amplitude similar to Eq. (8).
Equation (8) can be written in the form,

+ 1, (10)

where Ii contains z(x) of 'Ith order. f is defined as a sum of
terms fo’ f1. and fz similar to Eq. (10).

Equation (3) expresses I as a quadratic function of S;

I = o + ¥3151 + 1'.*{13515J (11)l

where a , B » and Y4 ] are constants obtained after 1ntegraﬂon of

the th‘;duct of v, and various functions in Eq. (10).

P(1) is defined by

P(1) = S% exp (1 1,2) < exp (-1 1,2) > (12)

where I, = I + I, and < > is understood to be

t

<( )> = 1118451 D(S‘)( (13)

The calculation of P(I) in Eq. (12) can be summarized as follows:

first solve for Eq. (4) to obtain y, and Sq. Next determine o,
8; and Yi4 in Eq. (11). Finally, perform the integral P(I) de-

fined in Eq. (12). Although Eq. (12) looks much more complicated than

IR




that derived for a very rough surface, the calculation in general can be
greatly simplified as shown later. It should be clear, however, that for
P(1) for a moderately rough surface, the real and imaginary of the amplitude

cannot be separated as independent variables. Because of this reason, Yij

in Eq. (11) are not diagonal.

III. SIMPLE GEOMETRY

In order to demonstrate how P(I) depends on various parameters, a
simpler scattering geometry for numerical calculation is considered here.

It should be clear that other calculations are sdfficientIy general for

many similar systems.
We consider the 1ight source of the Gaussian distribution,

Eo("i) = Ej exp [—(xz + yz) /ﬂz]/ZnTz ' (14)

reflected from a rough surface as shown in Figure 1. A lens of focal
length f 1is used to simplify the calculation. E(§;3) is explicitly given

by
E(K0) = E (x) 6(0) xf: exp (1(R-R).%) -
(e a0k, - m) - 220k, - n)? 22 (15)

.18
where Go(ﬁ) = exp [%; (1 - gb (u2 + vzﬂ sand k and n are the propagation

and the scattered direction. Notice that e kﬁlf depends on 3 i

The intensity I received in the detector {s
1o (e £y £ (') op 10k - M - F)

, {; X [5 - (k, - nz)z o + 1(ky = n)(2(x) - 2(x'))+ (kz-nz)zz(x)z(x'i]
L (16)
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or
I = Idzu(Jo(u,u) + Jz(u,u)) . 1. I, (17)

where Jo and J2 are functions of U only and Jz contains the random
variables z(x)z(x'). The term linear in z(x) vanishes as shown later.

In order to compute P(I) in this special case, we find it simpler to follow
many previous works and define the mutual intensity function Jz(ﬁ,'ﬁ') and

solve the integral equation

jdz(ﬁ,ﬁ') ¢, (U') ' = A1¢1('ﬁ) ‘ ; (18)

where

3,(0,0) = 7%2- S(kz-nz)z 2(02(x') exp [1KGR') - 1% - 1 x1)]
ah

X E(X) Eg(x') dPxdP (19)

which can be written as

2 ' . :
E 2 2
Jz(u,u') = ;2"?— tz exp [-tzh('k’ - Tw-';-) - T2 (—%—) ] (20)

where u,_ = u . 4 U' and t << T has been used. Notice that Jp
becomes‘axgroduct of two functions of u, and u_, respectively. The u_
dependence comes from .the distributﬂ‘m of the incident intensity, whereas
u, dependence cﬁnt_ains the surface parameters. This is the expected re-
sult for any 1nc1dent distribution much coarser than t . In the 1imit
of small t or zer6 correlation length, < "2 > depends only on u_ ,
which {s the Van-Cittel-Zenike theorem.'®




The solution ¢1' from Eq. (18) forms a complete, othonormal set,

from which we expand

fon)zt) expt(hR) - %Jex) demz spy. (20)

