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it•@bears•@no•@obvious•@relationship•@with•@the•@macroscopic•@characteristics•@of•@the•@object•D

This•@highly•@noisy•@appearance•@of•@speckle•@patterns•@creates•@serious•@prob1ems•@when•@a

laser•@source•@is•@applied•@to•@imaging•@systems•D•@A•@numerous•@studies•@have•@been•@conducted

on•@the•@reduction•@of•@such•@speckle•@noises•@in•@the•@coherent•@imaging•@system•D

•@•@•@In•@the•@field•@of•@optical•@metrology•C•@the•@speckle•@phenomenon•@provides•@a•@new•@mea•|

sure•@for•@determination•@of•@the•@microscopic•@properties•@of•@the•@object•D•@However•C•@if•@the

perfectly•@coherent•@light•@illuminates•@a•@relatively•@large•@area•@of•@the•@diffuse•@object•@and

if•@the•@light•@scattered•@from•@the•@object•@experiences•@phase•@fluctuations•@greater•@than

2T•C•@the•@statistics•@of•@the•@resultant•@speckle•@pattern•@are•@independent•@of•@the•@microscopic

structure•@of•@the•@object•D•@Hence•C•@as•@long•@as•@the•@waves•C•@each•@of•@which•@is•@scattered•@once

by•@the•@object•C•@form•@a•@speckle•@pattern•C•@the•@information•@on•@the•@spatial•@structure•@of•@the

object•@is•@obtained•@when•@at•@least•@one•@of•@the•@conditions•@above•@are•@not•@satisfied•@•ifor

example•C•@polychromatic•@illuminaŽµion•C•@or•@objects•@such•@as•@relaŽµively•@smooth•@surfaces•j•D

•@•@•@The•@speckle•@phenomenon•@caused•@by•@the•@single•@scattering•@of•@light•@has•@been•@ex•|

tensively•@investigated•@since•@the•@invention•@of•@the•@CW•@laser•@in•@the•@early•@1960s•D•@A

number•@of•@studies•@on•@the•@fundamental•@statistics•@and•@applications•@of•@laser•@speckle

patterns•@are•@summarized•@and•@cited•@in•@the•@book•@edited•@by•@Dainty•@•m1•n•D•@The•@diversity

of•@applications•@of•@speckles•@to•@metrology•@can•@be•@found•@in•@the•@book•@edited•@by•@Erf•@12•n•C

which•@offers•@various•@techniques•@for•@measurements•@of•@many•@physicaƒ†quantities•C•@such

as•@surface•@roughness•C•@displacement•C•@strain•C•@vibration•C•@and•@motion•@paths•C•@For•@the•@dy•|

namical•@aspect•@of•@speckle•@patterns•C•@Asakura•@and•@Takai•@•m3•n•@and•@Yoshimura•@•m4•n•@review

the•@studies•@concerned•@with•@the•@statistical•@properties•@of•@dynamic•@speckles•@and•@their

application•@to•@velociŽµy•@measurements•D•@The•@speckle•@paŽµtern•@fluctuating•@in•@time•@is

also•@observed•@in•@colloidal•@systems•D•@Dynamic•@light•@scattering•@techniques•@make•@use•@of

the•@temporal•@fluctuations•@of•@speckles•@arising•@from•@the•@motion•@of•@scattering•@particles•D

Agood•@reference•@in•@this•@field•@is•@given•@by•@Berne•@and•@Pecora“¯•D

•@•@•@The•@speckles•@that•@obscure•@the•@detail•@in•@the•@image•@stimulated•@the•@investigations

on•@the•@double•@scattering•@by•@two•@diffuse•@screens•C•@which•@had•@already•@been•@applied•@to

a•@grainless•@screen•@•i6•n•D•@Leifer•@et•@aL•@•m7•n•@proposed•@the•@back•|projection•@system•@in•@which

two•@ground•|glass•@screens•@are•@placed•@with•@their•@ground•@surfaces•@almost•@in•@contact•@a•@nd

one•@is•@moved•@slowly•@in•@its•@own•@plane•@relative•@to•@the•@other•D•@They•@showed•@that•@the

resulting•@speckles•@are•@continuously•@changing•@and•@smoothed•@out•@by•@the•@persistence

of•@vision•D•@Lowenthal•@and•@Joyeux•@•m8•n•@evaluated•@theoretically•@and•@experimentally•@the
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•••C•f•^Jl•F•G•@lpM•D•Cva•|7•fe•erCl•@•j1•ff•D•fh•D•fT•F•F•D

double•|diffuser•@system•@by•@expressing•@the•@quality•@of•@images•@in•@terms•@of•@the•@ratio•@of

the•@mean•@intensity•@of•@the•@image•@to•@the•@standard•@deviation•@of•@the•@speckle•@intensity

•ithe•@S•^N•@ratio•j•D•@Experiments•@on•@the•@wavelength•@decorrelation•@of•@speckles•@from•@two

ground•|glass•@diffusers•@were•@reported•@by•@George•@and•@Jain•@•m9•n•D•@A•@comparison•@between

various•@techniques•@for•@the•@reduction•@of•@speckles•@is•@given•@by•@Rawson•@et•@al•D•@•m101•C•@who

concluded•@that•@illumination•@through•@two•@close•@diffuse•|screens•@in•@relative•@motion•@is

the•@most•@effective•@way•@of•@eliminaŽµing•@speckle•@patŽµerns•D

•@•@•@The•@efforts•@to•@formulate•@the•@statistical•@properties•@of•@doubly•|scattered•@speckles

have•@been•@made•@since•@1980s•D•@The•@probability•@of•@the•@intensity•@of•@speckles•@produced

by•@illuminaŽµing•@a•@diffuser•@wiŽµh•@a•@speckle•@pattern•@was•@sŽµudied•@by•@Fried•m11•H•C•@who•@intro•|

duced•@the•@concept•@of•@speckled•@speckle•@and•@considered•@the•@safety•@of•@the•@eyes•@exposed

to•@the•@light•@forming•@ordinary•@speckle•@and•@speckled•|speckle•@patterns•D•@He•@showed•@that

the•@probability•@densities•@ofŽµhe•@speckled•|speckle•@inŽµensity•@are•@K•@distributions•@un•B

der•@certain•@conditions•D•@The•@K•|distribution•@of•@the•@intensity•@is•@also•@observed•@in•@the

speckle•@pattern•@formed•@by•@the•@Iaser•@light•@after•@propagaŽµion•@through•@the•@turbulent

atmosphere•@•i12•n•D•@O•fDonnell•@1131•@and•@Barakat•@and•@Salawitch•@•m14•n•@reported•@theoreti•|

cal•@analyses•@on•@the•@probabilities•@and•@correlations•@of•@doubly•|scatŽµered•@amplitude•@and

intensity•D•@Their•@studies•@revealed•@the•@non•|Gaussian•@and•@non•|stationary•@behavior•@of

the•@speckles•@from•@the•@double•@scatteŒŒg•C•@Newman•m15•zverified•@the•@results•@obtained

by•@O•fDonnell•@and•@made•@a•@comment•@on•@the•@temporal•@correlation•@properties•@of•@the

doubly•|scattered•@light•D•@General•@two•|state•@correlation•@functions•@for•@speckles•@from•@a

cascade•@of•@two•@thin•@diffusers•@were•@derived•@by•@Shirley•@and•@George•@•m16•n•C•@and•@they•@con•|

sidered•@the•@effects•@of•@wavelength•@decorrelation•@and•@displacements•@ofŽµhe•@diffusers•D

Reddy•@and•@Rao•@•m17•n•@investigated•@the•@correlation•@of•@singlyˆê•@and•@doubly•|scattered

speckles•@under•@partially•@coherent•@illumination•D•@The•@application•@of•@doubly•|scattered

speckles•@to•@the•@measurement•@of•@surface•@roughness•@was•@intensively•@studied•@by•@lwai

and•@Shigeta•@•m18•n•@and•@Yoshimura•@et•@al•D•@•m19•|23•n•D

•@•@•@Except•@forŽµhe•@studies•@on•@speckle•@reductio11•C•@all•@the•@reports•@menŽµipned•@above•@are

concerned•@with•@the•@static•@properties•@of•@speckle•@patterns•D•@The•@temporal•@properties•@of

speckled•@speckles•@or•@speckles•@by•@the•@double•@scattering•@have•@been•@studied•@in•@various

fields•@of•@optics•D•@In•@astronomy•C•@Roddier•@et•@al•D•@•m24•n•@derived•@an•@expression•@for•@the•@life•|

time•@of•@stellar•@speckles•@and•@examined•@the•@theoretical•@results•@by•@using•@two•@moving

diffusers•@to•@simulate•@thin•@atmospheric•@layers•D•@When•@a•@multimode•@optical•@fiber•@is•@used
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ŠŽ•@•@•@ˆêˆêˆê’@•v•E•D•D•GJˆêˆê•D•fˆø•v•v•D

as•@a•@guide•@for•@the•@laser•@light•C•@the•@light•@emitted•@from•@the•@exit•@face•@of•@the•@fiber•@forms

a•@speckle•@pattern•@because•@of•@the•@interference•@among•@different•@modes•@of•@the•@light

propagating•@within•@the•@core•D•@Takai•@and•@Asakura•@•m25•C•@26•n•@investigated•@the•@space•|

time•@correlation•@properties•@of•@speckled•|speckle•@patterns•@produced•@by•@illuminating•@a

moving•@diffuser•@with•@the•@light•@from•@the•@optical•@fibers•D•@Fujii•@et•@al•D•@•m27•C•@28•n•@examined

the•@power•@spectra•@of•@speckle•@signals•@detected•@by•@an•@optical•|fiber•@probe•@which•@consists

of•@two•@fibers•@for•@illumination•@and•@detection•D•@The•@double•|diffuser•@model•@simplifies•@the

complicated•@multiple•@scattering•@taken•@place•@inside•@the•@biological•@tissue•D111uminaŽµion

of•@a•@refiecting•@diffuser•@through•@a•@transparent•@diffuser•@gives•@rise•@to•@the•@triply•|scattered

dynamic•@speckles•@when•@one•@of•@the•@diffusers•@is•@moved•@in•@its•@own•@plane•D•@Aizu•C•@lwai

and•@Asakura•@•m29•|31•n•@studied•@the•@temporal•@correlations•@of•@such•@speckles•@and•@found

unique•@properties•@arising•@from•@the•@interference•@between•@singlyˆê•@and•@triply•|scattered

speckle•@fields•D•@The•@dynamic•@speckles•@doubly•@scattered•@by•@two•@moving•@diffusers•@were

investigated•@by•@Okamoto•@and•@Asakura•@•m32•|36•n•D

•@•@•@A•@multiple•|diffuser•@model•@is•@considered•@to•@be•@a•@straightforward•@extension•@of•@the

double•|di‰Nuser•@modeL•@The•@multiple•@phase•|screen•@mode1•C•@which•@consists•@of•@a•@cas•|

cade•@of•@diffusers•@modulating•@only•@the•@phase•@of•@light•@waves•C•@has•@been•@employed•@to

the•@study•@of•@wavefront•@distortions•@and•@intensity•@variations•@in•@the•@light•@propagating

through•@the•@atmosphere•@•m37•|41•n•D•@Owing•@to•@the•@weak•@scattering•@characteristics•@of

Žµhe•@aŽµmosphere•C•@the•@weak•@random•|phase•@screens•@were•@used•@for•@simulating•@the•@refrac•|

tive•@index•@variations•@in•@the•@aŽµmospheric•@turbulence•D•@For•@strong•@scattering•@media•C

such•@as•@dense•@colloidal•@suspensions•@and•@biological•@tissue•C•@it•@is•@appropriate•@to•@em•|

ploy•@a•@seŽµ•Zf•@sŽµrong•@diffusers•C•@each•@of•@which•@completely•@randomizes•@the•@phase•@of

the•@incident•@light•D•@Okamoto•@and•@Asakura•@•m42•|44•n•@analyzed•@the•@dynamic•@properties

of•@multiply•|scatŽµered•@speckles•@from•@a•@series•@of•@such•@diffusers•@and•@found•@some•@typi•|

cal•@relationships•@between•@the•@motion•@of•@diffusers•@and•@the•@resultant•@fiuctuations•@in

intensity•@of•@the•@transmitted•@light•D

•@•@•@A•@more•@direct•@approach•@to•@the•@multiple•@scattering•@from•@concentrated•@particulate

media•@is•@the•@diffusing•|wave•@spectroscopy•@proposed•@by•@Pine•@et•@al•D•@•m45•n•D•@This•@technique

utilizes•@the•@diffusive•@nature•@of•@photons•@propagating•@in•@strong•@disordered•@media•D•@The

Brownian•@motion•@of•@particles•@in•@dense•@colloidal•@systems•@was•@studied•@by•@making•@use

of•@the•@temporal•@intensity•@fluctuaŽµions•@in•@the•@light•@multiply•@scattered•@by•@the•@system

•m46•@ˆê•@57•n•D
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•@•@•@These•@two•@types•@of•@multiple•@scattering•@seem•@to•@be•@different•@phenomena•@on•@the

surface•C•@since•@the•@speckles•@from•@a•@cascade•@of•@diffusers•@arise•@fromŽµhe•@wavefront•@distor•|

tion•@continuously•@given•@across•@the•@plane•@of•@each•@diffuser•C•@and•@those•@from•@the•@colloida1

system•@arise•@from•@the•@scattering•@by•@many•@discrete•@particles•D•@However•C•@as•@far•@as•@the

dynamic•@properties•@of•@speckle•@patterns•@are•@concerned•C•@the•@time•|varying•@speckles•@re•|

sulting•@from•@these•@two•@different•@scattering•@mechanisms•@bear•@some•@similarities•@in•@their

Žµemporaƒ†behaviors•D

•@•@•@The•@purpose•@of•@this•@dissertation•@is•@to•@investigate•@the•@statistical•@properties•@of

dynamic•@speckles•@produced•@by•@double•@and•@multiple•@scatterings•@of•@light•@from•@the

diffusers•@and•@colloidal•@sysŽµems•D•@In•@the•@dissertation•C•@the•@theoreŽµical•@and•@experimental

studies•@on•@three•@different•@types•@of•@laser•@speckles•@are•@described•F•@•ii•j•@speckled•@speckles

and•@doubly•|scattered•@speckles•@from•@a•@single•@and•@double•@phase•@screens•C•@•iii•j•@multiply•|

scattered•@speckles•@from•@a•@series•@of•@phase•@screens•C•@and•@•iiii•j•@multiply•|scattered•@speckles

from•@particle•@suspensions•D

•@•@•@ChapŽµer•@2•@serves•@the•@fundamental•@sŽµaŽµistics•@of•@static•@and•@dynamic•@speckle•@pat•|

terns•@produced•@by•@a•@single•@phase•@screen•D•@By•@starting•@from•@the•@origins•@of•@the•@speckle

phenomenon•C•@various•@basic•@formulae•@are•@derived•@for•@the•@laŽµer•@use•D•@Throughout•@the

dissertation•C•@the•@phase•@screens•@considered•@are•@assumed•@to•@be•@the•@ones•@that•@random•|

ize•@completely•@the•@phase•@of•@incident•@light•@to•@yield•@no•@unscattered•@component•@of•@the

transmitted•@light•D

•@•@•@Chapters•@3•|6•@are•@concerned•@with•@the•@statistical•@properties•@of•@speckled•@speckles

and•@doubly•|scattered•@speckles•D•@ln•@Chapter•@3•C•@the•@speckle•@signals•@detected•@by•@an

optical•@fi•@b•@er•@probe•@are•@investigated•C•@If•@a•@multimode•@opticaƒ†fiber•@is•@used•@as•@all

illuminating•@fiber•C•@the•@light•@incident•@on•@a•@moving•@diffuser•@forms•@a•@speckle•@pattern

and•@speckled•@speckles•@fluctuating•@in•@time•@arise•@at•@the•@input•@face•@of•@a•@detecting•@fiber•D

An•@expression•@is•@derived•@for•@the•@power•@spectrum•@of•@the•@intensity•@fiuctuations•C•@and•@the

effects•@of•@the•@core•@diameters•@of•@illuminating•@and•@detecting•@fibers•@are•@examined•D•@The

typical•@phenomena•@predicted•@by•@the•@theory•@are•@verified•@by•@experiments•D•@Chapter•@4

introduces•@a•@cascade•@of•@two•@diffusers•@moving•@in•@their•@own•@planes•D•@The•@first•@diffuser

is•@regarded•@as•@a•@disturbing•@medium•@when•@the•@motion•@of•@the•@second•@diffuser•@is•@to•@be

measured•D•@The•@dependence•@of•@doubly•|scattered•@speckles•@in•@the•@diffraction•@field•@on

the•@motion•@of•@the•@diffusers•@is•@evaluated•@theoretically•@and•@experimentally•@from•@the

temporal•@correlation•@function•@of•@their•@intensities•D•@Chapter•@5•@deals•@with•@the•@same
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diffuser•@system•@as•@in•@Chapter•@4•C•@but•@a•@single•|1ens•@imaging•@system•@is•@employed•@for

detecŽµion•D•@The•@inten•Dsity•@fluctuaŽµions•@of•@speckle•@patterns•@formed•@at•@the•@image•@plane

of•@the•@second•@diffuser•@are•@experimentally•@studied•C•@and•@qualitative•@explanations•@for

the•@results•@are•@given•D•@Space•|time•@correlation•@properties•@of•@the•@speckle•@patterns•@from

the•@double•@diffusers•@with•@an•@imaging•@system•@are•@formulated•@in•@Chapter•@6•D•@The

theory•@developed•@allows•@the•@focus•@of•@the•@imaging•@lens•@to•@be•@placed•@at•@any•@position•D

Therefore•CŽµhe•@firsŽµdiffuser•@hidden•@behind•@the•@second•@diffuser•@is•@also•@considered•@as•@an

object•@to•@be•@measured•D•@Experiments•@are•@conducted•@to•@confirm•@the•@theoretica1•@results

on•@the•@relationship•@between•@the•@motion•@of•@diffusers•@and•@that•@of•@speckles•@detected•@in

‚Ì

lmage•@space•E

•@•@•@The•@statistical•@properties•@of•@multiply•|scattered•@speckles•@from•@the•@diffusers•@are

invesŽµigated•@theoreŽµically•@in•@Chapters•@7•@and•@8•D•@Chapter•@7•@considers•@the•@motion

of•@speckle•@patterns•@formed•@in•@the•@diffraction•@field•@by•@the•@light•@propagating•@through

many•@transparent•@moving•@diffusers•D•@Some•@statistical•@quantities•@describing•@the•@speckle

motion•@are•@introduced•@and•@evaluaŽµed•@under•@different•@scattering•@orders•@and•@velocities

of•@the•@diffusers•D•@The•@theoretical•@results•@are•@derived•@for•@the•@particular•@velocity•@dis•|

tributions•@chosen•@so•@asŽµ•Zsimulate•@the•@velocity•@gradients•@commonly•@observed•@in•@the

f•yow•@of•@multiple•@scattering•@media•B•@Chapter•@8•@is•@concerned•@with•@the•@speckle•@patterns

in•@image•@space•@produced•@by•@the•@multiple•|diffuser•@system•D•@The•@intensity•@fluctuations

of•@image•@speckles•@are•@examined•@by•@varying•@the•@foca1•@posiŽµion•@and•@aperture•@size•@of•@the

imaging•@system•@as•@well•@as•@the•@velocity•@distribution•@of•@the•@diffusers•D•@The•@possibility•@of

measuring•@different•@velocity•@components•@of•@a•@multiple•@scattering•@medium•@in•@motion

is•@discussed•C

•@•@•@Chapters•@9•@and•@10•@are•@devoted•@to•@the•@experimental•@study•@on•@the•@multiple•@light

scattering•@from•@parŽµicle•@suspensions•D•@ChapŽµer•@g•@deals•@with•@the•@colloidal•@system•@in

which•@particles•@in•@the•@Brownian•@motion•@are•@translating•@uniformly•@across•@the•@incident

beam•D•@The•@experimental•@results•@concerning•@the•@properties•@of•@the•@imaging•@system

employed•@are•@compared•@with•@the•@theoretical•@ones•@obtained•@by•@the•@multiple•|diffuser

model•@in•@Chapter•@8•D•@The•@discussion•@is•@also•@given•@to•@the•@effects•@of•@polarization•C•@the•@in•|

cident•@form•@of•@the•@beam•C•@and•@the•@concentration•@of•@scattering•@particles•D•@The•@velocity

dependence•@of•@the•@multiply•|scattered•@speckles•@is•@explained•@by•@considering•@the•@scat•|

tering•@volume•@formed•@inside•@the•@suspensions•D•@In•@Chapter•@10•C•@the•@cross•|correlation

prQperties•@of•@dynamic•@speckles•@produced•@by•@different•@wavelengths•@of•@light•@are•@invesˆê
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tigated•@using•@the•@same•@colloidal•@system•@as•@in•@Chapter•@9•D•@The•@correlation•@coeŒÞcient

and•@c••rrelaŽµionŽµime•@for•@the•@two•@wavelength•@components•@of•@intensity•@fluctuations•@are

measured•@for•@several•@particle•@suspensions•@with•@different•@volume•@fractions•@of•@particles•D

Comparison•@between•@the•@autocorrelation•@and•@cross•|spectral•@correlation•@methods•@is

made•@from•@the•@viewpoint•@of•@velocity•@measurements•D
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Chapter•@2

Fundamental•@Statistics•@of•@Speckle•@Patterns

2•D1 1ntroduction

Laser•@speckles•@arise•@as•@a•@consequence•@of•@the•@random•@interference•@of•@electromagnetic

waves•C•@The•@rigorous•@solutions•@for•@the•@properties•@of•@speckle•@patterns•@are•@obtained•@by

calculating•@Maxwe1Ps•@equaŽµions•@under•@appropriate•@boundary•@conditions•D•@However•C

this•@calculation•@is•@rather•@complex•@and•@time•@consuming•@because•@of•@the•@randomness

involved•@in•@scattering•@media•@that•@give•@rise•@to•@speckles•D•@The•@scattering•@properties

of•@such•@random•@media•@are•@suitably•@described•@by•@random•@variables•@which•@obey•@a

stochastic•@process•D•@Therefore•CŽµhe•@sŽµatistical•@treatment•@is•@necessary•@for•@the•@study

of•@laser•@speckles•D•@A•@statistical•@model•@for•@the•@formation•@of•@speckles•@allows•@us•@to

understand•@intuitively•@the•@phenomena•@of•@random•@interference•@of•@light•D

•@•@•@In•@this•@secŽµion•CŽµhe•@basic•@properŽµies•@of•@speckle•@paŽµŽµerns•@are•@presented•@by•@introduc•|

ing•@statistical•@descriptions•@for•@a•@diffuse•@object•@and•@resulting•@optical•@fields•D•@First•C•@the

origins•@of•@speckle•@formation•@are•@described•@using•@the•@concept•@of•@a•@random•@walk•@in•@the

complex•@plane•D•@The•@probabilities•@of•@intensity•@and•@phase•@for•@fully•|developed•@speckle

patterns•@are•@obtained•@by•@applying•@the•@central•@limit•@theorem•@for•@the•@amplitude•@of

the•@speckle•@field•D•@Next•C•@the•@autocorrelation•@function•@of•@intensities•@detected•@at•@two

different•@points•@in•@space•@is•@considered•D•@The•@spatial•@properties•@of•@speckle•@patterns•C

such•@as•@the•@average•@speckle•@size•C•@are•@obtained•@by•@evaluating•@the•@autocorrelation•@func•|

tion•D•@Finally•C•@the•@temporal•@properties•@of•@dynamic•@speckle•@patterns•@are•@investigated

by•@analyzing•@the•@space•|time•@cross•|correlation•@function•@and•@power•@spectral•@distribu•|

tion•@of•@intensity•@fiuctuations•D•@ln•@particular•C•@attention•@is•@focused•@on•@the•@relationship

between•@the•@motion•@of•@a•@diffuse•@object•@and•@the•@temporal•@fiuctuations•@of•@resultant

speckle•@patterns•D

•@•@•@Throughout•@this•@dissertation•C•@theoretical•@analysis•@is•@made•@under•@the•@assumption
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that•@the•@optical•@waves•@of•@concern•@are•@perfectly•@monochromatic•@and•@linearly•@polarized•D

This•@assumption•@enables•@the•@speckle•@field•@to•@be•@treated•@as•@scalar•@waves•D

2•D2 Formation•@of•@a•@Speckle•@Pattern

2•D2•D1•@Origins•@of•@Speckle

Typicaƒ†diffuse•@objects•@giving•@rise•@to•@speckles•@have•@surfaces•@which•@are•@rough•@on

the•@scale•@of•@an•@optical•@wave1ength•@•iA•@tv•@O•D5•@pm•j•D•@When•@the•@monochromatic•@light

illuminates•@such•@a•@surface•C•@the•@waves•@reflected•@from•@many•@scattering•@elements•@on•@the

surface•@ofŽµhe•@object•@interferes•@aŽµagiven•@point•@in•@the•@observation•@plane•isee•@Fig•D

2•D1•ia•j•j•D•@The•@optical•@path•@lengths•@from•@these•@scattering•@elements•@to•@the•@observation

point•@differ•@by•@more•@than•@several•@wavelengths•@if•@the•@large•@height•@variations•@of•@the

surface•@exist•C•@The•@intensity•@of•@light•@at•@the•@observation•@point•@is•@determined•@by•@the

coherent•@addition•@of•@these•@waves•@with•@different•@phases•D•@Since•@the•@phase•@of•@each•@wave

varys•@in•@a•@random•@fashion•@with•@the•@position•@of•@the•@observation•@point•C•@the•@intensity

also•@varys•@in•@space•C•@resulting•@in•@a•@granular•@pattern•@that•@is•@called•@speckle•D