Similar methods used earlier show that the random variables Si satisfy

<S> =10 (22)
< sisj BN TR : (23)

Notice that the expansion Eq. (21) is different from E'q. (3), which
is used for the purpose of expressing both real and imaginery part of the
amplitude in terms of ¢ . In our simple geometry, Eq. (21) is sufficient
to diagonalize Iz

by wRIRS (24)

Although in principle, we stil1 have to find z(x) as an explicit function
in order to express the linear term in Eq. (17) which can be done by using

Eq. (21), in our practical solution the 1inear term is- proportional to the
{maginary part of 1': s'o‘ and vanishes since s, and ¢ are real as a re-

sult of the approximation in Eq. (20).
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P(I) from Eq. (12) is

- X
P(I) .S £ cos [z(I-Io) . zei/ﬁ]x} (1 + w223 (25)

where o, = tan"'l (inz) .

We will use the one-dimensional model in the numerical calculation
to discuss how P(I) depends on various parameters. Eq. (18) then is written
in the form for the normal incident wave,

1
A o%kPe S exp (=S¢ uZ - cu®) du' ¢;(u) = ¢, () (26)

-1
where S = t/T and u 1is the unit of & , where & 1is a dimension of
the detector. ¢ = w(TL/AT)z and c/1r2 may be interpreted as the number
of speckles in the detector. A {s a constant, and {s set to be one, since
P(I).;epends only on the relative magnitude of J, and J,; and I has been
chosen as a parameter'in the following discussion.

The effect of S < <1 in Eq. (26) in general is to reduce the eigen-
values of bW and hence reduce the contrast as easily seen later. We will
discuss first the ca§e S = 0 in the perturbation calculation. When ¢
= 0, there is only one eigenfunction, ¢ = const., and one eigenvalue,

2 ®%. For small ¢ , the kernel can be expanded on 2 o?k%c (1 - cuf)

and the efgenfunctions can be written as ¢1(u) >
o) = A + Bu + cul. (27)
By substitution of Eq. (27) to Eq. (26), we identify the terms « u"

(n = 0,1,2) in both sides, and obtain the equation for eigenvalues N
({ = 0,1,2)

10

R B R iy

P M 4 2

O e

PRI, PP NP S




.
g
]

§
i
!

|

function used in

Xi(ii - 2/3 ¢) X1 -(1-2/3¢)] =0 (28)

if we neglect the ¢ term, and i = 11/2 ¢ k2o? .

For large values of c the kernel becomes a delta function. Many

of the eigenvalues are approximately equal and satisfy the same rule

. -
Zx, « 2c¢d’k . (29)
=

In Figure 2, the distribution of the e‘lgenva]ues. is given. It is interest-
ing to note that there is considerable qualitative differerices between the
stribution of the efgenvalues in the kernel in Eq. (26) and the sinc

55 :
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IV, NUMERICAL RESULTS AND DISCUSSIONS

P(I) in this work depends on three parameters, fo s C,and S in
Eqs. (17) and (26). The dependence on io only shifts the origin of
P(I) and changes the value of Ce according to Eq. (31). The depen-
dence of P(I) on ¢ and S 1{s through the distribution of the eigen-
values shown in Figure 2, which then effect the genera] features of P(I).

Let us examine the ¢ dependence by setting S = 0, Io = 0. In
Figure 3, we plot P(I) for ¢ = 0.1, 1, and 10. <t of each case are,
respectively, 1.24, 0.95, and 0.53. Notice that ¢, can be greater than
one. In general these curves behave similarly to those for P(I,G) for a
very rough surface.5 Recall that P(I,G) is obtained by solving for
similar eigenvalue equations, Eq. (18), except the power in the integral
in Eq. (25) is replaced by one, instead of 1/2. It is clear from Figure
3, that for small ¢ , P(I) and P(I,G) are very different at small
value of ¢ ; however, P(I) and P(I,G) are very similar, as shown in
Figure 4, where c = 20 is used. As a matter of fact, P(I) behaves very
much 1ike P(I,G) at a smaller value of ¢ . Eq. (20) has a set of eigen-
values of about the same order of magnitude. We also have fit these
curves by using Eq. (23), where I, and n are determined from the
actual curve n = 2.7 and 6.5, resﬁectively. for P(I) and P(I,G). The
fact that Eq. (23) fits P(1,6) almost perfectly, has also been demon-
strated in Reference 5, where the fit for P(I,6) of smaller value of