•@•@•@The•@speckles•@appear•@in•@image•@space•@by•@using•@an•@imaging•@system•D•@The•@image•@of•@a

point•@on•@the•@surface•@is•@described•@by•@the•@amplitude•@point•@spread•@function•C•@which•@has•@a

finite•@extent•@even•@for•@an•@ab•@erration•|free•@imaging•@system•D•@As•@shown•@in•@Fig•D•@2•D1•ib•j•C•@if

the•@spread•@functions•@arising•@from•@many•@different•@scattering•@points•@overlap•@with•@one

another•C•@a•@speckle•@pattern•@arises•@by•@the•@superposition•@of•@many•@de•|phased•@spread

functions•@at•@each•@image•@point•D•@Thus•C•@in•@principle•C•@no•@speckle•@pattern•@is•@formed

by•@a•@high•@resolution•@imaging•@system•@which•@can•@perfectly•@resolve•@each•@microscopic

elements•@of•@the•@surface•D

•@•@•@The•@light•@transmitted•@through•@or•@refiected•@from•@colloidal•@suspensions•@also•@forms

a•@speckle•@pattern•D•@As•@illustrated•@in•@Fig•D•@2•D1•ic•j•C•@the•@optical•@disturbance•@at•@a•@given

point•@results•@from•@interference•@of•@waves•@leaving•@many•@scattering•@particles•@located

randomly•@in•@a•@surrounding•@medium•D•@Thus•C•@the•@same•@argument•@as•@for•@rough•@surfaces

can•@be•@applied•@for•@the•@formation•@of•@speckles•@from•@particle•@suspensions•D•@An•@image

of•@the•@particle•@suspension•@also•@shows•@a•@speckle•@appearance•@if•@the•@overlapping•@occurs

between•@the•@images•@of•@many•@scattering•@particles•D
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Figure•@2•D1•D•@Speckle•@formation•@by•@a•@rough•@surface•@in•@•ia•j•@the•@diffraction•@field•@and•@•ib•j•@the

image•@field•C•@and•@•ic•j•@by•@a•@particle•@suspension•@in•@the•@diffraction•@field•D
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Œ¿•F•D•E•Â•×•f“‡•D‚«1•E—•ŽÓ•x•C•D•æ•JŠã•C‚´”òˆê•A“å

•@•@•@•@•@•@•@•@•@•@•@•E•@•@•@•@•@•@•@•@•gˆê•¡•EˆêƒS•E‘Âƒ}•E•D‹Œ•f‡j•§ˆê•f•@•h’u•@•@•@•@•@•@•@•@•f•c•@•DƒC1L•E•u

2•D2•D2•@Random•@Walk•@in•@the•@Complex•@Plane

For•@a•@monochromatic•@wave•C•@the•@analytic•@signa1•@representation•@for•@the•@single•@polar•|

ization•@component•@ofŽµhe•@electric•@field•@at•@the•@observation•@point•iX•C•@Y•C•@1•jand•@time•@t

takes•@a•@form•@of

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@u•ix•Cy•Cz•Gt•j•@••A•ix•Cy•C•@z•jexp•ii2Tut•j•C•@•i2•D1•j

where•@u•@is•@the•@optical•@frequency•@and•@A•@stands•@for•@the•@complex•@phasor•@amplitude•@of

•Ethe•@field•C•@which•@is•@given•@by

ƒm1•iƒ†•p•C31•C‚Ì••••ƒŒ1•ix•Cy•C‚ÌIexp•miƒÆ•ix•Cy•Cz•j1•D •i2•D2•j

As•@illustrated•@in•@Fig•D2•D1•CŽµhe•@amplitude•@ofŽµhe•@electric•@field•@at•@a•@given•@point•ix•Cy•j

consists•@of•@many•@contributions•@from•@different•@scattering•@points•@or•@regions•D•@Thus•C•@the

phasor•@ampliŽµude•@A•ix•Cy•C•@zr•jis•@represenŽµed•@as•@a•@sum•@of•@a•@large•@number•^V•@of•@complex

phasors•C•@•ivi797•f•j•giak•ix•Cy•Cz•j•C•@k•@•••••@1•C•@2•C•D•D•D•CN•F

A•iˆ÷ˆê
Rƒ¿‚ñ•ix•C•Ey•C•Ez•jˆê–Å1ƒ¿‚½lexp•iiƒÓk•j•E

•i2•D3•j

Figure•@2•D2•@shows•@the•@addition•@of•@the•@elementary•@phasor•@contributions•@to•@produce•@the

resultant•@amplitude•@A•C•@ln•@the•@process•@of•@the•@addition•C•@the•@amplitude•@of•@the•@phasor

sum•@is•@wandering•@inŽµhe•@complex•@plane•C•@showing•@the•@behavior•@of•@a•@random•@walk•D

Thus•C•@derivation•@for•@the•@statistics•@of•@the•@complex•@field•@results•@in•@the•@problem•@of•@a

random•@walk•@in•@the•@plane•D

•@•@•@For•@simplicity•@of•@analysis•C•@several•@assumptions•C•@which•@are•@generally•@satisfied•@in

practical•@problems•@of•@interest•C•@are•@made•@about•@the•@statistical•@properties•@of•@the•@ele•|

mentary•@phasors•F

•@•@•@•ii•j•@The•@amplitude•@lak•@l•^v17V•@and•@the•@phase•@ipk•@of•@the•@kth•@elementary•@phasor•@are

statistically•@independent•@of•@each•@oŽµher•@and•@of•@the•@amplitudes•@and•@phases•@of•@aƒ†10ther

elementary•@phasors•D

•@•@•@•iii•j•@The•@phases•@ipk•@are•@all•@uniformly•@distributed•@on•@the•@interval•@•iˆêˆêr•C•@T•j•@•ithat•@is•C

the•@surface•@is•@rough•@compared•@with•@a•@wavelength•@so•@that•@the•@phase•@excursions•@are

many•@times•@2T•@radians•j•D
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•@•@•@•@i•f•••F•D•@••T•D

Im

Figure•@2•D2•D•@Random•@walk•@in•@the•@complex•@plane

•E•@•@We•@now•@derive•@the•@joint•@probability•@density•@function•@of•@real•@and•@imaginary•@parts

•@•@Ar•C•@and•@Aim•@of•@the•@resultant•@phasor•@amplitude•C•@which•@will•@be•@used•@to•@calculate•@the

•@•@probability•@density•@functions•@of•@the•@intensity•@and•@phase•D

•@•@•@•@First•C•@from•@assumption•ii•j•C•A4ƒA•C•@and•@Aim•@are•@also•@sums•@of•^V•@independent•@ran•|

•@•@dom•@contributions•D•@Since•@the•@number•^V•@is•@large•C•@the•@conditions•@for•@satisfying•@the

•@•@central•@limit•@theorem•@are•@satisfied•D•@Hence•C•DAr•C•@and•@Aim•@are•@approximately•@norma1

•@•@•iGaussian•jrandom•@variables•D•@Next•C•@by•@making•@use•@of•@assumption•iii•jtogether•@with

•@•@assumption•ii•j•C•@it•@is•@readily•@shown•@that•AAr•B•@and•@Aim•@have•@zero•@means•C•@identical•@vari•|

•@•@ances•C•@and•@are•@uncorrelated•D•@Finally•C•@these•@results•@are•@combined•@to•@yield•@the•@joint
•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@ƒ•

•@•@Gaussian•@probability•@density•@function•@of•@real•@and•@imaginary•@parts•@of•@the•@complex

•@amplitude•F

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@Pre•Cim•iAre•CAim•jˆê2ŽÏƒÐ2exp•iˆêŒÜ‹À•j•C•@•i2•E4•j
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where
•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@a2•@•••••@Gi•D•D•D•@Xi•C•@i•F•hi•D•Ci•C•@S11giYZZak12•„•D•@•i2•Ds•j

In•@Eq•D•@•i2•D5•j•C•@•q•c•r•@represents•@the•@average•@over•@an•@ensemble•@of•@macroscopically•@similar

but•@microscopically•@different•@rough•@surfaces•D•@Equation•@•i2•D4•j•@shows•@that•C•@as•@N•@ˆêˆê•€•@oo•C

the•@density•@function•@approaches•@a•@circular•@Gaussian•@density•@function•@which•@has•@the

circular•@contours•@of•@constant•@probability•@density•@in•@the•@complex•@plane•D

2•D2•D3•@Probability•@Density•@Functions•@of•@lntensity•@and•@Phase

For•@most•@experiments•@in•@optics•C•@the•@physical•@quantity•@that•@is•@directly•@measured•@is

the•@intensity•@of•@optical•@waves•C•@Thus•@it•@is•@desired•@to•@know•@the•@probability•@density

function•@of•@the•@intensity•C•@which•@tells•@us•@how•@likely•@a•@bright•@spot•@or•@a•@dark•@area•@is•@to

be•@observed•D•@ln•@addition•C•@the•@statistical•@properties•@of•@the•@phase•@are•@also•@important

in•@the•@field•@of•@interferometry•D

•@•@•@The•@intensity•@1•@and•@phase•@e•@of•@the•@resultant•@field•@are•@related•@to•@the•@real•@and

imaginary•@parts•@of•@the•@complex•@amplitude•@by•@the•@transformation

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@1•••@Age•{A2•fm•C•@•i2•E6•j

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@ƒÆˆêtaƒo1‰ïœW•E•@•@•@•i2•E7•j

The•@usual•@techniques•@forŽµransformations•@of•@random•@variables•ifor•@example•C•@see•m58D

are•@applied•@to•@calculate•@the•@joint•@probability•@density•@function•@of•@1•@and•@e•C•@which•@is

expressed•@as

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@pi•Ce•i1•C•@e•j•@•••@p•C•C•Ci•D•ivi7•@cos•@e•C•@vi7•@sin•@e•jI•v1•C•@•i2•Ds•j

where•@l•CJl•@is•@the•@modulus•@ofŽµhe•@Jacobian

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@OAre•@aAre

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@I•v1•|det•Ý•n•om•Ý•n‰æˆê1•@•@•i2•E9•j

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@al•@ae

and•@det•m•c•n•@denotes•@the•@determinant•D•@Substituting•@Eq•D•@•i2•D4•j•@in•@Eq•D•@•i2•D8•j•C•@we•@find

•@•@•@•@•@•@•@•@•@•@Pl•Ce•iJ•Ce•j•••Gi•Gtiiia•C•@exp•iˆê1•pi•Dii•G•C•j•@1•p•jO•CˆêˆêTe•qˆêe•q7r•C•@•i2•Dlo•j

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@13

•D•Dèi”]
•@‚Â•@•@•@•@•@•@•@•@

•D“å“ï“ï•c•@•E‰Tˆê
ŠÖ‘p‰V‘Ëˆê

Œû“å—Ù“o
ŒË•x•@•@•@•@•@âÖ•ü

•@Šõ•@‹E•@•@ƒAƒ_•@•@ƒ•‚¤•@ƒT•@‚¨

‘••u•r”ô“å•Eäø’w‘”•P•ä



•@•@‚Þ‚è‚Ê‚Ï‚ •@•@ƒ•‚Ù•@ƒ•
ƒSƒ•ƒCƒ••@ƒˆ•@•@•@•@ƒ[•@‚µ•@•@•@ƒq
•ŽŽQ•æ•f‡j‚Ð•@•A

ƒm

r
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˜h
•§

‘p
Š˜‚±•yŽï

and•@zero•@otherwise•D

•@•@The•@integration•@of•@Eq•D•@•i2•D10•j•@with•@respect•@to•@e•@over•@the•@interval•@•iˆêˆê’š•C•@T•j•@yields

the•@marginal•@probability•@density•@function•@of•@the•@intensity•F

pi•ii•j•@•••@slt•Gi2•@exp•@•iˆê•@fit2•j

12•@O•C •i2•D11•j

and•@zero•@otherwise•D•@Similarly•C•@the•@inŽµegraŽµio•@n•@with•@respect•@to•@l•@over•@the•@interva1

•iO•C•@oo•j•@yields•@the•@marginal•@probability•@density•@function•@of•@the•@phase•F

pe•ie•j

•|‘h
ˆêˆêˆê

@T•@ˆê‚­•@S•q•@7r•C •i2•D12•j

and•@zero•@otherwise•D•@ln•@summary•C•@the•@intensity•@of•@a•@polarized•@speckle•@pattern•@follows

a•@negative•@exponential•@law•C•@while•@the•@phase•@follows•@a•@uniform•@law•D

•@•@•@From•@Eq•D•i2•D11•j•CŽµhe•@mean•@value•C•@the•@second•@moment•C•@and•@the•@variance•@ofŽµhe

intensity•@are•@given•C•@respectively•C•@by

•q1•„•@•••@2a2•C

•q12•„•@•••@2•q•v•„2•C

a•H•@•••@•q12•„•@ˆê•@•q1•„2•@•••@•q1•„2•D

•i2ƒ†3•j

•i2•D14•j

•i2•D15•j

Thus•@the•@contrast•@of•@a•@speckle•@pattern•@defined•@by•@the•@ratio•@C•@•••@ai•^•q1•„•@is•@always

unity•D•@A•@speckle•@paŽµtern•@having•@a•@contrast•@of•@one•@is•@called•@a•@ju•Vy•|developed•@speclde

pattern•D•@The•@reciprocal•@of•@the•@contrast•C•@•q1•„•^ai•C•@is•@considered•@as•@the•@signal•|to•|noise

ratio•@•iS•^N•j•@of•@the•@image•@of•@an•@object•D•@lf•@the•@surface•@of•@the•@object•@is•@optically

rough•C•@the•@image•@with•@S•^N••1•@is•@obtained•@and•@provides•@no•@information•@about•@the

macroscopic•@characteristics•@of•@the•@object•D•@That•@accounts•@for•@many•@speckle•@reduction

techniques•@being•@proposed•@in•@the•@study•@of•@coherent•@imagery•D

2•D3 Spatial•@Properties•@of•@Speckle•@lntensity•@Variations

In•@the•@previous•@section•C•@the•@statistical•@properties•@of•@speckles•@detected•@at•@a•@single

point•@were•@considered•D•@The•@probability•@density•@function•@of•@the•@intensity•@describes

how•@likely•@a•@given•@brightness•@of•@the•@scattered•@light•@is•@to•@be•@measured•D•@However•C•@in

14



order•@to•@describe•@the•@spatial•@structure•@of•@the•@speckle•@pattern•C•@we•@need•@to•@know•@the

correlation•@properties•@of•@intensity•@variations•@in•@space•D•@ln•@this•@section•C•@expressions

for•@the•@autocorrelation•@function•@of•@the•@speckle•@intensity•@are•@given•@in•@general•@forms•D

2•D3•D1•@Autocorrelation•@Function•@of•@Speckle•@lntensity

Consider•@the•@geometry•@for•@producing•@the•@speckle•@field•@shown•@in•@Fig•D•@2•D3•C•@A•@diffuse

object•@is•@located•@inŽµhe•@plane•@u•D•@The•@monochromatic•@and•@linearly•@polarized•@light•@is

incident•@on•@the•@diffuse•@object•C•@and•@the•@scattered•@light•@is•@transmitted•@through•@a•@linear

optical•@system•@to•@the•@observation•@plane•@x•D•@lf•@the•@object•@and•@the•@optical•@system•@do

not•@change•@the•@state•@of•@polarization•@of•@the•@optical•@field•C•@the•@complex•@amplitude•@A•ix•j

of•@the•@speckle•@field•@at•@the•@observation•@point•@x•@is•@expressed•@as

A•ix•j•@•E•E•@f•F“ñE•iu•j•E•iu•jT•iu•Cx•jdu•C
•i2•D16•j

where•@E•iu•j•@is•@the•@amplitude•@distribution•@of•@the•@incident•@light•C•@O•iu•j•@the•@phase

modulation•@introduced•@by•@the•@diffuse•@object•C•@and•@T•iu•C•@x•j•@the•@propagation•@function

•ior•@the•@impulse•@response•@function•j•@of•@the•@optical•@system•D

•@•@The•@purpose•@of•@this•@section•@is•@to•@calculate•@the•@auŽµ•Zcorrelation•@function•@of•@the

intensity•@distribution•@1•ix•j•@•••@IA•ix•j12•C•@which•@is•@given•@by

VI•ixl•Cx2•j•@•••@•q1•ixl•j1•ix2•j•r

•j
U

•i
E

o•@•iu•„

u

T•qu•C•~•j

A•i•~•j

•@Figure•@2•C3•D•@Geometry•@for•@producing•@the•@speckle•@field
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’u•D•f˜D•·••’š

•E•A”ôiˆÆ
•fŠŠ•••A•E‚Ì•D

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•••@•qA•g•ix•C•jA•ixi•jA•ix2•jA•f•ix2•j•r•C•@•i2•D17•j

where•@•–•@denotes•@the•@complex•@conjugate•@and•@the•@average•@is•@taken•@over•@an•@ensemble

of•@diffuse•@objects•D•@Substitution•@of•@Eq•D•@•i2•D16•j•@into•@Eq•D•@•i2•D17•j•@results•@in•@the•@general

formula•@for•@the•@autocorrelation•@function•@of•@the•@intensity•F

•@•@•@•@•@•@ri•iXi•CX2•j•@ˆê•@llff•|oo•D•@E•f•iu•jE•iu•f•jE•iu•h•jE•–•iui•h•j

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•~•qO•f•iu•jO•iu•f•jO•iu•h•jO•–•iui•h•j•„

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@xT•–•iu•Cxl•jT•iu•f•Cxl•jT•iu•h•Cx2•jT•–•iuM•Cx2•jdudutdu•hdu•f•h•D•@•i2•Dls•j

The•@fourth•|order•@moment•@•qO•f•iu•jO•iu•f•jO•iu•h•j0•f•iu•h•f•j•r•@of•@a•@random•@variable•@O•iu•j•@in

the•@integrand•@in•@Eq•D•@•i2•D18•j•@takes•@a•@very•@complex•@form•@even•@in•@the•@cases•@of•@relatively

simple•@scattering•@characteristics•@of•@objects•D•@Fortunately•@enough•C•@for•@circular•@com•|

plex•@Gaussian•@fields•C•@ri•i•~i•C•~2•j•@can•@be•@expressed•@by•@the•@autocorrelation•@function

rA•ixi•Cx2•j•@•••@•qA•f•i•~i•jA•i•~2•j•r•@of•@the•@complex•@amplitude•@x4•ix•j•@as•@•m59•n

•@•@•@•@•@•@•@•@•@Irl•ixl•C•@x2•j•@•••@rA•i•~1•C•@xl•jrA•ix2•C•@x2•j•@•{•@1rA•ixl•Cx2•j12

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•••@•qi•ixi•j•r•qi•ix2•j•r•@•mi•@•{•@lz•Ft7zgSilSl•Gltiilililillss•fi7i•p•D•C•jfi•iiii•@ili•Fill•j•„ii212•n•@•E

Thus•@the•@problem•@is•@reduced•@to•@the•@evaluation•@of•@the•@equation

•@•@•@•@•@•@•@•@•@•@•@•@•@•@rA•i•~i•C•~2•j•@•••••@ff•|co•D•@E•f•iu•jE•iu•f•j•qO•f•iu•jO•iu•f•j•„

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@x•@T•f•iu•C•@xi•jT•iu•f•C•@x2•jdudu•f•D

•@•@For•@further•@calculations•C

object•@is•@so•@fine•@that•@the•@extent•@of•@the•@function•@•qO•f•iu•jO•iu•f•j•r•@is•@muc

the•@extends•@of•@the•@functions•@E•g•iu•jE•iu•f•j•@an

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•qO•f•iu•j0•iu•f•j•r•@•••@AS6•iu•f•@ˆê•@u•j•C

where•@AS•@represents•@the•@correlation•@area•@and•@6•iu•@ˆê•@u•f•j•@is•@a•@two•|di

function•D•@This•@simplification•@leads•@to

•@•@•@•@•@•@•@•@•@•@•@•@rA•ixi•C•@•~2•j•@•••@AS•@f•|oo•D•@IE•iu•j12T•f•iu•C•@•~i•jT•iu•C•@x2•jdu•D

We•@evaluate•@Eq•D•@•i2•D22•j•@in•@two•@different•@optica1•@geometries•D

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@16

•i2•D19•j

•i2•D20•j

we•@assume•@that•@the•@microstructure•@of•@the•@scattering

d•@T•–•iu•C•~1•jT•iu•f•Cx2•j

•@•@•@h•@smaller•@than

•D•@ln•@this•@case•C

•@•@•@•@•@•@•@•@•@•@•i2•D21•j

•@•@imensional•@delta

•i2•D22•j



èi1
•Cˆ­••’s‘›‘›ˆê’wŒì—X‘â•E“«—x•E•C‘ª—‚‹c•`“‹•E•Ž–»

7•C•D•C•D•D•D•D

2•C3•C2•@Free•|Space•@Geometry

For•@the•@free•|space•@propagation•@geometry•C•@the•@propagation•@function•@is•@expressed•@in

Žµhe•@Fresnel•@apProximation•@as•m60•n

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@T•iu•C•@x•j•@•••@z•E•@sliEzR•@exp•@•ili•fllilu•@•Eˆê•@x12•j•C•@•i2•D23•j

where•@A•@is•@the•@optical•@wavelength•@and•@R•@is•@the•@distance•@from•@the•@object•@plane•@to•@the

observation•@plane•D•@By•@substituting•@Eq•D•@•i2•D23•j•@into•@Eq•D•@•i2•D22•j•C•@the•@autocorrelation

function•@of•@the•@complex•@amplitude•@becomes

•@•@•@•@•@•@•@•@•@•@•@•@•@rA•ixi•Cx2•j•@•••••@eet•@S2•@exp•@•m•iltlili•ilx212•@ˆê•@1•~i12•j•n

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@x•@f•DO•CO•C•C•@IE•iu•j12•@exp•@•iˆêˆêˆê•@iitl•oT•@u•Ex•j•@du•C•@•i2•D24•j

where•@X•@•••@x2•@ˆêˆê•@xi•C•@Using•@Eq•D•@•i2•D19•j•C•@we•@obtain

•@•@•@•@•@•@•@•@•@•@r•E•iX•jˆê‚­•EƒA1•{‹¿•u•fX•jŒŒ2•E•i2•E25•j

where•@•q1•„•@•F•@•q1•ixi•j•r•@•••@•q•v•ix2•j•r•D•@Equation•@•i2•C25•j•@consists•@of•@a•@term•@corresponding•@to

the•@average•@intensity•@and•@a•@term•@corresponding•@to•@the•@autocorrelation•@function•@of

the•@fluctuating•@component•@AI•@•••@1•@ˆêˆê•@•q1•„•@of•@the•@speckle•@intensity•D•@The•@average•@size

of•@speckles•@can•@reasonably•@be•@defined•@as•@the•@width•@of•@the•@autocorrelation•@function

of•@intensity•@fiuctuations•@AI•D•@With•@reference•@to•@Eq•D•@•i2•D25•j•C•@the•@average•@speckle•@size

is•@determined•@by•@the•@Fourier•@transform•@of•@the•@intensity•@distribution•@IE•iu•j12•@of•@the

light•@incident•@on•@the•@surface•@of•@the•@object•D•@Thus•C•@the•@speckle•@pattern•@becomes•@finer

as•@the•@illuminating•@area•@becomes•@larger•D

2e3t3•@lmaging•@Geometry
•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@l

Consider•@next•@the•@imaging•@system•@in•@which•@a•@single•@thin•@lens•@is•@located•@in•@the•@plane

x•f•@a•@distance•@d•D•@away•@from•@the•@object•@plane•@u•@and•@a•@distance•@di•@from•@the•@observation

p1ane•@•~•D•@The•@impulse•@response•@function•@of•@this•@imaging•@system•@is•@given•@by•@•m61•n

•@•@•@•@•@•@•@•@•@•@•@•@T•iu•Cx•j•@•••@nt•Cd•@d•C•@exp•@•mk•f•@•i•D1•F•f•F•GilZ12•@•{•@W•D12•j•n
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i
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‹Ã–¦•Rƒ”•D

@‘h
•‹ˆê•@‘¡—u•A•v•@‘é—Û

Š|
–Q’ö•@•œ

1
L

ŒqŽ¥

‹Eˆê

”Z
ŒÐ——•C•e‹fŠ´

•D–¶•f

•E•TI•@t•^•D ‘U•Q•Q•u•E

•~ˆûP•ix•f•jexp•m•¾–×ˆê•p•jlx•f12•n

•@•@•@•@•@xexp•mˆê‰_ƒÎ•i–@•{•º•j•Ex•f•ndx•f•C
•i2•D26•j

where•@P•ix•f•j•@represents•@the•@pupil•@function•@of•@the•@imaging•@system•@and•@f•@is•@the•@focal

length•@of•@the•@system•D•@When•@the•@intensity•@disŽµribution•@of•@the•@incident•@light•@is•@uniform

•iIE•iu•j12•@•••@1•j•C•@the•@autocorrelation•@function•@of•@the•@complex•@amplitude•@becomes

rA•ixl•C•@x2•j•@••
rcAS

•iA2dodi•j

xf•F“ñlp•ix•f•ji2•@exp•iˆê“ox•f•EX•jdx•`

i2•f•@exp•@•mill•^il•G•D•@•i1x212•@ˆê•@tx•C12•j•n

•i2•D27•j

where•@K•@is•@a•@proportionality•@constant•D

yields

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@oo

rJ•iX•j•@•••@•q1•„2 1•\

Substitution•@of•@Eq•D•@•i2•D27•j•@into•@Eq•D•@•i2•D19•j

f•|oo•D•D•@IP•ix•f•j12•@exp•@•iˆêˆê•@ilitiild4•@x•f•E•@x•j•@dx•f

f•F“ñlp•ix•f•j12dx•f

2

•D

•i2•D28•j

Comparison•@of•@Eq•C•@•i2•D28•j•@with•@Eq•D•@•i2•D25•j•@shows•@that•C•@instead•@of•@the•@intensity•@disˆê

Žµribution•@of•@illuminating•@light•C•@the•@inŽµensity•@transmittance•@lP•ix•f•j120f•@the•@lens•@pupil

determines•@the•@coarseness•@of•@the•@speckle•@pattern•@in•@the•@imaging•@geometry•D•@lt•@should

be•@noted•@that•@the•@autocorrelation•@function•@is•@independent•@of•@any•@aberrations•@affect•|

ing•@the•@phase•@of•@P•ix•f•j•D•@Moreover•C•@Eq•D•@•i2•D28•j•@is•@also•@independent•@of•@the•@distance

d•C•@between•@the•@object•@and•@the•@lens•D•@That•@is•C•@the•@statistical•@properties•@of•@a•@speckle

pattern•@in•@image•@space•@are•@not•@affected•@by•@the•@condition•@whether•@the•@object•@is•@in

focus•@or•@out•@of•@focus•D•@This•@result•@indicates•@that•@the•@speckle•@size•@does•@not•@correspond

to•@the•@point•@spread•@of•@the•@imaging•@system•C•@since•@the•@point•@spread•@function•@measured

in•@image•@space•@becomes•@broader•@as•@the•@surface•@of•@the•@object•@moves•@away•@from•@the

focal•@plane•@of•@the•@lens•D

•@•@•@The•@size•@of•@speckles•@can•@readily•@be•@evaluaŽµed•@if•@the•@function•@IE•iu•j120r•@ll•j•ix•f•j12

is•@specified•D•@However•C•@we•@do•@not•@perform•@a•@further•@calculation•C•@and•@only•@make

the•@general•@statement•@that•@the•@speckle•@size•@is•@related•@to•@the•@angle•@that•@the•@area•@of

illumination•@or•@of•@the•@lens•@pupil•@subtends•@at•@a•@point•@in•@the•@observation•@plane•D
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2•D4•@Temporal•@Properties•@of•@Speckle•@lntensity•@Variations

In•@the•@previous•@section•C•@only•@the•@spatial•@properties•@of•@a•@static•@speckle•@pattern•@are

considered•D•@lf•@the•@diffuse•@object•@changes•@with•@time•C•@the•@speckle•@pattern•@also•@evolves•D

In•@this•@section•C•@the•@analysis•@is•@extended•@to•@include•@the•@temporal•@properties•@of•@such•@a

dynamic•@speckle•@paŽµtern•B•@Attention•@is•@restricted•@to•@Gaussian•@speckles•@which•@satisfy

the•@relation•@•i2•D19•j•C•@Moreover•C•@an•@ergodic•@process•@•ifor•@example•C•@see•@•m62•n•j•@is•@assumed

for•@the•@speckle•@fields•D•@Thorough•@reviews•@on•@the•@study•@of•@dynamic•@speckles•@appear•@in

references•@•m3•C•@4•n•D

2•C4•C1•@Space•|Time•@Cross•|Correlation•@Function•@of•@Speckle•@lntensity

For•@Gaussian•@speckles•C•@the•@temporal•@behavior•@of•@dynamic•@speckles•@is•@fully•@described

by•@the•@cross•|correlation•@function•@of•@speckle•@fields•@measured•@at•@different•@positions•@and

times•C

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@rA•ixi•C•@x2•G•@ti•Ct2•j•@•••@•qA•g•i•~i•C•@ti•jA•ix2•C•@t2•j•r•D•@•i2•D29•j

Consider•@a•@rigid•@body•@object•@that•@has•@a•@rough•@plane•@surface•@translating•@in•@its•@own

plane•@at•@a•@constant•@velocity•@v•D•@ln•@this•@case•C•@the•@phase•@modulation•@function•@of•@the

object•@is•@given•@by•@O•iu•@ˆê•@vt•j•C•@and•@its•@correlation•@function•@of•@Eq•D•@•i2•D21•j•@is•@rewritten

as

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•qO•g•iu•@ˆê•@vti•jO•iu•f•@ˆê•@vt2•@•j•r•@•••@AS6•iut•@ˆêuˆê•@vT•j•C•@•i2•D30•j

where•@T••t2•|tl•D•@By•@subsŽµiŽµuŽµing•@Eq•D•i2•D30•jinto•@Eq•D•i2•D20•j•C•@Eq•D•i2•D29•jtakes•@a

form•@of

•@•@•@•@rA•ixi•Cx2•GT•j••ASf•|O•DO•@E•f•iu•jE•iu•{vT•jT•f•iu•Cxi•jT•iu•{vT•Cx2•jdu•D•@•i2•D31•j

•@•@•@In•@order•@to•@evaluate•@Eq•D•@•i2•D31•j•C•@we•@assume•@that•@a•@coherent•@Gaussian•@beam•@with

the•@wavelength•@A•@illuminates•@the•@object•D•@The•@incident•@field•@E•iu•j•@is•C•@then•@given•@by

•@•@•@•@•@•@•@•@•@•@•@•@•@E•iu•j•@•••@ilZi•fi•@exp•@•mi•@•i2i•fliiZZ•@•{•@21111illiiiU12•j•n•@exp•@•iˆêˆê•@•Ell•fiYI2•j•C•@•i2•D32•j

where•@wo•@is•@the•@radius•@of•@the•@beam•@waist•C•@w•@and•@Ro•@are•C•@respectively•C•@the•@radius•@of

the•@beam•@spot•@and•@the•@wavefront•|curvature•@radius•@in•@the•@object•@plane•C•@and•@z•@is•@the

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@19
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1•§•§•·•E•FŒ®1•fˆêˆê•@•x—’1‹¿1”M”£••“ï1‰T‰T˜_—Ù’•âÖ—Ù”ô—Ù“ï•Œ•Då•“å“åŽOŽO

distance•@from•@the•@position•@of•@the•@beam•@waist•@to•@the•@object•@plane•D•@By•@combining

Eqs•D•@•i2•D19•j•C•@•i2•D23•j•C•@•i2•D31•j•C•@and•@•i2•D32•j•C•@we•@obtain•@the•@space•|time•@correlation•@function

of•@the•@speckle•@intensity•@for•@the•@free•|space•@geometry•C

ri•ix•C•@T•j
••••

@•qi•„2•@•ii•@•{•@exp•@•mˆê•@•IIZ•f•@Veltˆê•C•fd•j2•n•@exp•@•i•G1•^i2•@ˆê•@11tVl12•j•j•C

where•@the•@correlation•@time•@T•C•C

are•@given•@by

•i2•C33•j

the•@time•@lapse•@Td•C•@and•@the•@average•@radius•@•q•@of•@speckles

•G•F•G•@•••@•ia2•@1T•C•@•{•@T•C•j•@ii2•@lvl•E

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@Tdˆê‘½ƒÐv•Ex

and
•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@AR
•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•q•@••••

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@TW

with

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@a•@••1•\•@••ˆê•D
•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@Ro

When•@X•@•••@O•@•ixi•@•••••@•~2•j•C•@Eq•D•@•i2•D33•j•@reduces•@to

ri•io•CT•j•@•••@•qi•„2•@•mi•@•{•@exp•@•iˆêElli•j•n•E

•i2•D34•j

•i2•D35•j

•i2•D36•j

•i2•D37•j

•i2•D38•j

Hence•@the•@correlationŽµimeƒÑ•B•@represents•@the•@maXdmum•@time•@interval•@in•@which•@the

intensities•@measured•@at•@the•@same•@point•@but•@different•@time•@instances•@can•@correlate•@with

each•@other•D•@ln•@the•@chapters•@to•@follow•C•@the•@most•@important•@physical•@quantity•@to•@be

studied•@is•@the•@reciprocal•@1•^T•C•@of•@the•@correlation•@time•C•@which•@measures•@the•@fluctuating

rate•@of•@the•@speckle•@intensity•C•@Another•@time•@scale•C•@Td•C•@corresponds•@to•@the•@time•@delay

required•@for•@a•@speckle•@to•@translate•@fromŽµhe•@position•@xl•@to•@the•@position•@closest•@to•@the

point•@•~2•@•••@xl•@•\•@X•D

•@•@For•@imaging•@geometry•C•@we•@employ•@a•@Gaussian•@soft•@aperture•@with•@radius•@a•@as•@a

pupil•@function•@P•ix•f•j•@of•@the•@lens•F

P•ix•f•j•@•••@exp•@•iˆê•D•@•Iitgei•f•C12•j•D

•i2•D39•j
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Substituting•@Eq•D•@•i2•D39•j•@into•@Eq•D•@•i2•D26•j•C•@we•@have•@the•@impulse•@response•@function•@of

the•@imaging•@system•@with•@the•@Gaussian•@aperture•C

•@•@•@•@•@•@•@•@•@•@T•iu•Cx•j•@•••@•v3•CSSdradi•@exp•@•m•v1•f•ii•@•i1itll12•@•{•@•Eltli1212•j•n•@exp•iitan•|ie•j

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•~expCƒ[•Q2•jexp•i•@•@2ux•|1ˆê•@•\•@ˆêp•C•@pi•j•C•i2•›

where•@p•C•@and•@pi•@represent•@the•@widths•@of•@the•@point•@spread•@functions•@in•@the•@object•@and

the•@observation•@planes•C•@respectively•C•@which•@are•@given•@by

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@p•C•••i1•••^liLO•j•@•i1•{e2•ji•^2•@•i2•D•g•j

and

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@pi•@ˆêˆê•f•••@•ilil•^II•e•j•ii•{e2•ji•^2•@•i2•D42•j

with•@e•@being•@a•@defocusing•@parameter•C

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@ƒÃˆêƒÎ•Ý2–×ˆê•p•j•E•@•@•i2•E43•j

Substitution•@of•@Eq•D•@•i2•D31•j•@together•@with•@Eqs•D•@•i2•D32•j•@and•@•i2•D40•j•@into•@Eq•D•@•i2•C19•j•@re•|

sults•@in•@the•@space•|time•@correlation•@function•@of•@the•@speckle•@intensity•@for•@the•@imaging

geometry•C

•@•@•@•@•@•@•@•@•@ri•ix•CT•j•••q1•„2•ii•{exp•mˆêˆê1IZ•Eˆêiili•I1•I•n•I•fˆê•g•f•@2•C7•fd•j2•nexp•ii•^i2•|Vt•C12•j•j•C•@•i2•C44•j

where

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•G1•F•G•••i4•C2•{f•C2•ji•^21vl•C•@•C•@•i2•f45•j

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@Td••ill•^•G2Bv•EX•@•i2•D46•j

and

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@‚­ˆê‰æ•@•@•@•@•i2•D47•j

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@21
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with
6•BR

•\
1

••
0

ƒÊ •i2•D48•j

and

BˆêƒÊ
i•¶•Q1f•jˆê•iƒÊˆê1•j”_•E

•i2•D49•j

In•@deriving•@Eqs•D•@•i2•D44•jˆê•i2•D49•j•C•@it•@has•@been•@assumed•@that•@the•@dimensions•@of•@the•@illu•|

minated•@area•@on•@the•@surface•@are•@much•@larger•@than•@the•@resolution•@limit•@of•@the•@optical

system•D•@The•@correlation•@function•@for•@the•@case•@of•@the•@plane•@wave•@illumination•@is

readily•@obtained•@by•@making•@Ro•@•D•@oo•D

2•D4•C2•@Characteristics•@of•@Speckle•@Motion

First•C1et•@us•@considerŽµhe•@intensity‰¾ctuations•@measured•@at•@a•@single•@point•D•@With

reference•@to•@Eqs•D•@•i2•C34•j•@and•@•i2•D45•j•C•@the•@fiuctuating•@rate•@of•@the•@speckle•@intensity•@is

proportional•@to•@the•@moving•@velocity•@ofŽµhe•@object•@in•@boŽµh•@free•@space•@and•@imaging

geometries•D•@Thus•C•@the•@velocity•@of•@a•@rough•@object•@can•@be•@measured•@from•@the•@intensity

fluctuations•@of•@scattered•@light•@that•@is•@detected•@at•@a•@single•@point•C•@providing•@that•@the

values•@of•@parameters•@which•@characterize•@the•@optical•@system•@are•@known•D•@However•C•@as

will•@be•@seen•@in•@Chapters•@4ˆêˆê8•C•@this•@is•@not•@always•@the•@case•@that•@the•@speckle•@pattern

arises•@from•@two•@or•@more•@diffuse•@objecŽµs•D

•@•@•@Next•C•@the•@properties•@of•@speckle•@motion•@is•@examined•@in•@terms•@of•@the•@change•@in•@its

spatial•@structure•D•@The•@peak•@value•@of•@the•@cross•|correlation•@functions•@of•@Eqs•D•@•i2•D33•j

and•i2•D44•jis•@obtained•@atƒÁ••Td•C•@and•@it•@decreases•@with•@an•@increase•@of•@the•@disŽµance

IXI•D•@Now•@the•@correlation•@distance•@X•C•@can•@reasonably•@be•@defined•@by•@the•@distance•@at

which•@the•@correlation•@peak•@drops•@toƒÃˆêƒ†timesŽµhe•@maximum•@value•C•@i•De•D•C

exp
iTd2•@IXI2‚º•@ƒÄ2•jˆêƒÃˆê1•E

•i2•C50•j

The•@correlation•@distanceŽµakes•@the•@maxdmum•@value•@Xc•Cmax•@when•@X•@is•@parallel•@to•@v•D

Under•@this•@condition•C•@evaluation•@of•@Eq•D•@•i2•D50•j•@yields

Xc•Cmax•@•••@•i•q2•@•{•@a2zv2•j1•^2 •i2•D51•j
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‰£•AŒ²’aŠ™

for•@the•@free•@space•@geometry•C•@and

x•E•Cm•E•Eˆê •i2•D52•j

for•@the•@imaging•@geometry•D

•@•@•@Dynamic•@speckle•@patterns•@exhibit•@two•@different•@temporal•@changes•C•@which•@are•@char•|

acterized•@by•@the•@ratio•@of•@the•@maximum•@correlation•@distance•@X•C•C•D•D•D•@to•@the•@average

speckle•@width•@•q•D•@When•@X•C•C•D•C•D•^•q•@•„•„•@1•C•@the•@speckle•@pattern•@moves•@as•@a•@whole•@without

any•@other•@significant•@change•@in•@the•@pattern•D•@This•@motion•@is•@called•@a•@translation•@of

speckles•C•@and•@typically•@occurs•@in•@the•@diffraction•@field•@under•@divergent•@beam•@illumi•|

nation•@or•@in•@the•@image•@plane•@of•@an•@object•D•@On•@the•@contrary•C•@when•@Xc•Cmax•^•q•@sy•@1•C

the•@individual•@speckles•@change•@their•@shapes•@independently•@of•@each•@other•C•@without

any•@displacement•@of•@their•@positions•D•@This•@motion•@is•@called•@boiling•@of•@speckles•C•@and

typically•@occurs•@in•@the•@far•|field•@of•@an•@object•@or•@the•@focal•@plane•@of•@an•@imaging•@sys•|

tem•@under•@plane•|wave•@illumination•D•@Most•@dynamic•@speckle•@patterns•@contain•@both

translating•@and•@boiling•@elements•D

•@•@•@Finally•C•@the•@moving•@velocity•@V•@of•@the•@speckle•@pattern•@is•@found•C•@by•@evaluating

V•@•••@X•^Td•@under•@the•@condition•@of•@translating•@speckles•@•iX•C•C•C•D•D•D•^•q•@•„•„•@1•j•C•@to•@be

V•••@av •i2•D53•j

for•@the•@free•@space•@geometry•C•@and

V•••@Bv •i2•D54•j

for•@the•@imaging•@geometry•D•@Although•@the•@velocity•@of•@the•@pattern•@depends•@on•@the

illumination•@and•@observation•@conditions•C•@it•@is•@proportional•@to•@the•@velocity•@of•@the

object•D•@However•C•@it•@should•@be•@noted•@that•@this•@quantity•@provides•@no•@physical•@meaning

in•@the•@case•@of•@boiling•@speckles•C•@in•@contrast•@with•@the•@reciprocal•@of•@the•@correlation•@time

that•@has•@a•@proportional•@relationship•@with•@the•@object•@velocity•@in•@any•@types•@of•@speckle

motion•D

2•E4•D3•@Power•@Spectral•@D•Gstr•Gbution•@of•@Speckle•@lntensity•@Fluctuat•Gons

When•@we•@deal•@with•@time•|varying•@signals•C•@it•@is•@often•@convenient•@to•@analyze•@them•@in

the•@time•@frequency•@domain•D•@For•@the•@speckles•@that•@have•@been•@considered•C•@the•@power
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spectrum•@of•@the•@temporal•@intensity•@fluctuations•@is•@given•@by•@a•@Fourier•@transform•@of

its•@autocorrelation•@function•@•m59•n•C

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@8•iƒm•jˆêf•F“ñr•E•i•E•CT•j•@exp•i•Eˆêi27rf7•jdT•E•@•@•i2•E55•j

This•@relationship•@is•@known•@as•@the•@Wiener•|Khinchin•@theorem•D•@Note•@that•@the•@spectrum

in•@this•@case•@does•@not•@refer•@to•@the•@optical•@frequency•@of•@light•@waves•C•@but•@it•@represents

the•@frequency•@distribution•@of•@time•|varying•@intensity•@fluctuations•D•@Substitution•@of

Eq•D•i2•D38•jinto•@Eq•D•i2•D55•jyields•@the•@power•@spectrum•@of•@the•@intensiŽµy•@of•@speckles

produced•@by•@a•@moving•@diffuse•@object•F

S•if•j•@•••@•q1•„2•m6•if•j•@•{•@vi•@FT•C•@exp•iˆêˆê7r2T•C2f2•j•n•C •i2•D56•j

where•@T•C•@is•@given•@by•@Eq•D•@•i2•D34•j•@for•@the•@free•@space•@geometry•@and•@Eq•D•@•i2•C45•j•@for•@the

imaging•@geometry•D•@In•@the•@cases•@that•@Eq•D•i2•D55•jcannot•@be•@evaluated•@anaƒ†ytically•C

a•@numerical•@evaluation•@can•@be•@performed•@by•@means•@of•@the•@fast•@Fourier•@transform

•iFFT•j•@algorithm•D

•@•@•@In•@this•@chapter•C•@the•@fundamental•@properties•@of•@a•@speckle•@pattern•@have•@been•@ex•|

amined•@in•@terms•@of•@the•@statistics•@of•@its•@spatio•|temporal•@intensity•@variations•D•@The

important•@results•@obtained•@for•@speckles•@from•@optically•@rough•@surfaces•@are•@summa•|

rized•@as•@follows•F

•@•@•@•ii•j•@A•@polarized•@speckle•@pattern•@obeys•@negative•@exponential•@statistics•D

•@•@•@•iii•j•@The•@average•@size•@of•@speckles•@is•@determined•@by•@the•@angle•@that•@the•@area•@of

illumination•@or•@of•@the•@lens•@pupil•@subtends•@at•@a•@point•@in•@the•@plane•@forming•@the•@speckle

field•D

•@•@•@•iiii•j•@The•@fiuctuating•@rate•@of•@the•@speckle•@intensity•@and•@the•@translating•@velocity•@of

a•@speckle•@pattern•@are•@proportional•@to•@the•@moving•@velocity•@of•@the•@object•D

•@•@•@•iiv•j•@Translating•@or•@boiling•@motion•@of•@speckles•@is•@observed•@depending•@on•@the•@pa•|

rameters•@of•@the•@optical•@system•@producing•@the•@dynamic•@speckles•D
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•x•fáPˆñ“å•§•§i—£—£t•m•Di”X“åŒªi—ÙllŒq•—1•E“å—†•@ •E“å•uiŠÓ“å“åi
•@•@•@•@•@•@•@•@•@•Dt•@•C“f•D•f•v•E

Chapter•@3

Dynamic•@Speckles•@Formed•@under•@Speckle•|Pattern
•ìumination•@from•@an•@O•@pti•@cal•@Fib•@er

3•C1 1ntroduction

When•@moving•@scatterers•@pass•@across•@a•@coherent•@light•@beam•C•@they•@produce•@a•@moving

random•@interference•@pattern•C•@or•@so•|called•@dynamic•@speckle•C•@in•@the•@surrounding•@field•C

In•@Chapter•@2•C•@it•@was•@shown•@that•@the•@moving•@velocity•@of•@the•@pattern•@depends•@on

various•@parameters•@of•@the•@optical•@system•C•@such•@as•@the•@spot•@size•@and•@the•@radius•@of

curvature•@of•@the•@incident•@beam•C•@and•@the•@location•@of•@the•@detector•D•@The•@most•@important

and•@useful•@fact•@in•@the•@phenomenon•@of•@dynamic•@speckles•@is•@that•@the•@velocity•@of•@the

pattern•@is•@always•@linearly•@proportional•@to•@that•@of•@the•@scatterers•D•@Therefore•@the

behavior•@ofŽµhe•@dynamic•@speckle•@field•@around•@the•@scatterers•@has•@beell•@extensively

investigated•@by•@many•@authors•@•isee•@the•@review•@papers•C•@•m3•C•@4•n•j•@aiming•@at•@measuring

the•@velocity•@of•@the•@scatŽµering•@objects•D•@Several•@workers•@have•@attempted•@to•@employ

optical•@fibers•@in•@the•@experimental•@system•@because•@of•@the•@fiexibility•@of•@the•@fibers•@in

transmitting•@the•@1ight•@between•@the•@object•@and•@the•@measuring•@system•@•i63•C•@64•n•D•@ln•@most

of•@these•@studies•C•@an•@optical•@fiber•@is•@employed•@for•@the•@detection•@of•@scattered•@light•C•@not

for•@the•@illumination•@of•@the•@object•D•@To•@the•@author•fs•@knowledge•C•@a•@few•@studies•@have

been•@conducted•@on•@the•@statistical•@properties•@of•@speckles•@produced•@under•@illumination

from•@an•@optical•@fiber•@•m25•C•@26•n•D

•@•@•@In•@this•@chapŽµer•C•@the•@power•@spectral•@distribution•iPSD•jof•@speckle•@signals•@obŽµained

using•@an•@optical•|fiber•@probe•@•m27•C•@65•n•@is•@analyzed•D•@This•@probe•@consists•@of•@two•@fibers•C

one•@for•@illuminating•@the•@object•@and•@the•@other•@for•@detecting•@the•@speckle•@signals•D•@When

a•@single•|mode•@fiber•@is•@employed•@for•@an•@illuminating•@fiber•C•@the•@light•@field•@incident•@on

the•@object•@is•@approximated•@as•@a•@spherical•@wave•C•@and•@the•@resultant•@speckle•@signals

are•@the•@same•@as•@those•@obtained•@with•@the•@direct•@illumination•@of•@a•@diverging•@laser
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•D•C•D•Cˆê•^•D•Aˆêt•A1•D•D”X“ï”Õ1•w•J•h“QŠØ”X•ø“å“å“å“ï“å“ï“å•E‰T
Žó

•x“åŒª’ß•D

•fˆê•f P

beam•D•@However•C•@the•@light•@emanating•@from•@a•@multimode•@fiber•@produces•@a•@speckle

pattern•@as•@a•@result•@of•@the•@interference•@among•@a•@number•@of•@different•@modes•@of•@the

light•@propagating•@within•@the•@core•D•@The•@speckle•@pattern•@formed•@by•@illuminating•@the

scatterers•@with•@such•@a•@speckle•@pattern•@is•@referred•@to•@as•@speckled•@speckle•@•m11•n•C•@and

its•@temporal•@properties•@are•@expected•@to•@be•@different•@from•@those•@of•@normal•@speckles•D

First•C•@a•@general•@formula•@describing•@the•@PSD•@of•@the•@speckle•@signal•@is•@given•C•@and•@then

it•@is•@evaluated•@for•@various•@optical•@parameters•@of•@the•@fibers•D•@Severaƒ†1imitations•@of•@the

present•@optica1•|fiber•@probe•@for•@velociŽµy•@measurements•@are•@poillted•@out•D

3•D2•@Theoretical•@Analysis

Figure•@3•C1•@illustrates•@the•@optical•@system•@for•@the•@speckle•@field•@detection•@treated•@in•@the

present•@theoretical•@analysis•C•@The•@scatter•@plate•@moving•@with•@velocity•@v•@in•@the•@plane

p•@is•@illuminated•@by•@the•@light•@emerging•@from•@the•@exit•@end•@of•@fiber•@Fi•@located•@in•@the

plane•@u•D•@According•@to•@the•@transverse•@motion•@of•@the•@plate•C•@the•@dynamic•@speckle•@field

is•@produced•@in•@the•@diffraction•Ffield•@and•@is•@deŽµecŽµed•@by•@another•@fiber•@F2•@placed•@in•@the

plane•@r•D•@ln•@Fig•D•@3•D1•C•@the•@illuminating•@and•@detecting•@fibers•@are•@shown•@to•@be•@located

on•@opposite•@sides•@of•@the•@plate•D•@lt•@makes•@no•@difference•@if•@they•@are•@placed•@on•@the•@same

side•D

•@•@•@By•@neglecting•@the•@absorption•@and•@the•@scattering•@losses•@of•@the•@light•@in•@its•@trans•|

mission•@through•@the•@fiber•C•@the•@light•@intensity•@variation•@ls•it•j•@obtained•@from•@the•@exit

end•@of•@the•@detecting•@fiber•@is•@given•@by

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@is•it•j•@•••••@f•D•Dfll•@i•ir•C•@t•jA•ir•jdr•C•@•i3•Di•j

where•@I•ir•C‚Ìis•@the•@speckle•@intensity•@distribution•@in•@the•@plane•@of•@detection•@and•@A•ir•j

is•@the•@aperture•@function•@of•@the•@input•@end•@of•@the•@detecting•@fiber•D•@The•@PSD•@of•@the•@time•|

varying•@signal•@ls•it•j•@is•@expressed•@as•@a•@Fourier•@transform•@of•@the•@correlation•@function

of•@ls•it•j•F

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@S•iƒm•jˆêf•F“ñ•q•Es•it•j•Es•it•{T•j•„exp•iˆêi27rfT•jdT•E•@•i3•D2•j