¢ was also shown numerically not very good.
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Next, we discuss how the P(I) depends on S , which is essentially

. the reciprocal of the number of correction cells in the target. We

should emphasize that the S dependence is very much related to the
surface model and the scattering geometry. The appearance of S in

Eq. (20) also explains the effect of S on the eigenvalues in Figure 2.
First, S does not change the eigenvalue for small ¢ . As ¢ becomes
larger, S, in Eq. (22) is reduced according to the scale in 1//5 . As
a result, the distribution of S1 for finite S is similar to that of
S1 for zero S value and smaller ¢ . This feature of the effect of
finite value of S (finite number of the correlation cells) is shown in
Figure 5, where P(I) is plotted for c = 40 and S = 0, 0.1, and 0.2; c, =
.44:*.77, and ;97, respectively. A comparison of Figures 5 and 3 shows
that P(I) (¢ = 40, S = 0.2) is rather close to P(I) (for c =1, S = 0).
Notice that for S = 1, there will be only one eigenvalue and vy (u) =

exp (- 2 cuz). The result, however, is not meaningful as T > > t ,

§ <« Q has already been assumed.

The only detailed experiment relevant to our calculation is in Ref-
erence 10, where P(I) is only measured for ¢ = 0. P(I) of a point de-
tector is more appropriate for direct comparison, although the qualitative
dependence of P(I) on Io' and S 1n Reference 10 is in agreement with the

calculation. It is important to noie that io may be a complicated func-
tionof S , and c‘o
(24)._ Thus, the experimental control of ;o is crucial for a qualitative

» and io may dominate the magnitude of €y in Eq.

comparison with the calculation.
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In summary, we have obtained P(I) for a reflected light from a
moderately rough surface as a function of the number of correlation
cells in the object, and the size of the scanning aperture. The

5

calculation supplements Seribot's work™ on P(1) for a rough surface.
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FIGURE CAPTIONS

Figure 1. The geometry of the object and observation plane.

A, 8, and C are for S =0, ¢ =1, 10, and 100, respectively.
B' and C' are for S = 0.1, c= 10 and 100, respectively.
Figure 3. P(I) for various ¢ and Sv= 0. Curves A, B, and C are for
¢c-10, 1, and 0.1, respectively. Each éurve is multiplied
by a factor Y , YA = 0.2, Y

] Figure 2. Distribution of the eigenvalues for various parameters. Curves
' Figure 4. P(I) for different statistics. Solid curves A and B are

= 1.3, Yc 8.3

based non-circular and circular Gaussian statistics. The
dashed curve is calculated from Eq. (23).
Figure 5. P(I) for ¢ = 40 and various S . Curves A, B, and C are for

S=0, 0.1, and 0.2, respectively. P(I) is multiplied by 40.

ah

| 16




N e e eSS s e e e
[

- & & ® ® ®» W v oo

[Ty






T e U SO — ——

b

(1)d _

ah

£

W, -,
4

SN s eeen wEen e ey s Gl pnd Lo el L) e B b S S




T O T R e e e o 8 S A A AR SO W NN B 58 5AD oty

— . A —— - — -~ -

1

(I)d |

ak

SR 0 G D e N N e e wmae BB RS BER e



YR ~

T T l‘l"”vd : d
o F
. s wEm EE R T I N D D D R e AR T S e e e e

IRECIEER— em——— ]

P(I)
1