From•@Eq•D•i3•D1•j•CŽµhe•@correlatioll•@function•@in•@Eq•D•i3•D2•jis•@denoted•@by

rl•C•iT•j•@•••@•qls•it•jls•it•@•\•@T•j•r
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•A•^•I1•IN Detecting
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Figure•@3•D1•D•@Schematic•@diagram•@of•@the•@optical•@system•@for•@the•@dynamic•@speckle•@field•@de•|

tection•@with•@an•@optical•|fiber•@probe•D

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@ˆê•è“ñ•q•E•ir•E•Ct•j•E•ir2•Ct•{T•j•„A•ir1•jA•ir2•jdrldr2•E•@•i3•E3•j

In•@Eq•D•@•i3•D3•j•@the•@intensity•@distribution•@Z•ir•Ct•j•@in•@the•@plane•@of•@detection•@is•@expressed

as

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@i•ir•C•@t•j•@•••@lf•|co•D•@u•ip•C•@t•jK•ip•Cr•jdpi2•C•@•i3•D4•j

where•@K•ip•Cr•j•@is•@the•@propagation•@function•@of•@the•@light•@from•@the•@scatter•@plate•@to

the•@plane•@of•@detection•D•@In•@the•@present•@analysis•C•@the•@fiber•@is•@placed•@in•@the•@Fresnel

diffraction•@field•D•@Then•@the•@function•@K•ip•Cr•j•@becomes

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@K•ip•Cr•j•@•••@•i1•^iAR2•j•@exp•iiTlp•@ˆê•@r12•^AR2•j•D•@•i3•D5•j

The•@function•@U•ip•Ct•j•@in•@Eq•D•@•i3•D4•j•@is•@the•@complex•@amplitude•@distribution•@of•@the•@light

after•@passing•@the•@scatter•@plate•@and•@is•@expressed•@as

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@U•ip•Ct•j•@ˆêT•ip•j•@exp•mio•ip•@ˆêˆê•@vt•jIB•ip•j•D•@•i3•D6•j

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@27
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In•@Eq•D•@•i3•D6•j•C•@T•ip•j•@is•@the•@amplitude•@distribution•@of•@the•@illuminating•@light•@spot•C•@the

term•@exp•m‚ä•ip•|vt•j•pisŽµhe•@phase•@modulaŽµion•@due•@to•@the•@scatter•@plate•C•@and•@B•ip•j

is•@introduced•@with•@reference•@to•@the•@limit•@of•@the•@acceptance•@angle•@or•@the•@numerical

aperture•iNA•jof•@the•@detectingäwer•m65•n•D•@When•@Eq•D•i3•D6•jis•@substituted•@into•@Eq•D

•i3•D4•j•C•@the•@space•|time•@correlation•@function•@of•@1•ir•C•@t•j•@becomes

•@•@rl•irl•Cr2•GT•j•@•••@•q1•irl•Ct•j1•ir2•Ct•@•{•@T•j•r

•@•@•@•@•@•@•@•@•@•@•@•••@ffff•|O•DO•@•qT•–•ip•C•jT•ip•C•jT•ipl•jT•g•iP5•j•r

•@•@•@•@•@•@•@•@•@•@•@•@•@•~•qexp•i•Eˆêˆêˆêi•oip•ip•C•@ˆê•E•@vt•j•@ˆê•@ip•ip2•@ˆê•@vt•j

•@•@•@•@•@•@•@•@•@•@•@•@•@ˆêˆê•@ip•mpl•@ˆê•@v•it•@•\•@T•j•n•@•\•@•‘•mp•f•C•@ˆê•@v•it•@•\•@T•j•n•p•j•„

•@•@•@•@•@•@•@•@•@•@•@•@•@xB•g•ipi•jB•ip2•jB•ipl•jB•f•ipS•j

•@•@•@•@•@•@•@•@•@•@•@•@•@•~K•f•ip•C•Cri•jK•ip2•Cri•jK•ip•f•C•Cr2•jK•f•ip•f2•Cr2•jdp•Cdp•Cdp•f•Cdp•f•C

•@•@•@•@•@•@•@•@•@•@•@•••••@ffffdoo•D•@rT•ipi•C•@p2•C•@p3•C•@ps•jr•‘•ip•C•C•@p•C•C•@pl•Cps•j

•@•@•@•@•@•@•@•@•@•@•@•@•@XrB•ipi•Cp2•Cpl•Cp6•jrK•ipi•Cp2•Cpl•Cp•f2•Gri•Cr2•jdpidp2dpldp•f2•D•@•i3•D7•j

By•@assumillg•@that•@the•@amplitude•@disŽµribution•@T•ip•jof•@the•@illuminating•@spot•@is•@a

complex•@Gaussian•@random•@variable•@•m25•n•C•@the•@correlation•@function•@rT•ipi•Cp2•Cp•fi•Cp•f2•j

can•@be•@divided•@into•@two•@terms•C•@i•De•D•C

•@•@•@•@•@•@•@•@•@•@•@•@rT•ipi•Cp2•Cpl•CpS•j•@ˆê•@•qT•f•ipi•jT•ip2•j•r•qT•ipl•jT•f•ipS•j•r

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•\•qT•f•ipi•jT•ipl•j•r•qT•ip2•jT•f•ipS•j•r•D•@•i3•D8•j

•@•@The•@correlation•@function•@VT•ipi•Cp2•j•@of•@the•@complex•@amplitude•@distribution•@T•ip•j

in•@the•@illuminating•@spoŽµemerging•@from•@an•@opŽµicaläwer•@was•@sŽµudied•@by•@Takai•@and

Asakura•@•m25•n•C•@using•@a•@quasi•|homogeneous•@source•@model•C•@and•@is•@given•@by

•@•@•@•@•@•@•@•@•@rT•ipi•Cp•C•j•@•••@1•Iltli•i••liigll•G•giilli2•j•j•C2•@lo•@exp•mˆêˆêi7r•ilp•C12•@ˆê•@lp•C12•j•^AR•C•n

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@xexp•iˆêˆêlpi•{p212•^292•jexp•iˆêˆêlp2•|p•C12•^2•q•C2•j•C•@•i3•D9•j

whereƒ¿o•@is•@the•@core•@radius•@of•@the•@illuminatingäwer•@and•@determines•@the•@average

speckle•@size•@•qi•@in•@the•@plane•@of•@the•@scatter•@plate•@as

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•g••ARi•^Tao•D•@•i3•D10•j

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@28
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•F•ft fva

The•@spoŽµradius•@q•@in•@the•@plane•@of•@the•@scatŽµer•@plate•@is•@determined•@by•@the•@NA•@a•fnd•@the

core•@diameter•@of•@the•@illuminating•@fiber•@and•@is•@expressed•@as

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@g•@•••@ARi•^T•q2•C

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@i•^•qg•@ˆêˆêˆê•@i•^ag•{1•^•q3•C•@•i3•Dii•j

where•@•qo•@is•@the•@average•@speckle•@size•@in•@the•@exit•@end•@of•@the•@illuminating•@fiber•@and•@is

given•@by•@the•@NA•@of•@the•@illuminating•@fiber•@•m25•n•D

•@•@When•@the•@scatter•@plate•@is•@optically•@rough•C•@the•@following•@approximation•@May•@be

used•@for•@the•@correlation•@function•@Tip•ipi•Cp2•Cp•fi•Cp•f2•j•@of•@its•@phase•@distribution•@•m65•n•F

•@•@•@•@•@•@•@•@•@•@ro•ipi•Cp2•C•@pl•Cp•f2•j•@•••@6•ip2•@ˆê•@p•C•j6•ip•f•C•@ˆê•@p•f•C•j

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•\•@6•ipi•@ˆê•@pl•@•\•@vT•j6•ip2•@ˆê•@p5•@•\•@vr•j

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•iPifP2•j•E•@•i3•D12•j

SubsŽµiŽµuting•@Eqs•D•i3•D5•j•C•i3•D8•j•C•i3•D9•j•C•@and•i3•D12•jinŽµ•ZEq•D•i3•D7•j•C•@we•@have•@the•@space•|

time•@correlation•@function•@ri•iri•Cr2•G•@T•j•@of•@the•@speckle•@intensity•@1•ir•C•@t•j•C•@given•@by

•@•@•@•@•@•@•@•@•@•@•@•@r•E•ir•E•Cr2•GƒA•j••c•E•{c2•{Fl•ir1•Cr2•G7•j•{F2•ir1•Cr2•GT•j•C•@•@•i3ƒ†3•j

where

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@ci•@•••@colfˆê•Df•@•CIB•ip•j12•@exp•iˆê21p12•^g2•jdp12•C•@•i3•D14•j

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@c2•@•••@co•@ff•|oo•D•D•@IB•ipi•j121B•ip2•j12•@exp•iˆêˆêlpi•@•{•@p•C12•^q2•j

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@x•@exp•iˆêlp2•@ˆê•@pi12•^•qi2•jdpidp2•C•@•i3•D15•j

•@•@•@•@•@•@•@•@•@•@•@F•E•ir1•Cr2•GT•jˆê•B•E‚ñƒÖ‚É‚é•ir1•Cr2•CP1•CP2•GT•jdp•Edp2•C•@•i3•E16•j

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@h•iT•j•@•••@exp•iˆêˆêlvT12•^•qi2•j•C

•@•@•@•@•@•@A•iri•Cr2•Cpi•C•@p2•G•@T•j•@•••@B•g•ipi•jB•ipi•@•\•@vT•jB•g•ip2•@•\•@vT•jB•ip2•j

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•~•@exp•mˆê•i12pi•@•\•@vT12•@•\•@12p•C•@•\•@vT12•j•^2q2•n

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•~•@exp•mˆêi27r•i1•^Ri•@•\•@1•^R2•j•ip2•@ˆê•@pi•j•fvT•^A•n

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•~•@exp•mi2T•ir2•@ˆêˆê•@ri•j•E•ip2•@ˆê•@pi•j•^AR2•n•C
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•@•@•@•@•@•@•@•@•@•@•@172•iri•C•@r2•G•@T•j•@•••@co•@ff•|O•DO•@f2•iri•C•@r2•C•@pi•C•@p2•G•@T•jdpidp2•C•@•i3•D17•j

•@•@•@•@•@•@f2•iri•Cr2•Cpi•Cp2•G•@T•j•@•••@B•f•ipi•jB•ipi•@•\•@vT•jB•f•ip2•@•\•@vT•jB•ip2•j

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•~•@exp•iˆêˆêˆêlp•C•@ˆêˆê•@p•C12•^•q•C2•j

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•~•@exp•mˆê•ilpi•@•\•@p212•@•\•@lpi•@•\•@p2•@•\•@2vT12•j•^292•n

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•~•@exp•mˆêi2T•i1•^Ri•@•\•@1•^R2•j•ip2•@•fˆê•@pi•j•fvT•^Al

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•~•@exp•mi2T•ir2•@ˆêˆêˆê•@ri•j•E•ip2•@ˆêˆê•@pi•j•^AR2•n•C

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@co•@•••@•m•iTao•qo•j•^•iA2RiR2•j•n•elo2•D•@•i3•D18•j

By•@substiŽµuting•@Eqs•D•i3•D13•jˆê•i3•D18•jinto•@Eq•D•i3•D3•jand•@changing•@the•@order•@of•@integra•|

tions•C•@the•@correlation•@function•@rs•iT•j•@of•@the•@detected•@signal•@ls•it•j•@can•@be•@written•@in

the•@form

•@•@•@•@rs•iT•j•@ˆêˆê•@ff•|O•DO•@•mci•@•{•@c2•@•{•@Fi•iri•Cr2•G•@T•j•@•{•@F2•iri•Cr2•GT•j•nA•iri•jA•ir2•jdridr2

•@•@•@•@•@•@•@•@•••@Cl•@•\•@C2

•@•@•@•@•@•@•@•@•@•@•@•{c•E‚ñ•iT•j•Ldpldp2•è“ñf•E•ir1•Cr2•CP•E•CP2•GT•jA•ir1•jA•ir2•jdrldr2

•@•@•@•@•@•@•@•@•@•@•@•{coff•|oo•Ddpidp2ff•|O•DO•Df2•iri•Cr2•Cpi•Cp2•GT•jA•iri•jx4•ir2•jdridr2•@•i3•D19a•j

•@•@•@•@•@•@•@•@••Ci•\C2•\gi•iT•j•\g2•iT•j•C•@•i3•D19b•j

where•@gi•iT•j•@and•@g2•iT•j•@correspond•@to•@the•@third•@and•@fourth•@terms•C•@respectively•C•@of•@Eq•D

•i3•D19a•j•D•@The•@amplitude•@transmittance•@of•@the•@light•@is•@again•@assumed•@to•@be•@uniform

in•@the•@core•@region•@of•@the•@detecting•@fiber•@•m65•n•C•@i•De•D•C

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@A•ir•j•@•••i1•^ra2•jcirc•ilrl•^a•j•C•@•i3•D20•j

where•@2a•@is•@the•@core•@diameter•@of•@the•@detecting•@fiber•D•@By•@using•@Eq•D•@•i3•D20•j•C•@the

integration•@for•@ri•@and•@r2•@in•@Eq•D•@•i3•D19a•j•@may•@be•@written•@as

•@•@•@•@•@•@•@•@•@•@•è“ñexp•mi2ƒÎ•ir2•|r1•j•E•iP2•|P1•j•^’œ‚Ý•ir1•jƒI•ir2•jdrldr2

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•|f•F“ñA•ir•jexp•yˆêi2ƒÎ•iP2•|P1•j•Er•^‰ªdr2

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•••F•m2Ji•i2Talp2ˆêˆêˆêpil•^AR2•j•^•i2Talp2•|pil•^AR2•j•n2•C•@•i3•D21•j
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•@•@•@•@•@•@•@•@1“åŒœ•f
•D‰T“ï1‹E
•@•@•@•@•@•@•@•@•@•@•@‹a
—Ä“å“åww•Q•D•D“«•C“å—†

“å“ïŒ®“ïL•C
•@•@•@•@‚ºL•f‹T•f‰••h•¡•@•Q•@•D•Eˆê•@•E•D‚¶–Z

where•@Ji•ix•j•@is•@a•@Bessel•@function•@of•@the•@first•@order•D•@When•@Eq•D•@•i3•D21•j•@is•@substituted

into•@Eq•D•@•i3•D19a•j•C•@gi•iT•j•@and•@g2•iT•j•@become

•@•@•@•@•@•@•@91ƒÖˆê•B•E‚ñ•iT•j•L8•iP1•jB•iP1•{vT•jB•–•iP2•{vT•jB•iP2•j

•@•@•@•@•@•@•@•@•@•@•@•@•@•~•@exp•mˆê•i12pi•@•\•@vT12•@•\•@12p•C•@•\•@vT12•j•^2q2•n

•@•@•@•@•@•@•@•@•@•@•@•@•@•~•@exp•mˆêi2T•i1•^Ri•@•\•@1•^R2•j•ip2•@ˆêˆê•@pi•j•fvT•^A•n

•D•@•~•m2Ji•i2Talp2•|pil•^AR2•j•^•i2Talp2•|p•C1•^AR2•j•n2dp•Cdp•C•@•D•i3•D22•j

and

•@•@•@•@•@•@•@92•iT•jˆê•B•E•è“ñB•–•iP1•jB•iP1•{vT•jB•–•iP2•{v7•jB•iP2•j

•@•@•@•@•@•@•@•@•@•@•@•@•@•~•@exp•iˆêˆêlp2•@ˆê•@pi12•^C•H•j

•@•@•@•@•@•@•@•@•@•@•@•@•@•~•@exp•mˆê•ilpi•@•\•@p212•@•\•@lpi•@•\•@p2•@•\•@2vT12•j•^2q2•n

•@•@•@•@•@•@•@•@•@•@•@•@•@•~•@exp•m•Eˆêˆêi2T•i1•^Ri•@•\•@1•^R2•j•ip2•@ˆê•@pi•j•EvT•^A•n

•@•@•@•@•@•@•@•@•@•@•@•@•@•~•m2Ji•i2Talp2•Eˆêˆêpil•^AR2•j•^•i27ralp2•|pi•m•^AR2•j•n2dp•Cdp•C•D•@•i3•D23•j

•@•@To•@evaluate•@Eqs•C•@•i3•C14•j•C•@•i3•D15•j•C•@•i3•C22•j•@and•@•i3•D23•j•@analytically•C•@we•@approximate

the•@virtual•@spot•@distribution•@B•ip•j•@to•@be•@Gaussian•C•@i•De•D•C

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@B•ip•j•••@exp•iˆêlp12•^s2•j•C•@•i3•D24•j

where•@s•@is•@the•@radius•@of•@the•@virtual•@spot•@•m65•n•C•@The•@autocorrelation•@function•@rs•iT•j•@of

the•@speckle•@signal•@is•@then•@calculated•@from•@Eq•D•@•i3•D19b•j•C•@the•@terms•@of•@which•@are•@given

by•@•isee•@the•@Appendix•@of•@Section•@3•D6•j

•@•@•@•@•@•@•@•@•@•@•@•@ci•••@•icoT2•^4•j•i1•^q2•{1•^s2•j•fˆê2•C•@•i3•D25•j

•@•@•@•@•@•@•@•@•@•@•@•@c2•@•••••@•icoT2•^4•j•i1•^g2•@•{•@1•^s2•jˆê•fi•i1•^•q•C2•@•{•@1•^s2•jˆê•fi•C•@•i3•D26•j

•@•@•@•@•@•@•@•@•@•@91•iT•j••cexp–m•i1•^ƒÄ‚¼•{1•^52•jv2T2•n

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•~•@f•COO•@x•|i•@exp•mˆêˆê•i1•^g2•@•{•@1•^s2•jx2•n•@•v•C2•i2Tax•^AR2•j

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@xJo•i2r•i1•\R2•^Ri•jvTx•^AR2•jdx•@•i3•D27•j
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J•@1•D•C1•D•@•Cr•ff•D•E•f1•D•frri•fi•^•C•D•CˆêFiˆê•^•f1•E•E•m•G•D•@L•Fi•E•hr•EL•|ii•f•^•E

‘y
•@•@‰m

•ï
‘Ê•D•E•D•f‚Ö•D•D•f

•D•DFŠ“—î
•AŠ¨

ˆê“ï‹¨
•“Š™•£

‰à•@•A‘»•÷•@•v•D•E
—Ù•“•D

u•@

•g•A•uŠš‚¼•D‚¸

•¸•v•B•Dƒh•E•@’ª‘›•A

•x•E•f I•A•E•C•E•DŒœ˜X•E•@ˆê•E•D‚ïƒ‚Š–•c•h•@•DêG

‚À1•E

@•@•@•@•@•@•¥•u–¼ŒF“Q

•@ma•fwalex•Ditwwwew

and

•@•@•@•@•@•@•@•@•@•@•@g2•iT•j•@•••••@c•@exp•mˆê•i1•^g2•@•{•@1•^s2•jv2T2•n

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•~•@f•COO•@x•|i•@exp•mˆê•i1•^•q•C2•@•{•@1•^s2•jx2•n•vi2•i2Tax•^AR2•j

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@xJo•i2r•i1•\R2•^Ri•jv7x•^AR2•jdx•@•i3•D28•j

where

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@c•••iƒÎ2ƒ¿1ƒÄ31•Bqs•j2•^•m2ƒ¿2ƒÉ6•º‰N1•i92•{32•j•z•C•@•@•@•i3•D29•j

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@v•••@lvl•C•@•i3•D30•j

and•@Jo•ix•j•@is•@a•@Bessel•@function•@of•@zero•@order•D•@The•@PSD•@of•@ls•it•j•@is•@finally•@obtained•@by

using•@Eq•D•@•i3•D2•j•@as•@the•@Fourier•@transform•@of•@the•@above•@equations•F

•@•@•@•@•@•@•@•@•@5•i•ç•jˆêcf•F“ñ•y91•iT•j•{92•iT•j1exp•iˆêi27rfT•jdT•{•ic1•{c2•jƒÂ•iƒm•j

•@•@•@•@•@•@•@•@•@•@•@•@•@ˆêS•D•if•j•\Sb•if•j•\•ici•\•B2•j6•if•j•C•@•i3•D31•j

where

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@S•D•if•j•@••cf•|oo•D•@gi•iT•j•@exp•iˆêi27rf7•f•jdT•C•@•i3•C32•j

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@86•if•jˆêcf•F“ñ92•i’š•jexp•iˆêi27rfT•jd7•f•E•@•@•i3•E33•j

•@•@Before•@showing•@the•@theoretical•@curves•@of•@the•@PSD•C•@the•@properties•@of•@the•@above

equations•@are•@first•@examined•D•@Note•@that•C•@in•@Eqs•D•@•i3•D27•j•@and•@•i3•D28•j•C•@the•@variable•@T•@is

always•@multiplied•@by•@v•C•@i•De•D•C

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@gl•C2•iT•j•@•••@gl•C2•iV7•f•j•D

The•@PSD•@given•@by•@the•@sum•@of•@the•@Fourier•@transforms•@of•@these•@functions•@has•@the

variable•@f•^v•@•m66•n•C•@and•C•@therefore•C•@1•^v•@becomes•@the•@scaling•@factor•D•@Hence•@the•@cutoff

frequency•@defined•@by•@the•@half•|width•@of•@the•@PSD•@of•@the•@speckle•@signal•@is•@seen•@to•@be

linearly•@proportional•@to•@the•@velocity•@of•@the•@scatter•@plate•D
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•A•AŒï•@•D•Q•Dé½“Z1“ï•xŒª

•@•@N1•I•I1r1ytr•Dˆê•C•C

“åèi•c•D“å

•@•@In•@the•@limit•@of•@•qo•@•D•@oo•C•@Eq•D•@•i3•D31•j•@gives•@the•@PSD•@function•@for•@the•@case•@of•@the

scatter•@plate•@illuminated•@with•@a•@single•|mode•@fiber•D•@ln•@this•@case•@Eq•D•@•i3•D11•j•@becomes

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•Cli•|m•D•@i•^•qg•@ˆê•@•Cgi•|m•D•ii•^ag•@•{•@i•^•qg•j•@ˆê•@i•^•Dg•C

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@q•@•••@ARi•^Tao•@•••@•qi•E

Then•@Eqs•D•@•i3•D27•j•@and•@•i3•C28•j•@may•@be•@simplified•@as

gi•iT•j•@•••@g2•iT•j

•@•@•@•@••cexp–m•i1•^92•{1•^s2•jv2T2•z

•@•@•@•@•@•@•~•@f•COO•@x•|i•@exp•mˆê•i1•^q2•@•{•@1•^s2•jx2•n•@•v•C2•i2Tax•^AR2•j

•@•@•@•@•@•@x•@Jo•i27r•i1•\R2•^Rl•jVTX•^ƒÉ•DR2•jdx•D •i3•D34•j

3e3 Theoretical•@Results•@and•@Discussion

To•@obŽµaiIl•@the•@theoretical•@curves•@ofŽµhe•@PSD•@ofŽµhe•@speckle•@signaƒ†s•C•@the•@equations

obtained•@in•@the•@previous•@section•@are•@now•@evaluated•@as•@a•@function•@of•@the•@following

variables•F

•@•@•@•i1•j•@Moving•@velocity•@v•@of•@the•@object•@scatter•@plate•D

For•@the•@illuminating•@fiber•C

•@•@•@•i2•j•@Core•@diameter•@2ao•C

•@•@•@•i3•j•@llluminating•@spot•@diameter•@2g•C

•@•@•@•i4•j•@Distance•@Ri•@from•@its•@exit•@end•@to•@the•@plate•D

For•@the•@detecting•@fiber•C

•@•@•i5•j•@Core•@diameter•@2a•C

•@•@•i6•j•@Virtual•@spot•@size•@2s•C

•@•@•i7•j•@Distance•@R2•@from•@the•@plate•@to•@its•@input•@end•D

As•@was•@explained•@in•@the•@previous•@section•C•@the•@velocity•@v•@of•@the•@scatter•@plate•@has•@no

effect•@on•@the•@profile•@of•@the•@PSD•@but•@is•@directly•@proportional•@to•@the•@spread•@of•@the•@PSD

or•@its•@cutoff•@frequency•@f•C•D•@For•@example•C•@when•@the•@velo•@city•@of•@the•@plate•@becomes•@twice

as•@fast•@as•@the•@original•@value•C•@the•@cutoff•@frequency•@of•@the•@speckle•@signal•@detected•@by

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@33
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the•@probe•@is•@simply•@doubled•D•@Therefore•C•@we•@focus•@in•@this•@section•@on•@the•@effect•@of•@the

other•@variables•@•i2•jˆê•i7•j•@on•@the•@profile•@of•@the•@PSD•D

•@•@•@The•@theoretical•@curves•@of•@the•@PSD•@as•@a•@function•@of•@the•@core•@diameters•C•@2ao•@and

2ƒ¿•Cof•@the•@illuminating•@and•@detectingäwers•@are•@eva•Iuated•@by•@means•@of•@a•@numerical

method•@including•@the•@fast•@Fourier•@transform•iFFT•j•D•@For•@simplicity•C•@the•@distance•@RƒG

in•@Fig•D•@3•D1•@is•@set•@equal•@to•@R2•@throughout•@the•@following•@evaluations•D•@This•@condition

of•@Ri•@•••••@R2•@•••@R•@is•@reasonable•@for•@the•@simple•@fiber•@probe•@introduced•@in•@•m65•n•D

•@•@•@Figure•@3•D2•@shows•@examples•@of•@the•@theoretical•@curves•@of•@the•@PSD•@for•@various•@values

of•@the•@core•@diameters•@of•@the•@fiber•@pair•D•@For•@simplicity•C•@the•@size•@of•@the•@illumination

spot•@2g•@on•@the•@scatter•@plate•@is•@set•@equal•@to•@that•@of•@the•@virtual•@spot•@2s•D•@The•@values

of•@the•@parameters•@other•@than•@the•@core•@diameters•@are•@R•@•••@10•@mm•C•@2g•@•••@2s•@•••@2

mm•C•@andŽµhe•@velocity•@v••20•@mm•^s•@of•@the•@scatter•@plaŽµe•D•@The•@dashed•@lines•@in•@Fig•D

3•D2•ia•j•@show•@the•@theoretical•@results•@calculated•@from•@Eq•D•@•i3•D34•j•@for•@the•@limiting•@case

of•@the•@illumination•@with•@a•@single•|mode•@fiber•D•@ln•@this•@limit•C•@the•@speckle•@pattern•@in•@the

plane•@of•@detection•@is•@translated•@according•@to•@the•@motion•@of•@the•@scatter•@plate•@without

changing•@its•@granular•@form•@•ispeckle•@translation•@or•@freezing•@•m3•C•@67•n•j•D•@lt•@is•@seen•@from

Fig•D3•D2•@that•@the•@spread•@of•@the•@PSD•@or•@its•@cutoff•@frequency•@fc•@is•@inversely•@proportionaƒ†

to•@the•@core•@diameter•@2a•@of•@the•@detecting•@fiber•D•@This•@is•@due•@to•@the•@spatial•@integration•@of

the•@moving•@speckle•@field•@over•@the•@core•@region•D•@With•@an•@increase•@in•@the•@core•@diameter

of•@the•@illuminating•@fiber•C•@the•@speckle•@size•@in•@the•@illuminating•@spot•@becomes•@smaller•C

and•@then•@the•@moving•@speckle•@field•@in•@the•@plane•@of•@detection•@begins•@to•@boil•@•m3•C•@67•n

according•@to•@the•@motion•@ofŽµhe•@scatter•@plate•D•@This•@effect•@of•@speckle•@boiling•@produces

other•@low•|frequency•@signals•C•@which•@are•@mixed•@with•@the•@original•@signal•@because•@of•@the

trans•Iation•@of•@the•@speckle•@pattern•D•@The•@solid•@lines•@in•@Figs•D•@3•D2•ia•j•@and•@3•D2•ib•j•@show•@this

process•@with•@the•@illuminating•@fibers•@of•@core•@diameters•@2ao•@•••@20•@pam•@•mFig•D•@3•D2•ia•j•n•@and

2ao•@•••@50•@pam•@•iFig•C•@3•D2•ib•j•n•D•@The•@PSD•@curves•@for•@this•@case•@are•@seen•@to•@be•@narrower•@than

those•@for•@the•@single•|mode•@fiber•@because•@of•@the•@relative•@increase•@of•@the•@low•|frequency

component•D•@With•@a•@further•@increase•@in•@the•@core•@diameter•@of•@the•@illuminating•@fiber•C

the•@speckle•@size•@in•@the•@illuminating•@spot•@becomes•@very•@small•D•@Then•@the•@speckle•@field

in•@the•@plane•@of•@detection•@boils•@fast•C•@even•@with•@only•@a•@small•@displacement•@of•@the•@scatter

plate•@•m8•n•D•@Figure•@3•D2•ic•j•@shows•@this•@effect•@with•@the•@illuminating•@fiber•@of•@core•@diameter

2ƒ¿o••400ƒÊm•CwhereŽµhe•@PSD•@curves•@are•@seen•@to•@be•@broader•@than•@those•@in•@Figs•D

3•D2•ia•j•@and•@3•C2•ib•j•D
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Figure•@3•D2•D•@Theoretical•@curves•@of•@the•@PSD•@of•@the•@speckle•@signal•@as•@a•@function•@of•@the•@core

diameters•@of•@the•@illuminating•@and•@detecting•@fibers•D•@The•@dashed•@lines•@in•@•ia•j•@show•@PSD•fs

with•@Gaussian•|beam•@illumination•G•@the•@solid•@lines•@show•@those•@with•@the•@illuminating•@fiber

having•@a•@core•@diameter•@of•@2ao•@•••••@20•@pm•D•@Symbols•@show•@the•@different•@core•@diameters•@2a•@of

the•@detecting•@fibers•F•@50•@pam•@•ie•j•C•@20•@ptm•@•iˆê•j•C•@10•@pam•@•iA•j•C•@5•@ptm•@•iV•j•D•@•ib•j•@and•@•ic•j•@show

similar•@results•@for•@illuminating•@fibers•@with•@core•@diameters•@of•@2ao•@•••@50•@ptm•@and•@2ao•@•••@400

ptm•C•@respectively•D•@Other•@parameters•@are•@fixed•F•@the•@illuminating•@spot•@size•@2g•@•••••@2•@mm•C•@the

virtual•@spot•@size•@2s•@•••@2•@mm•C•@and•@the•@velocity•@of•@the•@scatter•@plate•@v•@•••@20•@mm•^s•D
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ƒA

•@•@•@The•@variation•@of•@the•@cutoff•@frequency•@fc•@versus•@the•@core•@diameter•@2ƒ¿o•@ofŽµhe•@il•B

1uminatingäwer•@is•@plotted•@in•@Fig•D3•D3•@for•@four•@detecting•@fibers•@having•@different•@core

diameters•D•@Again•@the•@other•@parameters•@are•@set•@to•@be•@R•@•••@10•@mm•C•@2q•@•••@2s•@•••@2

mm•C•@and•@v•@•••@20•@mm•^s•D•@The•@filled•@circles•@on•@the•@y•@axis•@indicate•@the•@cutoff•@fre•|

quencies•@calculated•@from•@Eq•D•@•i3•D34•j•@for•@the•@minimum•@value•@of•@the•@core•@diameter•@2ao

corresponding•@to•@the•@single•|mode•@illumination•D•@The•@tendencies•@mentioned•@above•@are

clearly•@seen•@from•@this•@figure•D•@It•@is•@interesŽµing•@to•@note•@that•@the•@cutoff•@frequency•@drops

sharply•@to•@the•@minimum•@value•@in•@case•@of•@a•@detecting•@fiber•@with•@a•@small•@core•@diameter•D

The•@core•@diameter•@of•@the•@illuminating•@fiber•@giving•@the•@minimum•@cutoff•@frequency•@in•E•E
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Figure•@3•D3•D•@Theoretical•@values•@of•@the•@cutoff•@frequency•@f•C•@of•@the•@PSD•@as•@a•@function•@of

the•@core•@diameter•@2ao•@of•@the•@illuminating•@fiber•D•@The•@four•@curves•@correspond•@to•@the•@speckle

signals•@detected•@through•@the•@four•@different•@fibers•@with•@core•@diameters•@of•@2a•@•••••@5•C•@10•C•@20•C•@50

pm•C•@Other•@parameters•@are•@the•@same•@as•@those•@in•@Fig•D•@3•D2•D
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creases•@with•@an•@increase•@inŽµhe•@core•@diameter•@2ƒ¿of•@the•@detecting•@fiber•D•@Moreover•C

the•@relative•@depth•@at•@the•@minimum•@cutoff•@frequency•@is•@inversely•@proportional•@to•@the

core•@diameter•@2a•C•@Although•@this•@phenomenon•@may•@result•@from•@the•@spatial•@integra•|

tion•@of•@speckles•@in•@the•@core•@region•@of•@the•@detecting•@fiber•C•@a•@clear•@explanation•@for•@such

complicated•@variations•@of•@the•@cutoff•@frequency•@has•@not•@yet•@been•@given•D

•@•@•@Next•C•@we•@examineŽµhe•@variation•@of•@the•@PSD•@against•@the•@size•@of•@the•@illuminating

spot•@andŽµhe•@virtual•@spot•@in•@the•@plane•@of•@the•@scatter•@plate•EFor•@a•@detecting•@fiber•@with

•Da•@large•@core•@diameter•C•@the•@effect•@of•@the•@virtual•@spot•@size•@is•@negligible•@•m65•n•C•@and•@the

spread•@of•@the•@PSD•@is•@determined•@mainly•@by•@the•@Fourier•@transform•@of•@the•@amplitude

transmittance•@at•@the•@input•@end•@of•@the•@detecting•@fiber•D•@As•@an•@example•C•@consider•@the

case•@when•@a•@detecŽµingäwer•@with•@a•@core•@diameter•@of•@2ƒ¿••50ƒÊm•@is•@placed•@a•@distance

R•@•••••@10•@mm•@from•@the•@scatter•@plate•@illuminated•@by•@a•@He•|Ne•@laser•D•@The•@interference

fringes•@produced•@by•@pairs•@of•@scattering•@cells•@whose•@separation•@distances•@are•@larger

than•@the•@valueƒÉR•^ƒÎƒ¿cr•@80ƒÊm•i•FFourier•@transform•@ofŽµhe•@detecting•@aperture•jare

all•@spatially•@intergrated•@in•@the•@aperture•D•@Hence•C•@if•@the•@sizes•@of•@both•@the•@illumination

spot•@2q•@and•@the•@virtual•@spot•@2s•@are•@much•@larger•@than•@80•@pam•C•@these•@spots•@have•@no

effect•@on•@the•@spread•@of•@the•@PSD•D•@For•@a•@detecting•@fiber•@with•@a•@smaller•@core•@diameter•C

the•@spread•@of•@the•@PSD•@depends•@on•@both•@2q•@and•@2s•D•@When•@the•@core•@diameter•@of•@the

illuminating•@fiber•@becomes•@large•C•@or•@when•@the•@speckle•@size•@•qi•@becomes•@much•@smaller

than•@the•@virtual•@spot•@size•@2s•C•@the•@spread•@of•@the•@Gaussian•@functions•@in•@Eqs•D•@•i3•D27•j

and•@•i3•D28•j•@can•@be•@written•@as

1•^ƒÄ•f•{1•^82•º‚Æ1•^ƒÄ•f•D

Then•@we•@have•@the•@relationship

gl•C2•iT•C•@9•CS•j•@•••@gl•C2•iT•C•@S•Cq•j•D

Thus•@the•@smaller•@value•@of•@2g•@or•@2s•@influences•@the•@PSD•@in•@this•@case•D•@Figure•@3•D4•@shows

examples•@of•@the•@theoretical•@curves•@of•@PSD•fs•@calculated•@as•@a•@function•@of•@2g•@and•@2s•@for

typical•@values•@of•@the•@core•@diameters•@of•@both•@illuminating•@and•@detecting•@fibers•D•@The

distance•@R•@and•@the•@velocity•@v•@are•@chosen•@to•@be•@10•@mm•@and•@20•@mm•^s•C•@respectively•D

As•@was•@mentioned•@above•C•@it•@can•@be•@seen•@from•@Fig•D•@3•D4•ia•j•C•@which•@shows•@the•@results•@for

apair•@of•@thinneräwers•i2ƒ¿o••10ƒÊm•@and•@2ƒ¿••10ƒÊm•j•C•@that•@the•@spread•@of•@the•@PSD
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scatter•@plate•D•@Figure•@3•D5•@shows•@theoretical•@curves•@of•@the•@cutoff•@frequency•@variation

against•@the•@probing•@distance•@R•@for•@several•@different•@combinations•@of•@i11uminating

and•@detecting•@fibers•D•@The•@beam•@divergence•@angle•@2g•^R•@of•@the•@illuminating•@fiber•C•@the

acceptance•@angle•@2s•^R•@of•@the•@detecting•@fiber•C•@and•@the•@velocity•@v•@are•@O•D2•C•@O•D2•C•@and•@20

mm•^s•C•@respectively•C•@With•@a•@decrease•@in•@the•@distance•@R•C•@the•@speckle•@size•@in•@the•@plane

of•@the•@scatter•@plate•@decreases•@and•C•@as•@was•@mentioned•@above•@for•@the•@results•@in•@Fig•D•@3•D2•C

the•@cutoff•@frequency•@gradually•@takes•@a•@higher•@value•D•@This•@tendency•@is•@remarkable

in•@case•@of•@the•@illuminating•@fiber•@with•@a•@large•@core•D•@Figure•@3•D5•@also•@shows•@the•@lower

limit•@of•@the•@probing•@distance•@to•@the•@moving•@scatter•@plate•C•@At•@this•@limit•C•@the•@cutoff

frequency•@becomes•@independent•@of•@the•@probing•@distance•D•@For•@example•C•@the•@probe

consisting•@of•@a•@pair•@of•@fibers•@with•@core•@diameŽµers•@2ƒ¿o••50ƒÊm•@and•@2ƒ¿••50•@pS•@m

can•@reach•@a•@point•@about•@5•@mm•@away•@from•@the•@moving•@scatter•@plate•@without•@being

affected•@by•@any•@error•@due•@to•@•f”‚?‚…•@probing•@distance•D

3•C4 Experiments

•@•@•@Several•@experiments•@were•@conducted•@to•@verify•@the•@theoreticaƒ†results•@obtained•@in

the•@previous•@section•D•@Figure•@3•D6•@illustrates•@the•@present•@optical•@arrangement•D•@The

He•|Ne•@laser•@beam•@passes•@through•@fiber•@Fi•@and•@illuminates•@a•@rotating•@ground•@glass

plate•@Sp•@•i•”400•j•C•@which•@is•@used•@as•@a•@moving•@scatter•@plate•D•@The•@dynamic•@speckles

V•£IIll

He•|Ne•@Laser

F F2

PM

sp

•@FFT
Anatyzer

Amptifier

Figure•@3•D6•D•@Experimental•@arrangement•@of•@the•@speckle•@field•@detection•@with•@an•@optical•|fiber

probe•D
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Table•@3•C1•D•@Properties•@of•@the•@Fibersa

Core•@Diameters•@2a•@•ipam•j

10 30 37 50 80 600

Diameters•@of

Illuminating•@Spots
•@•@•@•@2g•@•imm•j

Virtual•@Spots

•@•@•@•@2s•imm•j•@1•D61

O•D74•@ˆê•@O•D74•@1•D49•@1•C19

•@•@•@•@•@3•D92

aR•@••6•@mm•D

produced•@by•@the•@scatter•@plate•@are•@received•@by•@another•@fiber•C•@F2•D•@The•@speckle•@signal

is•@detected•@at•@the•@exit•@end•@of•@fiber•@F2•@by•@a•@photomultiplier•C•@PM•C•@and•@its•@PSD•@is

measured•@by•@using•@a•@FFT•@analyzer•D•@ln•@the•@present•@experiment•C•@several•@fiber•@cords

with•@different•@values•@of•@core•@diameter•@and•@numerical•@aperture•@were•@used•D•@Although

not•@many•@combinations•@of•@the•@illuminating•@and•@detecting•@fibers•@have•@been•@used•C

most•@features•@of•@the•@PSD•@variation•@revealed•@from•@the•@theoretical•@results•@are•@verified

in•@the•@following•@experiments•D•@The•@core•@diameters•@of•@the•@illuminating•@fiber•@Fi•@were

chosen•@to•@be•@30•C•@50•C•@80•C•@and•@600•@pam•C•@and•@those•@of•@the•@detecting•@fiber•@F2•@were•@10

and•@37•@pam•C•@The•@diameters•@of•@the•@illuminating•@spot•@2g•@on•@the•@scatter•@plate•@and•@the

virtual•@spot•@2s•@were•@measured•@experimentally•@•m65•n•@and•@are•@shown•@in•@Table•@3•D1•D

•@•@•@In•@the•@first•@experiment•C•@the•@effect•@of•@the•@core•@diameter•@2ao•@of•@the•@illuminating

fiber•@on•@the•@PSD•@of•@speckle•@signals•@was•@studied•D•@Figure•@3•D7•@shows•@examples•@of

experimental•@results•@of•@the•@PSD•@for•@three•@different•@values•@of•@2ao•D•@Figure•@3•D7•ia•j

shows•@spectra•@obtained•@through•@a•@detecting•@fiber•@with•@a•@core•@diameter•@of•@2a•@•••@10

ptm•C•@while•@Fig•D•@3•D7•ib•j•@shows•@spectra•@for•@2a•@•••@37•@•”m•D•@The•@probing•@distance•@R•@was•@6

mm•C•@and•@the•@velocity•@v•@of•@the•@scatter•@plate•@was•@10•C1•@and•@19•D5•@mm•^s•@for•@Figs•D•@3•D7•ia•j

and•@3•D7•ib•j•C•@respectively•C•@lt•@is•@seen•@from•@these•@figures•@that•@the•@spread•@of•@the•@PSD

becomes•@broader•@with•@an•@increase•@in•@the•@core•@diameter•@of•@the•@illuminating•@fiber•D•@This

is•@because•@the•@speckle•@size•@in•@the•@illuminating•@spot•@becomes•@extremely•@small•@for•@a

fiber•@with•@a•@very•@large•@core•@diameter•D•@Therefore•@the•@speckle•@pattern•@in•@the•@detecting

plane•@boils•@rapidly•@within•@the•@shbrt•|range•@displacement•@of•@the•@scatter•@plate•D•@lt•@is

interesting•@to•@note•@from•@Fig•D3•D7•ib•jthat•@the•@spread•@of•@the•@PSD•@for•@theäwer•@with•@an

80•|pam•@diameter•@is•@narrower•@than•@that•@for•@the•@fiber•@with•@the•@30•|pam•@diameter•D•@This•@is
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Figure•@3•C7•D•@Variations•@of•@the•@PSD•@as•@a•@function•@of•@the•@core•@diameter•@of•@the•@illuminating

fibers•D•@•ia•j•@and•@•ib•j•@are•@the•@experimental•@results•@detected•@by•@the•@fibers•@with•@core•@diameters

of•@2a•@•••@10•@pam•@and•@2a•@•••@37•@pm•C•@respectively•D•@The•@ve•Iocity•@of•@the•@scatter•@plate•@is•@•ia•j

v•@•••@10•D1•@mm•^s•@and•@•ib•j•@v•@•••@19•D5•@mm•^s•D•@•ic•j•@and•@•id•j•@are•@the•@corresponding•@theoretical

curves•D

shown•@in•@Fig•D•@3•D2•D•@Comparison•@of•@Figs•D•@3•D7•ia•j•@and•@3•C7•ib•j•@also•@shows•@that•@the•@spread

of•@the•@PSD•@becomes•@narrower•@with•@an•@increase•@in•@the•@core•@diameter•@of•@the•@detecting

fiber•D•@Note•@that•@the•@velocity•@of•@the•@scatter•@plate•@in•@Fig•D•@3•D7•ia•j•@is•@nearly•@twice•@that

in•@Fig•D•@3•D7•ib•j•D•@•f•n•Hhe•@corresponding•@theoretical•@curves•@of•@the•@PSD•@were•@evaluated•@by

substituting•@the•@given•@parameters•@into•@Eqs•D•@•i3•D25•jˆê•i3•D33•j•@and•@are•@•Cplotted•@in•@Figs•D

3•D7•ic•j•@and•@3•D7•id•j•D•@The•@theoretical•@results•@in•@Figs•D•@3•D7•ic•j•@and•@3•D7•id•j•@are•@in•@excellent

agreement•@with•@the•@experimental•@curves•@in•@Figs•D•@3•D7•ia•j•@and•@3•D7•ib•j•D

•@•@In•@the•@second•@experiment•C•@the•@variation•@of•@the•@PSD•@as•@a•@function•@of•@the•@probing

distance•@R•@and•@the•@core•@diameter•@2ao•@of•@the•@illuminating•@fiber•@was•@studied•D•@Figure
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3•D8•ia•j•@shows•@the•@results•@of•@the•@PSD•@for•@the•@speckle•@signals•@produced•@by•@an•@illuminatˆê

ing•@fiber•@with•@a•@core•@diameter•@of•@50•@pam•@and•@measured•@through•@a•@detecting•@fiber•@with

a•@core•@diameter•@of•@10•@pam•@placed•@at•@two•@different•@probing•@distances•C•@R•@•••@6•@mm•@and

R••3mm•D•@Here•@the•@core•@diameŽµers•@of•@the•@detecting•@fiber•@and•@the•@object•@velocity

are•@2a•@•••@10•@pam•@and•@v•@•••••@10•C1•@mm•^s•C•@respectively•D•@ln•@Fig•D•@3•D8•ia•j•@no•@difference•@is

seen•@between•@the•@results•@for•@two•@different•@probing•@distances•D•@Figure•@3•D8•ib•j•@shows

the•@resu•Its•@for•@an•@i11uminating•@fiber•@with•@a•@core•@diameter•@of•@600•@pam•D•@The•@PSD•@is

seen•@to•@get•@broader•@wiŽµh•@a•@decrease•@inŽµhe•@probing•@distance•EThese•@results•@were

predicted•@in•@the•@theoretical•@curves•@shown•@in•@Fig•D•@3•D5•D•@ln•@Figs•D•@3•D8•ic•j•@and•@3•D8•id•j•@the

corresponding•@theoretical•@curves•@of•@the•@PSD•@were•@calculated•@from•@Eqs•D•@•i3•D25•jˆêˆê•i3•D33•j
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Figure•@3•D8•C•@Variations•@of•@the•@PSD•@as•@a•@function•@of•@the•@probing•@distance•D•@•ia•j•@and•@•ib•j

are•@the•@experimental•@results•@for•@the•@illuminating•@fiber•@with•@core•@diameters•@of•@2ao•@•••••@50•@pm

and•@2ao•@•••@600•@•”m•C•@The•@velocity•@of•@the•@scatter•@plate•@is•@v•@•••@10•D1•@mm•^s•D•@•ic•j•@and•@•id•j•@are

the•@corresponding•@theoretical•@curves•D
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g•fe•Ew•E•@•Dˆês•C

and•@plotted•@for•@comparison•D•@Excellent•@agreement•@between•@the•@experimental•@and•@the

theoretical•@results•@is•@observed•@in•@Fig•D•@3•D8•D

•@•@•@In•@the•@last•@experiment•C•@the•@variation•@of•@the•@cutoff•@frequency•@against•@the•@moving

velocity•@of•@the•@object•@was•@studied•D•@The•@results•@are•@shown•@in•@Fig•D•@3•D9•@for•@three

different•@speckle•@sizes•@in•@the•@illumination•@spot•D•@The•@Gaussian•@beam•@illumination

corresponds•@to•@the•@case•@of•@no•@speckle•@variation•@in•@the•@illuminating•@spot•C•@while•@the

fibers•@with•@the•@core•@diameters•@of•@30•@pam•@and•@80•@pam•@produce•@smaller•@speckle•@sizes•@in

the•@spot•D•@It•@is•@found•@thatŽµhe•@cutoff•@frequency•@is•@linearly•@proportional•@to•@the•@moving

velocity•@of•@the•@object•C•@and•@that•@the•@proportionality•@constant•@depends•@on•@the•@speckle

size•@in•@the•@illuminaŽµing•@spot•D
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Figure•@3•D9•D•@Variations•@of•@the•@cutoff•@frequency•@of•@the•@PSD•@against•@the•@moving•@velocity•@of

the•@scatter•@plate•@for•@Gaussian•@beam•@illumination•@•iA•j•@and•@illumination•@from•@optical•@fibers

with•@core•@diameters•@of•@2ao•@•••@30•@pam•@•i1•j•@and•@2ao•@•••@80•@pm•@•ie•j•D•@The•@core•@diameter•@of•@a

detecting•@fiber•@is•@2a•@•••••@10•@pm•D
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3•C5 Conclusion

A•@general•@equation•@for•@the•@PSD•@of•@the•@speckle•@signal•@obtained•@with•@an•@optical•|fiber

probe•@was•@derived•@as•@a•@function•@of•@the•@core•@diameter•@of•@the•@illuminating•@fiber•C•@the

illuminating•@spot•@size•@at•@the•@moving•@scatter•@plate•C•@the•@core•@diameter•@and•@the•@NA•@of

the•@detecting•@fiber•C•@the•@probing•@distance•@of•@the•@fiber•@from•@the•@scatter•@p•Iate•C•@and•@the

velocity•@of•@the•@plate•D•@The•@equation•@was•@evaluated•@for•@various•@values•@of•@five•@important

parameters•F•@the•@core•@diameters•@of•@both•@the•@illuminating•@and•@detecting•@fibers•C•@the

sizes•@of•@the•@illuminating•@and•@the•@virtual•@spots•@in•@the•@plane•@of•@the•@scatter•@plate•C•@and

the•@probing•@distance•D•@Several•@experiments•@were•@conducted•@to•@measure•@the•@PSD•fs•@of

speckle•@signals•@by•@means•@of•@various•@pairs•@of•@optical•@fibers•D•@The•@experimental•@results

were•@compared•@with•@the•@corresponding•@theoretical•@ones•C•@and•@excellent•@agreement

was•@shown•D•@The•@effects•@of•@the•@above•@parameters•@on•@the•@PSD•@may•@be•@summarized•@as

follows•F

•@•@•@•ii•j•@The•@PSD•@becomes•@narrower•@with•@an•@increase•@in•@the•@core•@diameter•@of•@the

detecting•@fiber•C

•@•@•@•iii•j•@With•@an•@increase•@in•@the•@core•@diameter•@of•@the•@illuminating•@fiber•C•@the•@spread

of•@the•@PSD•@decreases•@once•@and•@reaches•@a•@minimum•@value•D

•@•@•@•iiii•j•@With•@a•@further•@increase•@in•@the•@core•@diameter•@of•@the•@illuminating•@fiber•C•@the

PSD•@becomes•@broader•@because•@of•@the•@fast•@speckle•@boiling•@effect•D

•@•@•@•iiv•j•@When•@the•@i11uminating•@fiber•@is•@placed•@an•@extremely•@short•@distance•@from•@the

scatter•@p1ate•C•@this•@fast•@speckle•@boiling•@occurs•C•@and•@the•@PSD•@becomes•@broader•D

•@•@•@•iv•j•@These•@effects•@of•@the•@probing•@distance•@on•@the•@spread•@of•@the•@PSD•@become

negligible•@when•@an•@illuminating•@fiber•@with•@a•@core•@diameter•@of•@less•@than•@100•@pam•@is

p•Iaced•@in•@the•@range•@over•@2•@mm•@of•@the•@probing•@distance•@and•@is•@detected•@by•@a•@fiber

whose•@core•@diameter•@is•@smaller•@than•@30•@psm•D

3•C6•@Appendix•F•@Derivations•@of•@Eqs•D•@•i3•D27•j•@and•@•i3•D28•j

By•@substituting•@Eq•D•i3•D24•jinto•@Eqs•D•i3ƒ†5•j•C•i3•D22•j•C•i3•D23•jand•@changing•@the•@variables

to•@p•@•••••@pi•\p2•@and•@p•f•@•••@pi•|p2•C•@the•@double•@integrals•@over•@pi•@and•@p2•@in•@these•@equations

become•@a•@product•@of•@two•@simp•Ie•@integrals•@over•@p•@or•@p•f•D•@Then•C•@by•@expressing•@the
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Chapter•@4

Doubly•|Scattered•@Speckles•@Produced•@by•@a•@Pair•@of

Moving•@Diffusers

4•D1 1ntroduction

TheoreŽµical•@studies•@have•@recenŽµly•@been•@carried•@out•@on•@the•@statistical•@properties•@of

doubly•|scattered•@coherent•@light•D•@ln•@the•@field•@of•@laser•@speckles•C•@several•@researchers•@•i11•@ˆê

16•n•@have•@examined•@the•@probability•@density•@function•@of•@doubly•|scattered•@speckles•@or

the•@spatial•@correlation•@function•@of•@their•@intensity•@variations•D•@However•C•@these•@analyses

are•@mainly•@focused•@on•@their•@static•@properties•C•@and•@little•@attention•@has•@been•@paid•@to

the•@dynamic•@behaviour•@of•@doubly•|scattered•@speckles•@although•@several•@studies•@•m25ˆêˆê

28•n•@have•@been•@reported•@in•@connection•@with•@dynamic•@speckles•@due•@to•@a•@moving•@diffuse

object•@illuminated•@by•@light•@from•@a•@mu1Žµimode•@optical•@fiber•D

•@•@•@Dynamic•@properties•@of•@doublyˆê•@or•@multiply•|scattered•@speckles•@have•@already•@been

sŽµudied•@experimentally•C•@aiming•@for•@speckle•@reduc‚àion•m7•@ˆê•@10•nor•@measurements•@of•@the

activity•@of•@biological•@objects•C•@such•@as•@skin•@blood•@flow•@•m68•C•@69•n•C•@movement•@of•@microor•|

ganisms•@in•@a•@large•@volume•@•m70•n•C•@or•@cyclosis•@in•@citrus•@fruits•@•m71•n•D•@These•@multiply•|

scattered•@speckles•@due•@to•@bio•Iogical•@movements•@•iso•|called•@bio•|speckles•@•m72•n•j•@are•@very

diMcult•@to•@investigate•@analytically•@because•@living•@things•@have•@very•@complicated•@struc•|

tures•C•@Thus•C•@double•@or•@triple•@scattering•@models•@have•@been•@presented•@to•@simplify•@the

mu1tiple•@scattering•@phenomena•@•m29•|31•C•@72•n•D•@These•@models•@consist•@of•@two•@diffusers•C

one•@motionless•@and•@the•@other•@moving•@with•@a•@constant•@velocity•C•@which•@represent•@hu•|

man•@skin•@or•@the•@surface•@of•@a•@plant•D•@The•@experimental•@results•@have•@shown•@that•@the

linear•@dependence•@of•@the•@velocity•@on•@doublyˆê•@or•@triply•|scattered•@speckle•@fluctuations

is•@still•@preserved•@even•@in•@the•@presence•@of•@a•@motionless•@diffuser•D•@Since•@the•@above

models•@have•@only•@a•@single•@moving•@diffuser•C•@they•@are•@not•@suitable•@for•@characterizing

the•@mu1tiple•@scattering•@phenomena•@from•@objects•@such•@as•@a•@large•@number•@of•@microˆê
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organisms•D•@Therefore•@it•@is•@strongly•@desired•@to•@investigate•@the•@properties•@of•@dynamic

speckles•@produced•@by•@a•@set•@of•@moving•@diffusers•D

•@•@•@The•@purpose•@of•@this•@chapter•@is•@to•@sŽµudy•@the•@statisŽµical•@properties•@of•@doubly•|

scattered•@speckles•@produced•@by•@a•@cascade•@of•@two•@diffusers•@moving•@with•@constant

velocities•@•m321•D•@The•@relationship•@is•@examined•@between•@the•@velocity•@of•@each•@diffuser

and•@the•@time•|varying•@speckle•@intensity•@detected•@at•@a•@single•@point•C•@The•@problem•@is•@first

formulated•@theoretically•C•@and•@then•@it•@is•@evaluated•@for•@various•@parameters•D•@Several

theoretical•@predictions•@and•@the•@relevant•@experiments•@are•@discussed•@in•@connection•@with

velocity•@measurements•D

4•D2 Theory

4•D2•D1•@Correlation•@Funct•Gon•@of•@Doubly•|Scattered•@Speckles

Figure•@4•D1•@illustrates•@the•@configuration•@for•@analyzing•@the•@speckles•@from•@a•@cascade•@of

two•@moving•@diffusers•D•@Two•@diffusers•@Di•@and•@D2•@are•@separated•@by•@spacing•@Ri•@and

move•@with•@velocities•@vi•@and•@v2•@at•@planes•@ui•@and•@u2•@respectively•D•@A•@Gaussian•@laser

beam•@propagating•@in•@the•@field•@Fi•@i11uminates•@the•@diffuser•@Di•@with•@radius•@R•@of•@the

wavefront•@curvatureƒÄnd•@radiusƒÖof•@the•@beam•@spot•@atŽµhe•@plane•@u1•D•@According•@to

theŽµransverse•@motion•@ofŽµhe•@diffusers•@DI•@and•@D2•C•@the•@dynamic•@speckles•@produced

by•@the•@moving•@diffuser•@Di•@in•@the•@diffraction•@field•@F2•@are•@further•@modulated•@by•@the

moving•@diffuser•@D2•@to•@form•@the•@doubly•|scattered•@dynamic•@speckles•@in•@the•@diffraction

field•@F3•C•@ln•@the•@following•@analysis•C•@the•@space•|time•@correlation•@functions•@of•@the•@speckle

fields•@produced•@in•@the•@fields•@F2•@and•@F3•@is•@formulated•D

•@•@•@The•@Gaussian•@beam•@propagating•@in•@the•@field•@Fi•@with•@wavelength•@A•@has•@an•@am•|

plitude•@given•@by

Ei•iui•j•@•••@IZtt•@exp•@•ii•|2ˆêˆêˆêArz•j•@exp•@•iˆê•@11tSZi12•j•@exp•@•ii•|TkUtftE12•j•C•C

•i4•D1•j

where•@wo•@and•@w•@are•@the•@radii•@of•@the•@beam•@at•@its•@waist•@and•@illuminating•@planes•C•@and

z•@is•@the•@distance•@between•@the•@illuminating•@plane•@ui•@and•@the•@position•@of•@the•@beam

waist•D•@By•@assuming•@a•@random•@phase•@screen•@which•@modulates•@only•@the•@phase•@of•@the

illuminating•@light•C•@the•@amplitude•@distribution•@immediately•@behind•@the•@diffuser•@Di
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where

K2•@•••@R2•^Ri•C •i4•D24•j

and•@•q3•@and•@g3•@represent•@the•@average•@speckle•@size•@and•@the•@extent•@of•@the•@speck1e•@field

at•@the•@plane•@u3•@which•@are•@defined•@by

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@A•@R2
•@•@•@•@•@•@•@•@•@•@•@•@•@•@•q3•@••

In•@Eqs•D•@•i4•D23•j•@and•@•i4•D25•j•C•@•i•Hi

•@•@•@•@•@2

Q1•• [•C

II4113f•ia•Cˆêl•I•|al•{Q•C•jii2•C•@q•Cˆê6•Gti

•@•@•@•@•@1
Q2•@•••@e•C•f

q3•@•••@ltt•IilZ2Qi•^2•D

•i•H2•C•@Q3•C•@and•@•i•H•@are•@given•@by

Q3ˆê
Œ‚Q•m1•{K2•i•E•‘‘ˆ1•fƒÈ1•j•n2•C

•i4•D25•j

Q•@•••@Q•C•@•{•@•i1•H2•@•{•@Q3

•€•i2•@1–[•{w2•j•i•E•{“Å•j2•{•i‰••j2•m•i•E•{ƒÈ1•j•i1•{‘f•jˆê1•n2•E•i4•E26•j

•@•@•@Since•@the•@dynamic•@properties•@of•@the•@speckle•@intensity•@are•@of•@practical•@interest•C•@it

is•@necessary•@to•@find•@the•@correlation•@function•@of•@the•@intensity•@fluctuations•D•@For•@the

purpose•@of•@this•@calculation•C•@we•@make•@the•@two•@important•@assumptions•@that•@•i1•j•@the

speckle•@field•@due•@to•@the•@first•@diffuser•@Di•@obeys•@a•@circular•@complex•@Gaussian•@process

and•@that•@•i2•j•@the•@speckle•@field•@illuminating•@the•@second•@diffuser•@D2•@contains•@more•@than

15•@speckle•@grains•@•m13•n•D•@The•@first•@assumption•@has•@already•@been•@made•@in•@deriving•@Eq•D

•i4•D7•j•G•@namely•C•@the•@diffuser•@Di•@introduces•@phase•@fluctuations•@greater•@than•@T•D•@The

second•@assumption•@can•@be•@satisfied•@if•@a•@large•@number•@of•@independent•@scatterers•@exist

within•@the•@i11uminating•@area•@of•@the•@Gaussian•@beam•D•@These•@assumptions•@enable•@us•@to

consider•@that•@the•@doubly•|scattered•@speckle•@field•@also•@obeys•@a•@circular•@complex•@Gaus•|

sian•@process•D•@ln•@this•@case•C•@the•@normalized•@correlation•@function•@of•@speckle•@intensity

fluctuations•@is•@given•@by•@the•@correlation•@function•@of•@the•@complex•@amplitude•@rE•C•@as

7Ai•C•iU3•CU•f3•nT•j•@•••@•qA•^3•iu3•C0•jAI3•iu•f•C•CT•j•r•^•q13•iO•CO•j•„2

•@•@•@•@•@•@•@•@•@•@•@•••@lr•@E•C•@•iu3•C•@u•f3•G•@T•j12•^lrE•C•@•io•C•@o•G•@o•j12
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•E‹c•@”Xèi•D“ï•‚•à“Z1“å
•Xˆê•@•w“å•w“å•D

“å—î
Šz•@•E

•~•i•@•@•@11•\•@•@A•|2•jT2v1•Ev2•|qi•i93C3•jT21v212•p

•~•@exp ˆê2
12PƒÈ1•v•m

Q•@1•{•@K•C•@•i

1•\•@K2
iˆê•@•p•f•@r•@ilt7•Hi•q•@•j

T•@VI

Qiq3 1

•~•@exp•@•iˆêˆê•@11t13ˆê•H•nf•I19ˆê1Z5•@•fˆê2U312•j•@exp•@•iˆê

Q•@1•{•@1•q•C•@•i1ˆê•@•p•f•@fi•@iti•H•q

•@•@•@•@•@•@•@•@•@•@•@•@•@luS•@•{•@u•C1

•@•@T•@V2
r•j

23
9

•C

2ˆê

•f•iU•f3•@ˆê•@U3•j

•i4•D27•j

where•@AI3•@•••@13•@ˆê•@•q13•„•D•@ln•@the•@following•@analysis•C•@we•@examine•@the•@dynamic•@proper•|

ties•@of•@doubly•|scattered•@intensity•@fluctuations•@based•@on•@the•@second•|order•@statistics

described•@by•@Eq•D•@•i4•D27•j•C

4•D2•C2•@Correlation•@Time•@of•@Doubly•|Scattered•@Speckles

Now•@we•@investigate•@the•@temporal•@behaviour•@of•@the•@doubly•|scattered•@speckle•@intensity

detected•@at•@a•@single•@point•@because•@it•@gives•@us•@useful•@information•@about•@the•@velocity

measurements•@of•@the•@moving•@diffusers•D•@lf•@the•@detecting•@point•@is•@set•@along•@the•@optical

axis•C•@the•@autocorrelation•@function•@of•@the•@speckle•@intensity•@fluctuations•@becomes

7•¢•E•E•iO•C•@Oj•@T•jˆêexp•oˆêPl•m1ˆê•†•i1•{ˆÓ

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•~•@•ii•@•{•@iltisˆê•j•@T2vi•Ev2•@ˆê

•j2 n•@T21vi12•@•{•@•@•@•@•@•@•@•@•@2P•C•@Qi

•@•@•@•@•@•@•@•@•@•@Q

•i•Hi•iQ2•@•{•@•i•H3•j

Q
T2

Pv2•@12•@•j•@•D

•i4•D28•j

The•@most•@fundamental•@and•@useful•@parameter•@for•@velocity•@measurements•@may•@be•@the

correlation•@time•@T•C•@defined•@by•@the•@1•^e•@correlation•@time•@of•@speckle•@intensity•@fiuctua•|

tions•C•@From•@Eq•D•@•i4•D28•j•C•@T•C•@is•@given•@by

•@–•

P
‚Ê

2•|Š¢ƒ€Q
ƒŒ

ŒN
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•@•@•@•@•@2P•C•@Qi
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Substitution•@of•@Eqs•D•@•i4•D16•j•@and•@•i4•D26•j•@into•@Eq•D•@•i4•D29•j•@yields•@the•@final•@result•@given•@by

1•^Tc•@•••@•iAilvi12•@ˆê•@2A2vi•Ev2•@•{•@A31v212•ji•^2•C •i4•D30•j

where

Aiˆê
u•{B•j•^•m“Å•i•E•{“Å•j2‘w•{“Å‹©

‚Ý2ˆê
c•i•@•@11•\•@•@K2•j•^•m“Å•i1•{“Å•j2•{“Å•{ƒÀ•n•C

A3•|
‹•m“Å•i1•{“Å•j2•{ƒÀ•n•^•m“Å•i1•{“Å•j2•{“Å•{B•n•C

B•@•••••@Ei17•C•@•i1•@•{•@71tls•j2•{•@•ilfiliilili•E•j2•@•m•i1•@•{•@1•q•C•j•@•i1•@•{•@71tii•j•@•Dˆê•@1•n2•D

•i4•D31•j

•@•@Before•@analyzing•@Eqs•D•@•i4•D30•j•@and•@•i4•D31•j•@in•@detail•C•@the•@correlation•@time•@for•@the

single•@scaŽµtering•@case•@is•@evaluated•D•@By•@setting•@v1•••Fv2•@and•@R1••0•C•@Eq•D•i4•D30•j

reduces•@to

1ˆê‡ •̀o•i“Å•{k•jˆê1•{•m“Å•{•i‰••j2•i1•{•••j2•nˆê1•p‹r1•^2•@•pvil•E
•i4•D32•j

Equation•@•i4•C32•j•@can•@a•Iso•@be•@obtained•@by•@the•@same•@process•@used•@to•@derive•@Eq•D•@•i4•D30•j

from•@Eq•D•@•i4•D23•j•D•@That•@is•C•@by•@calculating•@the•@normalized•@correlation•@function•@of

speckle•@intensity•@fluctuations•@from•@Eq•D•@•i4•D14•j•@and•@by•@inserting•@u2•@•••@u•f2•@•fˆêˆêˆêˆê•@O•@to

evaluate•@the•@1•^e•@correlation•@time•C•@the•@reciprocal•@of•@the•@correlation•@time•@is•@given•@as

1 •o1•H•{•m“Å•{•i‰••j2•i1•{ŽÉ•j•nˆê1•pˆê1•^2•@lvll•E
•i4•D33•j

Comparison•@of•@Eqs•D•@•i4•D32•j•@and•@•i4•D33•j•@leads•@to•@a•@conclusion•@that•@Eq•D•@•i4•D30•j•@is•@valid

not•@only•@for•@the•@doubly•|scattered•@speckles•@but•@also•@for•@the•@singly•|scattered•@ones•C

provided•@that•@the•@effective•@correlation•@length•@6•@is•@estimated•@as

P•@ˆê•@•id•^i4gfe•H•{6•Cfi2•@•C•ji•^2•D

•i4•D34•j
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Equation•@•i4•C33•j•@confirms•@that•@the•@reciprocal•@of•@the•@correlation•@time•@is•@proportional

to•@the•@velocity•@of•@a•@diffuser•@regardless•@of•@the•@optical•@configurations•@which•@determine

only•@the•@sensitivity•@of•@T•C•@to•@the•@velocity•D•@ln•@addition•C•@it•@is•@well•@known•@that•@the•@term

in•@Eq•D•@•i4•D33•j•@including•@the•@correlation•@time•@of•@the•@diffuser•@can•@be•@neglected•@if•@it•@is

small•@enough•@to•@form•@a•@circular•@Gaussian•@speckle•@field•D

•@•@•@For•@the•@double•@diffusers•C•@it•@is•@obvious•@from•@Eq•D•i4•D30•jthat•@the•@correlaŽµion•@time

T•C•@of•@the•@doubly•|scattered•@speckle•@intensity•@depends•@on•@the•@velocities•@of•@two•@moving

diffusers•C•@Moreover•C•@the•@linear•@relationship•@no•@longer•@holds•@between•@the•@reciprocal

value•@1•^T•C•@of•@the•@correlation•@time•@and•@the•@velocity•@vi•@or•@v2•@of•@each•@diffuser•D•@However•C

when•@only•@a•@single•@diffuser•@moves•C•@we•@can•@see•@that•@the•@value•@of•@1•^T•C•@is•@linearly

proportional•@to•@the•@velocity•@of•@the•@moving•@diffuser•D•@Consequent1y•C•@the•@velocity•@of•@a

diffuser•@can•@be•@measured•@from•@the•@correlation•@time•@even•@in•@the•@presence•@of•@another

motionless•@diffuser•C•@This•@result•@has•@already•@been•@confirmed•@experimentally•@•m30•n•D

•@•@•@Since•@the•@speckles•@from•@the•@two•@diffusers•@moving•@simultaneously•@are•@practically

interesting•C•@Eqs•D•@•i4•D30•j•@and•@•i4•D31•j•@are•@examined•@in•@detail•@by•@setting•@the•@values•@of

vi•@and•@v2•@to•@non•|zeros•D•@ln•@addition•@to•@the•@variables•@vi•@and•@v2•C•@Eq•D•@•i4•D31•j•@consists

of•@variables•@characterizing•@optical•@configurations•C•@Therefore•@the•@correlation•@time•@is

analyzed•@as•@a•@function•@of•@the•@velocities•@vi•@and•@v2•@by•@changing•@the•@illuminating•@and

detecting•@conditions•C

•@•@•@To•@obtain•@some•@interesting•@features•@of•@doubly•|scattered•@speckles•C•@two•@limiting

cases•@are•@considered•D•@The•@first•@case•@employs•@the•@following•@relations•F

•@•@•@•@•@2

B•s [•C

•@•@•@•@•@2

B•s [•C

In•@this•@case•C•@Eq•D•@•i4•C31•j•@is•@simplified•@to

K•C•@•„•„•@1•D •i4•D35•j

A•C•@•••@A•C•@•••@A•C•@•••@2•^•i5•H•@•{•@P•C2•j•C

and•@the•@correlation•@time•@takes•@the•@simp1e•@form

•G•F•G•@•••@•m•iE21•HL•Gt•{•@iBg•jˆê•fi•^2•n•@lv•C•@ˆê•@v21•E

•p

•i4•C36•j

•i4•D37•j

From•@Eq•D•@•i4•D37•j•@it•@is•@found•@that•@1•^T•C•@is•@directly•@proportional•@to•@the•@absolute•@value•@of

the•@velocity•@difference•@vi•@ˆê•@v2•@of•@the•@two•@moving•@diffusers•D•@Moreover•C•@the•@reciproca1
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of•@the•@proportional•@constant•@in•@Eq•D•@•i4•D37•j•@is•@a•@root•|mean•|square•@value•@of•@the•@effective

correlation•@lengths•@of•@the•@two•@diffusers•D•@Therefore•C•@if•@the•@optical•@systeMs•@are•@realized

to•@satisfy•@the•@relations•@•i4•C35•j•C•@the•@ve1ocity•@difference•@of•@two•@moving•@diffusers•@can•@be

measured•@from•@the•@speckle•@intensity•@fiuctuations•@detected•@at•@one•@point•D•@From•@now

on•C•@an•@abbreviation•@of•@lvi•@ˆê•@v21•@•••@v•C•@will•@be•@used•@and•@is•@called•@a•@relative•@velocity•D

For•@the•@special•@case•@where•@the•@effective•@correlation•@lengths•@of•@the•@two•@diffusers•@are

equal•@with•@fii•@•••@rs2•@•••@•I3•C•@the•@correlation•@time•@in•@Eq•D•@•i4•D37•j•@is•@further•@reduced•@to

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@1

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@1•^Tc••EVr•E•@•i4•E38•j

In•@this•@case•C•@the•@proportional•@constant•@becomes•@exactly•@the•@reciprocal•@value•@of•@the

effective•@correlation•@length•C•@which•@is•@proportional•@to•@the•@averaged•@slopes•@of•@surface

roughness•@if•@scatter•@plates•@like•@ground•|glass•@plates•@are•@used•@as•@diffuse•@objects•D

•@•@•@In•@order•@to•@examine•@whether•@the•@illuminating•@and•@detecting•@conditions•@satisfying

the•@relations•@•i4•D35•j•@exist•C•@we•@find•@the•@corresponding•@relations•@in•@terms•@of•@the•@following

five•@variables•@describing•@the•@optical•@configurations•F

1•D•@Width•@w•@of•@the•@illuminating•@beam•@spot•C

2•D•@Ratio•@Ki•@•••@Ri•^R•C

•@•@where•@R•@is•@the•@radius•@of•@wavefront•@curvature•@of•@the•@illuminating•@beam•@and•@Ri

•@•@is•@the•@spacing•@between•@the•@two•@diffusers•C

3•D•@Ratio•@K2•@•••@R2•^Ri•C

•@•@where•@R2•@is•@the•@distance•@between•@the•@second•@diffuser•@and•@the•@detecting•@point•C

4•D•@Effective•@correlation•@lengths•@fii•@and•@62•@of•@the•@two•@diffusers•D

To•@simp•Iify•@the•@analysis•C•@the•@wave•Iength•@A•@and•@the•@spacing•@Ri•@are•@fixed•D•@lt•@is•@seen

from•@the•@expression•@for•@B•@in•@Eq•D•@•i4•D31•j•@that•@the•@value•@of•@B•@takes•@a•@minimum•@at•@a

certain•@finite•@width•@w•C•@of•@the•@beam•@spot•D•@This•@va1ue•@is•@easily•@obtained•@as

Ws•@••
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1•\•@ˆê•D
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the•@large•@value•@of•@w•@is•@approximately•@given•@by•@Eq•D•@•i4•D45•j•@corresponding•@to•@the•@rootˆê
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Figure•@4•D6•D•@Variations•@of•@the•@reciprocal•@values•@of•@correlation•@time•@•i1•^T•D•j•@as•@a•@function•@of

the•@diffuser•@velocity•@vi•@for•@three•@values•@of•@the•@illumination•@spot•@width•F•@w•@•••@•ia•j•@50•@pm•C•@•ib•j

1•D5•@mm•@and•@•ic•j•@50•@mm•D•@Other•@parameters•@are•@fixed•F•@Ki•@•••@Ri•^R•@•••@O•C•@K2•@•••@R2•^Ri•@•••@5•^5•C

Bi•@•••@B2•@•••@1•@pm•C•@v2•@••1•@mm•^s•@and•@A•••@632•D8•@nm•D
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mean•|square•@velocity•@•iabbreviated•@as•@the•@r•Dm•Ds•D•@velocity•j•@curve•D•@This•@tendency•@is

observed•@when•@the•@two•@diffusers•@move•@simultaneously•C•@and•@disappears•@if•@one•@of•@the

diffusers•@is•@kept•@motion1ess•D•@Figure•@4•D7•@shows•@the•@theoretical•@curves•@of•@1•^T•C•@as•@a

function•@of•@the•@r•Dm•Ds•D•@velocity•@v•D•@for•@the•@various•@values•@of•@the•@effective•@correlation

length•@fi•F•@•ia•j•@P•@•••@1•@pam•G•@•ib•j•@P•@•••••@1•D5•@pam•G•@•ic•j•@P•@•••@2•@pam•D•@The•@values•@of•@the•@other

parameters•@are•@set•@equal•@to•@those•@of•@curve•@•ic•j•@in•@Fig•D•@4•D6•D•@lt•@is•@obvious•@from•@Fig•D•@4•D7

that•@the•@reciprocal•@of•@the•@correlation•@time•@is•@proportional•@to•@the•@r•Dm•Ds•D•@velocity•@and

that•@the•@slopes•@of•@the•@curves•@are•@dependent•@on•@the•@effective•@correlation•@length•@of•@the

diffusers•D•@lt•@is•@interesting•@to•@note•@that•@Figs•D•@4•D5•@and•@4•D7•@appear•@to•@be•@very•@similar

except•@for•@the•@variable•@of•@horizontal•@axis•@and•@the•@magnification•@of•@the•@vertical•@axis•C

•@•@•@Before•@concluding•@the•@theoretical•@analysis•C•@we•@discuss•@the•@possibility•@of•@measuring

in•@practice•@the•@two•@quantities•@of•@the•@relative•@velocity•@and•@the•@r•Dm•Ds•D•@velocity•D•@The

re1ative•@velocity•@can•@be•@measured•@because•@the•@necessary•@conditions•@for•@the•@beam

waist•@illumination•@and•@the•@far•|field•@detection•@can•@be•@easily•@realized•D•@On•@the•@other
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Figure•@4•D7•D•@Reciprocal•@values•@of•@the•@correlation•@time•@plotted•@against•@the•@root•|mean•|

square•@velocity•@v•D•@for•@three•@values•@of•@the•@effective•@correlation•@length•F•@5i•@•••@52•@•••@•ia•j•@1•C

•ib•j•@1•C5•@and•@•ic•j•@2•@pam•C•@Other•@parameters•@are•@the•@same•@as•@those•@in•@Fig•D•@4•D6•@except•@that•@the

value•@of•@w•@is•@fixed•@to•@be•@50•@mm•D
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hand•C•@measurements•@of•@the•@r•Dm•Ds•D•@velocity•@have•@some•@difficulties•D•@To•@satisfy•@the

relations•@•i4•D48•j•C•@large•@values•@of•@Ki•@and•@small•@values•@of•@K2•@are•@required•D•@ln•@other

words•C•@the•@diffusers•@to•@be•@measured•@should•@be•@illuminated•@by•@a•@divergent•@beam•@with

a•@large•@spot•@width•@and•@the•@detector•@should•@be•@placed•@near•@the•@diffusers•D•@However•C

these•@restrictions•@lead•@to•@several•@problems•D•@For•@example•C•@there•@may•@be•@some•@objects

which•@do•@not•@have•@enough•@area•@to•@be•@illumillated•C•@orŽµhere•@may•@be•@some•@situations

where•@the•@detector•@cannot•@be•@set•@closely•@to•@the•@objects•D•@The•@most•@serious•@problem•@is

that•@the•@speckle•@signals•@detected•@near•@the•@object•@are•@integrated•@over•@a•@finite•@detector

area•@because•@the•@speckle•@grains•@become•@very•@small•@as•@a•@result•@of•@the•@illumination

over•@a•@wide•@area•@of•@the•@object•D•@The•@statistical•@properties•@of•@these•@integrated•@speckles

become•@different•@from•@those•@of•@idea1•@speckle•@signals•@considered•@above•D•@lf•@a•@very•@small

detecting•@aperture•@is•@used•@to•@avoid•@this•@problem•C•@then•@it•@may•@bring•@a•@decrease•@in•@the

signal•|noise•@ratio•D•@All•@these•@problems•@make•@it•@impractical•@to•@measure•@the•@average

velocities•@of•@moving•@diffusers•@from•@the•@correlation•@time•@of•@intensity•@fluctuations•D

4•D3 Experiments

Several•@experiments•@were•@carried•@out•@to•@verify•@the•@theoretical•@results•@obtained•@in•@the

previous•@section•D•@Figures•@4•D8•ia•j•@and•@4•C8•ib•j•@schematically•@show•@the•@optical•@setup•@for

producing•@a•@dynamic•@doubly•|scaŽµtered•@spec•Fkle•@pattern•@in•@a•@free•|propagation•@system•D

A•@He•|Ne•@laser•@with•@wavelength•@A•@•••@632•D8•@nm•@is•@used•@to•@obtain•@the•@coherent•@Gaussian

beam•D•@This•@beam•@passes•@through•@a•@microscope•@objective•@of•@20•~•@magnitude•@•icase•ia•j•j

or•@a•@lens•@of•@200•@mm•@focal•@length•@•icase•ib•j•j•@before•@illuminating•@the•@first•@diffuser•D•@The

microscope•@objective•@is•@used•@to•@obtain•@a•@divergent•@illumination•@where•@the•@radius•@R

of•@wavefront•|curvature•@is•@10•@mm•@and•@where•@the•@diameter•@2w•@of•@illuminating•@spot

is•@1•D0•@mm•D•@On•@the•@other•@hand•C•@the•@lens•@of•@200•@mm•@focal•@length•@is•@chosen•@to•@give

aspot•@diameter•@2wo•@of•@220ƒÊm•@at•@the•@beam•@waist•@posiŽµion•D•@This•@spot•@size•@is•@a

suitable•@value•@for•@measuring•@the•@relative•@velocities•@in•@this•@configuration•D•@A•@second

diffuser•@is•@placed•@Ri•@from•@the•@first•@diffuser•C•@and•@both•@diffusers•@are•@mounted•@on

moving•@stages•@to•@be•@shifted•@continuously•@with•@constant•@velocities•D•@Ground•|glass

plates•@having•@the•@various•@va•Iues•@of•@roughness•@•i•”120•C•@•”200•C•@•”500•@and•@•”600•j•@are

used•@as•@the•@diffusers•C•@all•@of•@which•@meet•@the•@conditions•@mentioned•@in•@the•@previous
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Figure•@4•D8•D•@Optical•@setup•F•@•ia•j•@divergent•@illumination•@and•@•ib•j•@beam•|waist•@illumination•D

section•D•@The•@intensity•@fiuctuations•@of•@speckles•@are•@detected•@by•@a•@photomultiplier

PM•@via•@an•@aperture•@of•@diameter•@10•@pam•@located•@R2•@from•@the•@second•@diffuser•D•@The

time•|varying•@speckle•@signals•@are•@amplified•@and•@fed•@into•@a•@FFT•@correlator•@CORR•@to

measure•@the•@normalized•@autocorrelation•@function•D•@The•@correlation•@time•@T•C•@is•@finally

obtained•@as•@the•@1•^e•@correlation•@time•@after•@averaging•@64•@autocorrelation•@functions•C

each•@of•@which•@is•@calculated•@by•@using•@1024•@sampling•@data•D

•@•@•@The•@experiments•@were•@conducted•@aiming•@to•@measure•@only•@the•@relative•@velocity

because•@the•@theoretical•@analysis•@has•@shown•@some•@diflliculties•@of•@measuring•@the•@aver•|

age•@velocity•@in•@practice•D•@First•C•@we•@examined•@the•@effect•@of•@the•@radius•@of•@wavefront•|

curvature•@and•@the•@size•@of•@illuminating•@spot•@on•@the•@correlation•@time•D•@Figure•@4•D9•@shows

the•@experimental•@results•@obtained•@under•@the•@divergent•@illumination•@•iindicated•@by•@e

•jand•@the•@beam•@waist•@illuminaŽµion•iindicated•@by•¡•j•C•@The•@other•@parameters•@were•@set

equal•@in•@both•@configurations•F•@the•@spacing•@between•@the•@two•@ground•|glass•@plates•@was

1•@mm•@and•@the•@distance•@between•@the•@second•@ground•|glass•@plate•@and•@the•@detecting

aperture•@was•@100•@mm•D•@Two•@ground•|glass•@plates•@of•@•”500•@were•@used•@as•@the•@diffusers
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Figure•@4•C9•D•@Experimental•@results•@for•@two•@kinds•@of•@illumination•D•@v2•@•••@O•D222•@mm•^s•C

K2•@•••@100•C•@P•@•••@1•D10•@pam•G•@e•C•@Ki•@•••@O•D1•C•@and•@1•C•@Ki•@•••@O•D•@The•@solid•@lines•@correspond•@to•@the

theoretical•@curves•@of•@Eq•D•@•i4•D30•j•D

and•@the•@moving•@ve1ocity•@v2•@of•@the•@second•@diffuser•@was•@fixed•@at•@O•D222•@mm•^s•D•@The•@solid

lines•@in•@Fig•D•@4•D9•@indicate•@the•@theoretical•@curves•@evaluated•@by•@substituting•@the•@given

parameters•@in•@both•@arrangements•@into•@Eqs•D•@•i4•D30•j•@and•@•i4•D31•j•D•@lt•@should•@be•@noted

here•@that•@the•@values•C•@Pi•@and•@52•C•@of•@the•@effective•@correlation•@length•@of•@the•@ground•|glass

plates•@used•@in•@experiments•@were•@unknown•D•@Thus•@they•@were•@chosen•@to•@give•@the•@best

fit•@to•@the•@experimental•@results•D•@ln•@this•@case•C•@Pi•@and•@P2•@become•@1•D1•@psm•@for•@•”500

plates•C•@This•@ambiguity•C•@however•C•@does•@not•@violate•@the•@significance•@of•@these•@experi•|

ments•C•@because•@it•@is•@probably•@impossible•@to•@obtain•@the•@theoretical•@curves•@fitting•@to

all•@the•@experimental•@values•@only•@by•@changing•@the•@values•@of•@5i•@or•@62•D•@The•@fit•@to•@the

data•@is•@good•@enough•@to•@confirm•@the•@theoretical•@results•D

•@•@•@Next•C•@we•@examined•@the•@effect•@of•@the•@variation•@of•@distances•@Ri•@and•@R2•@on•@the

correlation•@time•D•@The•@experimental•@results•@are•@shown•@in•@Fig•D•@4•D10•C•@where•@the•@values

measured•@for•@the•@near•|field•@detection•@•iRi•@•••@10•@mm•C•@R2•@•••@50•@mm•j•@and•@the•@far•|

field•@detection•@•iRi•@•••@1•@mm•C•@R2•@•••@100•@mm•j•@are•@indicated•@by•@symbols•@A•@and•@e

respectively•D•@The•@theoretical•@curves•@corresponding•@to•@the•@experimental•@data•@in•@Fig•D

4•E10•@were•@obtained•@by•@the•@same•@way•@mentioned•@above•D•@ln•@the•@experiments•@under
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Figure•@4•D10•D•@Experimental•@results•@for•@two•@kinds•@of•@diffuser•@spacing•@and•@detector•@position•D

The•@solid•@lines•@correspond•@to•@the•@theoretical•@curves•@of•@Eq•D•@•i4•D30•j•D•@v2•@•••@O•D333•@mm•^s•C

Ki•@•••@O•C•@fi•@•••@1•D10•@ptm•G•@e•C•@K2•@•••@100•C•@and•@A•C•@K2•@•••••@5•D

both•@the•@detecting•@conditions•C•@the•@beam•@waist•@illumination•@shown•@in•@Fig•D4•D8•ib•jwas

used•@and•@the•@other•@parameters•@were•@set•@equal•@to•@those•@given•@in•@Fig•D4•D9•D•@In•@addition•C

an•@aperture•@of•@diameter•@2ƒÊm•@instead•@of•@10ƒÊm•@was•@used•@for•@the•Fnear•|field•@detection

to•@avoid•@the•@integration•@of•@speckles•D•@The•@experimentaƒ†data•@in•@Fig•D4•D10•@show•@that

an•@increase•@in•@the•@ratio•@K2•••vR2•^Ri•@causes•@a•@decrease•@in•@the•@value•@of•@vl•@giving•@the

minimum•@value•@of•@1•^7•B•D

•@•@•@•FFinally•C•@we•@examined•@the•@roughness•@effect•@of•@the•@diffusers•@on•@the•@correlation•@time

of•@singly•|and•@doubly•|scattered•@speckles•D•@Since•@only•@the•@effect•@of•@roughness•@was

our•@main•@concern•C•@the•@velocity•@v20f•@the•@second•@diffuser•@was•@set•@to•@be•@zero•@and•@the

divergent•@illumination•@shown•@in•@Fig•D4•D8•ia•jwas•@used•@in•@this•@experiment•D•@Figure

4•D11shows•@the•@experimental•@results•@for•@four•@pairs•@of•@ground•|glass•@plates•@having
•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@ƒ•
the•@different•@values•@of•@roughness•C•@together•@with•@the•@fitted•@curves•D•@The•@values•@of

the•@effective•@correlation•@lengths•@of•@the•@ground•|glass•@plates•@used•@were•@determined•@by

the•@slopes•@of•@these•@corresponding•@curves•@and•@found•@to•@be•@O•D94•C1•D01•C1•D10•@and•@1•D30

ƒÊmfor•”120•iindicated•@by•œ•j•C•”200•i•£•j•C•”500•i•¡•jand•”600•i•¥•j•C•@respectively•D

As•@predicted•@in•@the•@theoretical•@analysis•C•@it•@is•@clearly•@seen•@from•@Fig•D4•D11•@that•@the
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Figure•@4•C11•D•@Experimental•@results•@for•@the•@various•@values•@of•@roughness•@of•@the•@ground•|glass

plates•C•@The•@theoretical•@curves•@of•@Eq•D•@•i4•D30•j•@are•@evaluated•@for•@the•@double•@scattering•@case•C

and•@the•@solid•@line•@for•@the•@single•@scattering•@case•@is•@added•@for•@comparison•C•@v2•@•••@O•C•@Ki•@•••@O•D1•C

K2•@•••@100•G•@e•C•@fi•@•••••@O•D94•G•@A•C6•@•••@1•C01•G•@1•C•@P•@•••••@1•D10•G•@and•@V•C•@B•@•••••@1•C30•@ptm•D

roughness•@of•@the•@diffusers•@strongly•@affects•@the•@correlation•@time•@of•@doubly•|scattered

speckles•C•@while•@it•@has•@little•@effect•@on•@Tc•@of•@singly•|scattered•@speckles•@as•@long•@as•@the

roughness•@is•@large•@enough•D

•@•@•@Moreover•C•@another•@feature•@of•@doubly•|scattered•@speckles•@which•@has•@been•@pointed

out•@by•@lwai•@and•@Asakura•@•m31•n•@in•@connection•@with•@the•@velocity•@measurement•@of•@a•@single

diffuser•@can•@be•@reconfirmed•D•@Figure•@4•D11•@shows•@that•@the•@time•|varying•@intensity•@fluc•|

tuations•@of•@doub•Iy•|scattered•@speckles•@are•@more•@rapid•@than•@those•@of•@singly•|scattered

speckles•D•@This•@result•@makes•@it•@advanŽµageousŽµ•ZreduceŽµhe•@time•@of•@velocity•@mea•|

surements•C•@if•@the•@zero•|crossing•@counting•@method•@is•@employed•D•@This•@zero•|crossing

counting•@method•@uses•@the•@fact•@that•@the•@number•@of•@the•@speckle•@intensities•@crossing

the•@zero•@level•@per•@unit•@time•@is•@directly•@related•@to•@the•@velocity•@of•@the•@object•D•@Hence•C

the•@more•@rapid•@the•@time•|varying•@intensity•@fluctuations•@are•C•@the•@shorter•@the•@unit•@time

for•@counting•@the•@number•@of•@zeros•@can•@be•@set•D•@This•@fact•@implies•@that•C•@if•@the•@response

of•@the•@electrical•@circuit•@counting•@the•@number•@of•@zeros•@is•@fast•@enough•C•@the•@velocity

can•@be•@measured•@more•@quickly•@by•@placing•@another•@motionless•@diffuser•@in•@front•@of•@the

Š›
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moving•@diffuser•@of•@interest•D

4•C4 Conclusion

The•@statistical•@properties•@of•@coherent•@light•@scattered•@by•@a•@system•@consisting•@of•@a•@cas•|

cade•@of•@two•@moving•@diffusers•@under•@illumination•@of•@a•@Gaussian•@beam•@have•@been•@inves•|

tigated•@in•@theory•@and•@experiment•D•@The•@space•|time•@correlation•@function•@of•@doubly•|

scattered•@speckles•@in•@the•@Fresnel•@region•@was•@derived•@and•@the•@correlation•@time•@of

intensity•@fluctuations•@defined•@by•@the•@1•^e•@correlation•@time•@has•@been•@evaluated•@for

measuring•@the•@velocities•@of•@moving•@diffusers•@with•@relatively•@large•@roughness•D•@lt•@has

been•@shown•@that•C•@when•@two•@diffusers•@move•@simultaneously•C•@the•@dependence•@of•@the

velocity•@of•@each•@moving•@diffuser•@on•@the•@correlation•@time•@changes•@according•@to•@op•|

tical•@arrangements•C•@diffuser•@roughness•C•@and•@the•@velocity•@of•@the•@other•@diffuser•D•@Two

variables•@relatedŽµ•Zthe•@object•@velociŽµy•C•@namely•@the•@relative•@velocity•@andŽµhe•@root•|

mean•|square•@velocity•C•@have•@been•@introduced•@and•@the•@configurations•@of•@optical•@systems

appropriate•@for•@measuring•@these•@quantities•@have•@been•@taken•@into•@consideration•D•@The

relative•@velocity•@of•@the•@two•@diffusers•@becomes•@proportional•@to•@the•@reciprocal•@of•@the

correlation•@time•@when•@the•@diffuser•@is•@illuminated•@by•@a•@coherent•@Gaussian•@beam•@at

the•@beam•|waist•@position•@and•@when•@the•@intensity•@fluctuations•@are•@detected•@in•@the•@far

field•D•@ln•@this•@case•C•@illumination•@with•@a•@suitable•@spot•@size•@determined•@by•@the•@diffuser

spacing•@and•@the•@position•@of•@the•@detector•@is•@also•@required•D•@On•@the•@other•@hand•C•@when

alarge•@area•@of•@the•@diffuser•@surface•@is•@illuminaŽµed•@by•@a•@divergent•@Gaussian•@beam•@and

the•@intensity•@fluctuations•@are•@detected•@in•@the•@near•@field•C•@the•@r•Dm•Ds•D•@velocity•@of•@the•@two

diffusers•@becomes•@proportional•@to•@the•@reciprocal•@of•@the•@correlation•@time•D•@Several•@ex•|

periments•@were•@conducted•@to•@measure•@the•@relative•@velocities•@and•@excellent•@agreement

between•@theoretical•@and•@experimental•@results•@was•@obtained•D•@However•C•@it•@is•@diflicult

to•@measure•@the•@r•Dm•Cs•D•@velocity•@in•@the•@above•@configuration•D•@Therefore•@it•@is•@required

that•@other•@optical•@systems•@be•@studied•D•@•f
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Chapter•@5

Speckles•@Formed•@in•@the•@tmage•@Field•@under•@Dynamic
S•@P•@ec•@kleˆê•@Pattern•ìu•@mination

5•D1 1ntroduction

When•@a•@coherent•@light•@illuminates•@a•@moving•@diffuse•@object•C•@a•@dynamic•@speckle•@pat•|

tern•@appears•@inŽµhe•@diffraction•@field•@or•@inŽµhe•@image•@field•D•@SinceŽµhis•@speckle•@pattern

conŽµains•@information•@aboutŽµhe•@motion•@ofŽµhe•@diffuser•C•@severaƒ†methods•@have•@been

proposed•@to•@measure•@the•@object•@velocity•@using•@the•@statistical•@properties•@of•@the•@speckle

patterns•@•m3•n•C•@For•@example•C•@some•@methods•@are•@based•@on•@the•@fact•@that•@the•@decorrela•|

tion•@rate•@of•@speckle•@fiuctuations•@is•@linearly•@proportional•@to•@the•@velocity•@of•@the•@moving

object•D•@However•C•@this•@relation•@may•@no•@longer•@hold•@in•@the•@case•@where•@the•@illuminat•|

ing•@light•@itself•@is•@modulated•@to•@become•@time•|varying•@speckles•@by•@passing•@through•@a

scattering•@medium•@in•@motion•D•@llluminating•@a•@diffuser•@with•@such•@a•@speckle•@pattern

produces•@doublyˆê•@or•@multiply•|scattered•@speckles•@whose•@statistical•@properties•@have

been•@studied•@by•@many•@researchers•@•m7•|31•C•@75•n•@particularly•@in•@the•@contexts•@of•@speckle

reduction•@•m7•@ˆêˆê10•n•@and•@light•@scattering•@in•@atmospheric•@turbulence•@•m24•C•@75•n•D•@To•@the•@au•|

thor•fs•@knowledge•C•@most•@analyses•@in•@these•@studies•@are•@mainly•@focused•@on•@the•@effect•@of

speckle•@noise•@on•@the•@quality•@of•@images•@•m7•C•@8•C•@10•C•@75•n•@or•@the•@properties•@of•@instantaneous

speckle•@patterns•@•m11•|23•n•D•@Although•@there•@are•@several•@reports•@•m24•C•@29•@ˆêˆê•@31•n•@concerning

the•@velocity•@dependence•@of•@doublyˆê•@or•@multiply•|scattered•@speckles•C•@few•@studies•@have

been•@conducted•@on•@the•@dynamic•@properties•@of•@doubly•|scattered•@speckles•@appearing

at•@the•@image•@plane•@of•@a•@moving•@difFuser•@wiŽµh•@dynamic•@speckle•@illumination•D

•@•@•@In•@Chapter•@4•C•@the•@velocity•@dependence•@of•@doubly•|scattered•@speckles•@observed•@in

the•@diffraction•@field•@has•@been•@analyzed•@by•@using•@two•@moving•@diffuse•@plates•@placed

in•@parallel•D•@lt•@was•@found•@that•@the•@speckle•@intensity•@fluctuations•@measured•@by•@a

point•@detector•@are•@inäwenced•@by•@the•@motion•@of•@both•@diffusers•@and•@that•@the•@velocity
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dependence•@varies•@according•@to•@the•@size•@of•@an•@illuminating•@area•@or•@the•@position•@of

the•@detecŽµ•Zr•D•@Since•@the•@effect•@of•@the•@motion•@of•@the•@first•@diffuser•@is•@hardly•@negligible•C

it•@is•@very•@diflicult•@to•@measure•@the•@velocity•@of•@the•@second•@diffuser•@placed•@behind•@the

first•C•@as•@long•@as•@the•@intensity•@fluctuations•@are•@detected•@in•@the•@diffraction•@field•D

•@•@•@In•@this•@chapŽµer•C•@the•@dynamic•@properŽµies•@ofŽµime•|varying•@speckles•@produced•@at

the•@image•@plane•@by•@the•@light•@passing•@through•@a•@cascade•@of•@two•@moving•@diffusers•@are

investigated•@experimentally•@•m33•n•D•@The•@motion•@of•@a•@speckle•@pattern•@illuminating•@the

second•@diffuser•@is•@varied•@by•@changingŽµhe•@spoŽµsize•@of•@an•@illuminating•@lighŽµbeam

and•@the•@spacing•@between•@the•@two•@diffusers•C•@The•@correlation•@time•@of•@speckle•@intensity

fluctuations•C•@which•@characterizes•@the•@rate•@of•@decorrelation•C•@is•@measured•@as•@a•@function

of•@the•@velocity•@of•@the•@first•@diffuser•@in•@order•@to•@estimate•@the•@effect•@of•@the•@motion•@of

the•@illuminating•@speckle•@pattern•@on•@the•@resultant•@image•@speckles•C•@The•@effect•@of•@the

pupil•@size•@of•@an•@imaging•@lens•@is•@also•@discussed•D

5•C2 Experiments

Figure•@5•D1•@shows•@the•@schematic•@diagram•@of•@the•@experimental•@setup•D•@A•@He•|Ne•@laser

beam•@with•@wavelengthƒÉ••632•D811m•@directly•@illuminates•@a•@first•@diffuse•@plate•@Dl

with•@a•@spot•@diameter•@of•@1•D5•@mm•D•@A•@second•@diffuse•@plate•@D2•@is•@located•@at•@a•@cerŽµain

distance•@fromŽµhe•@first•C•@and•@both•@diffusers•@are•@mounted•@on•@moving•@stages‚à•B•@translate

aŽµconstanŽµvelocities•@in•@the•@same•@direction•@perpendicular•@to•@the•@opticaƒ†aXis•D•@The

spaŽµial•@correlation•@lengths•@of•@these•@diffusers•@are•@about•@11ƒÊm•C•@and•@their•@roughnesses

were•@chosenŽµ•Zbe•@larger•@than•@the•@wavelength•@of•@the•@laser•@light•@to•@eliminate•@the

specular•@component•D•@The•@doubly•|scattered•@light•@is•@collected•@by•@a•@lens•@L•@to•@form

time•|varying•@speckles•@at•@the•@image•@plane•@of•@the•@second•@diffuser•C•@where•@the•@detecting

aperture•@A•@having•@a•@diameter•@of•@2ƒÊm•@is•@placed•@on•@axis•D•@A•@camera•@lens•@wiŽµh•@a

focaƒ†1engŽµh•@of•@55•@mm•@is•@llsed•@as•@an•@imaging•@lens•@and•@is•@fixed•@at•@the•@distance•@66

mm•@from•@the•@second•@diffuser•@and•@330•@mm•@from•@the•@detecting•@apefture•@to•@give•@an

‚è

1mage•@magnification•@of•@5•D•@By•@fiXing•@the•@lens•@position•C•@the•@diameter•@of•@a•@lens•@pupil

Pdetermines•@the•@speckle•@size•@at•@the•@image•@plane•@and•@was•@chosen•@in•@such•@a•@way

that•@the•@size•@of•@speckle•@grains•@is•@largerŽµhan•@that•@ofŽµhe•@detecting•@aperture•D•@The

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@ƒR

mtenslty•@fluctuations•@are•@detected•@via•@the•@aperture•@by•@a•@photomultiplier•@PM•@and
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Figure•@5•D1•D•@Schematic•@diagram•@of•@the•@experimental•@setup•D

fed•@into•@a•@FFT•@correlator•@to•@measure•@their•@normalized•@autocorrelation•@function•D

The•@correlation•@time•@Tc•@is•@obtained•@as•@the•@1•^e•@correlation•@time•@after•@averaging•@64

autocorrelation•@functions•C•@each•@of•@which•@is•@calculated•@by•@using•@1024•@sampling•@data•D

•@•@•@To•@investigate•@the•@effect•@of•@the•@dynamic•@speckle•@pattern•@in•@front•@of•@the•@second

diffuser•C•@the•@sizeƒÄand•@the•@motion•@of•@these•@speckles•@were•@varied•@by•@controlling•@the

spacing•A”zi•@between•@the•@two•@diffusers•@and•@the•@spot•@diameter•@2ƒÖof•@the•@illu•Dminating

laser•@beam•@over•@the•@first•@diffuser•@D1•D•@As•@shown•@in•@the•@inset•@of•@Fig•D5•D1•C•@a•@lens

with•@a•@focal•@length•@of•@200•@mm•@was•@placed•@in•@front•@of•@the•@first•@difFuser•@to•@obtain

the•@illuminating•@spot•@diameter•@smaller•@thanŽµhat•@obtained•@under•@illumination•@of•@the

direct•@beam•D•@In•@addition•C•@we•@also•@considered•@the•@effect•@of•@the•@diameter•@2ƒ¿of•@the

pupil•@P•@which•@determines•@the•@diameter•@2ƒÏof•@the•@poillt•@spread•@of•@the•@imaging•@lens•FL

at•@the•@surface•@of•@the•@second•@diffuser•D•@These•@parameters•@are•@illustrated•@schematica11y
•@

mFig•E5•D2•@and•@the•@values•@used•@in•@experiments•@are•@shown•@in•@Tables•@5•D1•@and•@5•D2•D
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Figure•@5•D2•D•@Parameters•@used•@for•@changing•@the•@dynamic•@properties•@of•@image•@speckles•D

Table•@5•D1•D•@Parameters•@of•@illuminating•@condition

2w•@•ipam•j R•C•@•imm•j •q•@•ipam•j

1500

100

•|•è0‰S•Û0
1•«•@•|•«

1•D37

4•D02

5•D84

57•D0

Table•@5•D2•D•@Parameters•@of•@detecting•@condition

2a•@•imm•j p•@•ipam•j

19•D4

1•D72

1•D77

20•D0

5•D3 Results•@and•@Discussion

•FFigure•@5•E3•@shows•@the•@dependence•@ofŽµhe•@reciprocal•@values•@of•@the•@correlation•@time•@T•C•@of

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@ƒjspeckle•@intensity•Fauctuations•@on•@the•@velocity•@r‚è10f•@the•@first•@di•Fˆ³user•@obtained•@for•@the

different•@values•@of•ia•jthe•@spacing•@Ri•@between•@the•@two•@diffusers•@and•ib•jthe•@diameter

2w•@of•@the•@illuminating•@beam•@spot•EThe•@figure•@also•@shows•@the•@variation•@caused•@by

changing•@the•@pupil•@diameter•@2ƒ¿of•@the•@imaging•@lens•D•@The•@velocity•@v20f•@the•@second

diffuser•@was•@fixed•@at•@O•D5•@mm•^s•D•@The•@three•@kinds•@of•@the•@velocity•@dependence•@can•@be
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of•@the•@velocity•@vi•@of•@the•@first•@diffuser•@•ia•j•@for•@the•@two•@different•@values•@of•@the•@spacing•@Ri

between•@the•@two•@diffusers•@and•@•ib•j•@for•@the•@two•@different•@values•@of•@the•@diameter•@2w•@of•@the

illuminating•@beam•@spot•D
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ˆê•D

found•@from•@Fig•D•@5•D3•D•@•ii•j•@The•@motion•@of•@the•@first•@diffuser•@scarcely•@contributes•@to•@the

speckle•@fiuctuations•@in•@the•@case•@where•@the•@spacing•@Ri•@is•@large•@or•@the•@spot•@diameter•@2w

is•@small•@•isee•@curves•@B•@and•@D•@in•@Fig•C•@5•D3•j•D•@•iii•j•@The•@value•@of•@1•^T•C•@is•@almost•@proportional

to•@the•@relative•@velocity•@lvi•@ˆê•@v21•@when•@the•@illuminating•@spot•@size•@is•@large•@and•@when

both•@the•@spacing•@and•@the•@pupil•@size•@are•@small•@•isee•@curve•@C•j•D•@•iiii•j•@The•@value•@of•@1•^T•C

increases•@with•@an•@increase•@of•@the•@velocity•@vi•@when•@the•@spacing•@is•@small•@and•@when•@the

diameter•@of•@the•@illuminating•@beam•@spot•@and•@the•@pupil•@size•@are•@large•@•isee•@curve•@A•j•D

The•@fo•Ilowing•@discussion•@is•@devoted•@to•@describing•@the•@reason•@why•@the•@time•|varying

speckles•@arising•@from•@double•@scattering•@show•@such•@various•@patterns•@of•@the•@velocity

dependence•@observed•@in•@Fig•D•@5•D3•@according•@to•@the•@optical•@configuTations•D

•@•@•@•@First•@we•@examineŽµhe•@dynamic•@properties•@of•@the•@speckle•@patterII•@produced•@by

the•@first•@diffuser•@in•@front•@of•@the•@second•@diffuser•@•m3•n•C•@because•@these•@properties•@play

an•@important•@role•@in•@the•@temporal•@behavior•@of•@doubly•|scattered•@speckles•D•@The•@mo•|

tion•@of•@this•@speckle•@pattern•@can•@be•@changed•@by•@controlling•@the•@spacing•@Ri•@between

the•@diffusers•@or•@the•@spot•@size•@2w•@of•@the•@illuminating•@light•D•@As•@a•@function•@of•@these

two•@parameters•C•@the•@dynamic•@properties•@of•@the•@illuminating•@speckle•@pattern•@can•@be

investigated•@as•@shown•@in•@Figs•D•@5•D4•@and•@5•D5•C•@The•@variations•@of•@the•@fiuctuation•@rate

given•@by•@1•^T•C•@for•@the•@spacing•@Ri•@and•@the•@spot•@size•@2w•@are•@shown•@in•@Figs•C•@5•D4•ia•j•@and

5•C4•ib•j•C•@respectively•D•@lt•@can•@be•@seen•@from•@Fig•D•@5•D4•ia•j•@that•@the•@larger•@spacing•@between

the•@diffusers•@makes•@the•@intensity•@fiuctuations•@slower•D•@Figure•@5•D4•ib•j•@shows•@that•@1•^T•C

takes•@a•@minimum•@at•@which•@the•@value•@of•@2w•@is•@much•@smaller•@than•@that•@of•@Ri•D•@lf

2w•@has•@a•@size•@greater•@than•@that•@taken•@at•@this•@minimum•@point•C•@the•@speckle•@pattern

fluctuates•@more•@rapidly•@by•@illuminating•@a•@wider•@area•@of•@the•@diffuser•D

•@•@•@Figures•@5•D5•ia•j•@and•@5•D5•ib•j•@show•@how•@the•@speckle•@pattern•@changes•@with•@time•D•@The

variable•@X•C•@stands•@for•@a•@correlation•@distance•@defined•@by•@the•@distance•@at•@which•@the

value•@of•@the•@cross•|correlation•@peak•@becomes•@1•^e•@for•@two•@moving•@speckle•@patterns

tal•qen•@at•@different•@times•D•@lt•@also•@indicates•@how•@long•@the•@speckle•@pattern•@moves•@without

any•@significant•@change•D•@The•@variable•@•q•@denotes•@the•@speckle•@size•@and•C•@ljence•C•@X•C•^•q•@can

be•@a•@measure•@indicating•@whether•@the•@speckle•@pattern•@takes•@a•@translating•@or•@boiling

motion•D•@When•@the•@strong•@translating•@motion•@is•@observed•C•@the•@value•@of•@X•C•^•q•@is•@large•D

When•@the•@boMng•@motion•@becomes•@dominant•C•@it•@approaches•@one•D•@From•@Figs•D•@5•D5•ia•j

and•@5•D5•ib•j•C•@it•@is•@found•@that•@the•@speckle•@pattern•@is•@translating•@in•@the•@case•@where

the•@spacing•@Ri•@is•@small•@or•@the•@spot•@diameter•@2w•@is•@large•D•@On•@the•@other•@hand•C•@the
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speckle•@pattern•@•ia•j•@as•@a•@function•@of•@the•@spacing•@Ri•@between•@the•@two•@diffusers•@and•@•ib•j•@as•@a

function•@of•@the•@diameter•@2w•@of•@the•@illuminating•@beam•@spot•D
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speckle•@size•j•@of•@an•@illuminating•@speckle•@pattern•@•ia•j•@as•@a•@function•@of•@the•@spacing•@Ri•@between

the•@two•@diffusers•@and•@•ib•j•@as•@a•@function•@of•@the•@diameter•@2w•@of•@the•@illuminating•@beam•@spot•D
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boiling•@speckle•@pattern•@illuminates•@the•@second•@diffuser•@when•@the•@spacing•@is•@large

or•@the•@illuminating•@spot•@size•@is•@small•D•@lt•@is•@also•@well•@known•@from•@the•@fundamental

speckle•@theory•@that•@the•@speckle•@size•@increases•@with•@an•@increase•@of•@the•@value•@Ri•@or

wiŽµh•@decreasing•@value•@of•fƒÖ•D•@All•@the•@facŽµs•@mentioned•@above•@lead•@to•@a•@conclusion

that•@the•@dynamic•@speckle•@pattern•@in•@front•@of•@the•@second•@diffuser•@is•@categorized•@into

Žµw•Etypes•F•ii•jthe•@tran•E1ating•@speckle•@pattern•@c•Ensisting•Ef•@small•@speckle•@grains•@and

moving•@fast•C•@and•@•iii•j•@the•@boiling•@speckle•@pattern•@consisting•@of•@large•@speckle•@grains

and•@changing•@slowly•D

•@•@•@On•@the•@basis•@of•@the•@above•@discussion•C•@we•@next•@examine•@the•@results•@of•@Fig•D•@5•D3•@in

detail•D•@When•@the•@spacing•@Ri•@is•@10•@mm•@or•@when•@the•@spot•@diameter•@2w•@is•@100•@pam•C

the•@speckle•@pattern•@produced•@by•@the•@first•@diffuser•@fluctuates•@more•@slowly•@in•@front•@of

the•@second•@diffuser•@than•@that•@in•@the•@case•@of•@Ri•@•••••@1•@mm•@and•@2w•@•••@1•D5•@mm•D•@The

fluctuating•@rate•@of•@this•@speckle•@pattern•@is•@considered•@to•@be•@much•@lower•@than•@that•@of

the•@speckles•@produced•@by•@the•@second•@diffuser•C•@This•@fact•@is•@clearly•@illustrated•@in•@Fig•D

5•D6•C•@where•@the•@autocorrelation•@functions•@of•@speckle•@intensity•@fiuctuations•@obtained

experimentally•@at•@the•@image•@plane•@of•@the•@second•@diffuser•@are•@shown•@for•@various•@values

of•@the•@velocities•@vi•@and•@v2•D•@ln•@this•@case•C•@the•@diameter•@of•@the•@illuminating•@beam•@spot

and•@the•@spacing•@between•@the•@diffusers•@were•@fixed•@at•@2w•@•••••@100•@pam•@and•@Ri•@•••••@10•@mm•C

respectively•C•@so•@that•@the•@slow•@boiling•@motion•@is•@observed•@across•@the•@second•@diffuser•D

Figure•@5•D6•ia•j•@shows•@the•@results•@obtained•@by•@changing•@the•@velocity•@of•@the•@first•@diffuser•C

while•@the•@velocity•@of•@the•@second•@one•@is•@varied•@in•@Fig•D•@5•D6•ib•j•D•@The•@autocorrelation

functions•@are•@found•@to•@consist•@of•@two•@functions•@with•@different•@widths•C•@Namely•C•@the

intensity•@fluctuations•@contain•@both•@the•@low•@and•@high•@frequency•@components•@corre•|

sponding•@to•@the•@broad•@and•@narrow•@functions•C•@Furthermore•C•@the•@slowly•@fluctuating

component•@is•@influenced•@by•@the•@velocity•@of•@the•@first•@diffuser•isee•@Fig•D•@5•D6•ia•j•j•C•@while•@the

velocity•@of•@the•@second•@one•@affects•@the•@rapidly•@fiuctuating•@component•isee•@Fig•D•@5•D6•ib•j•j•D

Since•@the•@motion•@of•@the•@first•@diffuser•@causes•@the•@fluctuation•@of•@illuminating•@speckles•C

a•@temporal•@change•@of•@these•@speckles•@is•@considered•@to•@be•@very•@slow•@compared•@with•@a

change•@of•@the•@speckles•@resulting•@from•@the•@motion•@of•@the•@second•@diffuser•D•@The•@corre•|

lation•@time•@T•C•@has•@been•@defined•@by•@the•@time•@at•@which•@the•@correlation•@function•@takes

the•@value•@of•@1•^e•@and•C•@therefore•C•@the•@value•@of•@T•C•@is•@determined•@only•@by•@the•@velocity•@of

the•@second•@diffuser•D

•@•@The•@pupil•@size•@of•@an•@imaging•@lens•@is•@another•@important•@parameter•D•@The•@•Iight
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illumination•@of•@a•@boiling•@speckle•@pattern•@for•@the•@two•@cases•F•@•ia•j•@with•@the•@fixed•@velocity•@v2
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82

•Ã

•{•E•@•@•@•@•@ƒÄ•T1•^•@•E

•à“å—Ø1•A



‹’
•w ‰T

•E•{‡d•ì—ì“ò•E•g“÷•D‚×•@3”i‹Ñ•A•Dˆô‰g•D•|
‡_‚¼ƒg•E•E

—Ù
‚¹‚è‚¢ƒT•@•@ƒjƒR•¢•–•C

—Ù
•@’D•D•@ƒ„•@•@ˆê•D•e•@•v”y•DŠS•h•@•§ƒG

‰í‹™
”•ˆêƒÈ

•Aˆê•D k•@LŠq“ñ•D•E•D1•A•D•f

•e•Qr
tny•@ˆê’š•E1ˆê

—úŽ¥”Ë•·•Di•h•C•D•E‹Õ•AŽ¯•F—î•F•FŒªb—Õ“å“å•—•E•H•fr•E•niii—ø‹Þ•»“å“ïâÖ”XŒ®i•x–š

ˆê•Dˆê•@ˆê•@•@1—H•@Fˆê•@•@•@•@ˆê•m•@•@•@•@•@•@•c•@•@•@•@•@•@•@•@1•@•@•@•@•@•@•@•@•@1

reaching•@the•@point•@detector•@located•@at•@the•@focal•@plane•@is•@limited•@by•@the•@point•@spread

function•@of•@the•@imaging•@system•D•@Since•@the•@diameter•@2p•@of•@this•@point•@spread•@function

is•@determined•@byŽµhe•@pupil•@size•Ef•@the•@lens•C•@the•@p•E•Ebing•@area•@can•@be•@c•Entr•E11ed•@by

changing•@the•@diameter•@2a•@of•@the•@lens•@pupil•D•@We•@next•@focus•@on•@the•@effect•@of•@the

probing•@area•@at•@the•@second•@diffuser•@on•@the•@velocity•@dependence•@of•@the•@correlation

time•D

‹£

•@•@•@•@F•Erthe•@case•@where•@the•@illuminating•@speckle•@pattern•@takes•@nearly•@a•@b•Eiling•@m•Eti•Bn•C

the•@slight•@difference•@is•@f•Eund•@between•@the•@results•@f•Er•@2ƒ¿ˆê19•D4•@mm•isee•@curve•@B•j

and•@f•Er•@2ƒ¿••1•E72•@mm•isee•@curve•@D•jin•@Figs•E5•D3•ia•jand•@5•D3•ib•j•D•@The•@disturbance

of•@the•@incident•@light•C•@which•@is•@caused•@by•@the•@motion•@of•@the•@first•@difFuser•C•@seems

to•@be•@suppressed•@suŒÞciently•@by•@using•@the•@lens•@with•@a•@large•@pupi1•C•@This•@fact•@can•@be

explained•@by•@considering•@the•@difference•@in•@size•@between•@the•@point•@spread•@aŽµthe•@second

diffuser•@and•@the•@illuminating•@individual•@speckles•@over•@that•@diffuser•B•@By•@referring•@to

Tables•@5•D1•@and•@5•D2•C•@we•@can•@see•@that•@the•@probing•@area•iƒÏ2••1•D772ƒÊm2•jfor‚àhe•@pupil

diameter•@of•@2ƒ¿•••F19•D4•@mm•@is•@much•@smaller•@than•@the•@area•iƒÄ2••4•D022ƒÊm20r•@5•D842

ƒÊm2•j•Ef•@illuminating•@speckle•@grains•EOn•@the•@c•Entrary•C•@the•@pr•Ebing•@area•iƒÏ2•|202

ƒÊm2•jf•Er•@the•@pupil•@diameter•Ef•@2ƒ¿ˆê1•D72•@mm•@is•@much•@larger•@than•@the•@average•@size

of•@illuminating•@speckles•D•@Hence•C•@for•@the•@case•@of•@the•@large•@pupi1•C•@the•@speckle•@signals

are•@collsidered•@to•@be•@detected•@under•@illumination•@of•@o•Fnly•@one•@speckle•C•@while•@many

speckles•@contribute•@to•@the‰¾ctuations•@of•@speckle•@signals•@in•@the•@case•@of•@the•@small

pupi1•C

•@•@•@To•@eliminate•@the•@motion•@influence•@of•@the•@first•@diffuser•C•@it•@is•@required•C•@as•@mentioned

bef•Ere•C•@that•@the•@speckle•@pattern•@illuminating‚àhe•@sec•End•@diffuser•Evaries•Emuch•@s1•Ewly

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@‚Ì

1n•@companson•@wiŽµh‚àhe•@speckles•@produced•@by•@the•@second•@diffuser•C•@However•C•@when

the•@point•@spread•@fu•F•y1ction•@is•@taken•@into•@account•C•@the•@above•@condition•@is•@found•@to•@be

insuŒÞcient•@for•@that•@purpose•D•@Until•@now•C•@the•@speed•@of•@the•@motion•@for•@the•@illuminating

speckle•@pattern•@is•@estimated•@by•@the•@rate•@ofŽµhe•@intensiŽµy‰Nuctua•Ctions•@detected•@at•@an

ideal•@point•C•@as•@shown•@in•@Figs•C5•D4•D•@This•@estimation•@is•@reasonable•@only•@for•@the•@case

where•@the•@probing•@area•@is•@much•@smaller•@than•@the•@speckle•@size•D•@The•@experimental

result•@for•@the•@lens•@of•@the•@small•@pupil•@reveals•@that•@a•@motioll•@of•@the•@gathering•@of

individual•@speckles•@is•@not•@considered•@to•@be•@slow•@even•@if•@each•@speckle•@changes•@its

shape•@slowly•D•@In•@Chapter•@4•C•@it•@was•@found•@that•@the•@influence•@of•@the•@first•@diffuser

cannot•@be•@easily•@removed•@in•@free•|space•@geomeŽµry•D•@Now•@this•@result•@can•@be•@explained
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1—w•F—••“•D•F•A•C”Q•A•Q‹d•“•«Š°•A‚«•C Œ®•@“‰

inŽµerms•@of•@the•@probing•@area•D•@Namely•C•@if•@the•@intensity‰Nuctuations•@are•@detected

without•@the•@imaging•@lens•C•@the•@detected•@signals•@colltain•@the•@contributions•@from•@the

whole•@speckles•@illuminating•@the•@second•@diffuser•@because•@no•@limitation•@is•@set•@for•@the

pr•Ebing•@area•ETheref•Ere•C•@in•Erder•@t•Emeasure•@the•@ve1•Ecity•Ef•@the•@sec•End•@diffuser•C•@it

ƒR

1s•@necessary•@to•@employ•@an•@imaging•@system•@and•@to•@use•@the•@lens•@having•@a•@large•@pupiL

•@•@•@Figure•@5•D7•@shows•@the•@experimental•@results•@obtailled•@under•@the•@condition•@where

the•@illuminating•@spec1‚­1e•@pattern•@takes•@a•@b•Eiling•@m•Eti•En•@and•@where•@the•@large•@pupil•@is

used•@f•Er•@the•@imaging•@lens•EThe•@aut•Ec•Errelati•En•@functi•Ens•@in•@Fig•D5•D6•ib•jc•Erresp•Bnd

t•Ethe•@case•Ef•@Ri•@ˆê•@10•@mm•@in•@Fig•E5•E7•Eln•@this•@case•C•@the•@value•Ef•@1•^7•B•@is•@linearly

proportional•@to•@the•@velocity•@v20f•@the•@second•@diffuser•@even•@though•@the•@first•@diffuser•@is

moving•@with•@a•@constant•@velocity•@of•@O•A5•@mm•^s•D•@The•@data•@for•@R1••1mm•C•@which•@were

measured•@under•@the•@same•@c•Enditi•En•@as•@the•@data•@sh•Ewn•@by•@curve•@B•@in•@Fig•D5•D3•ib•j•C•@are

affected•@slightly•@by•@the•@m•Eti•Bn•Ef•@the•Efirst•@diffuser•EFr•Em•@Fig•D5•D4•ia•j•C•@the•@fluctuating

rate•@for•@Rl••1mm•@is•@seen•@to•@be•@much•@higher•@than•@that•@in•@the•@case•@of•vRi••10•@mm•D

This•@difference•@of•@the•@rate•@seems•@to•@be•@the•@main•@reason•@why•@the•@two•@data•@set•@•ithe

small•@and•@the•@large•@spacings•j•@do•@not•@take•@the•@same•@values•D

•i•¤‚ÌE•j‚¬•_

F

O•D•@6

O•D4

O•D2

o•Do

vl•@•••@O•D5•@mm•^s

w•••@50•@pm

2a••19•D4•@mm

Ri••1•@m•@m

•^•^•^•^

•^‚ñ•^•^
•@•@•^•^

•@•@•@•@e

Rl••10•@mm

e

•j

o•Do O•D2•@O•D4•@O•D6
•@•@Ve•iocity•@v2•@•imm•^s•j

O•D8

Figure•@5•D7•D•@Linearity•@between•@the•@reciproca•p•@1•^Tc•@of•@correlation•@time•@and•@the•@velocity•@v2

0f•@the•@second•@diffuser•@for•@the•@two•@different•@spacings•@Ri•D
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˜_•EŽÈƒSŽ •J—••p•F—Õ•J •C•Q•BIli2d•D1•B•D•D•fŽO•E•E•D

•@•@•@•@•@•@•@•D•@•F”RŠ¶•Aàh•Œ•u•F•Eƒ“•A
•D•A•D•••E•ç”F’s•D•D•D1•øˆê•EŠ´•C•D•D•c•C3•@•E•f—••E—Ù•D•@•@•g

L•f•p•GgfiLi•E•f•C•C

•@•@•@•@Finally•@we•@examine•@the•@results•@obtained•@when•@the•@translating•@speckle•@pattern

illuminates•@the•@second•@diffuser•EThe•@data•@for•@2ƒ¿••19•D4•@and•@1•D72•@mm•@produced

the•@curves•@in•@different•@forms•@as•@shown•@by•@curves•@A•@and•@C•@in•@Fig•D5•D3•D•@The•@vaƒ†ue

•Ef1•^T•E•@is•@f•Eund•@t•Ebe•@alm•Est•@pr•Ep•Erti•Ena1Žµ•Ethe•@relative•@ve1•Ecity•@lvi•@ˆê•@v21•@in•@the

case•@of•@the•@small•@pupi1•C•@while•@it•@appears•@to•@increase•@with•@increasing•@vl•@for•@the•@large

pupiL•@This•@difference•@can•@also•@be•@explained•@by•@using•@the•@dynamic•@properties•@of•@the

illuminating•@speckle•@pattern•@and•@the•@probing•@area•@determined•@by•@the•@point•@spread

function•@of•@the•@imaging•@lens•D•@As•@menŽµioned•@earlier•C•@the•@translating•@speckle•@pattern

is•@fluctuating•@s•B•@rapidly•@that•@its•@m•Eti•En•@cann•Et•@be•@neglecŽµed•@even•@if•@the•@p•Eint•@spread

function•@is•@much•@narrower•@than•@the•@diameter•@of•@individual•@speckles•@in•@that•@pattern•C

In•@the•@experimenŽµ•C•@the•@probing•@area•iƒÏ2•••E1•D772ƒÊm2•jfor•@the•@large•@pupil•@is•@the•@same

order•@in•@size•@as•@the•@speckle•@grains•iƒÄ2••1•D372ƒÊm2•jas•@indicated•@in•@Tables•@5•D1•@and

5•D2•DAlthough•@the•@moving•@direction•@of•@the•@speckle•@pattern•@is•@one•@of•@the•@important

parameters•@characterizing•@the•@translating•@moŽµion•C•@this•@information•@is•@lost•@in•@this•@case

because•@the•@light•@contributing•@to•@the•@detected•@signals•@is•@always•@emitted•@only•@from•@a

single•@speckle•@grain•D•@Therefore•C•@the•@absolute•@value•@of•@the•@velocity•@vl•@determines•@the

correlaŽµion•@time•D

•@•@•@On•@the•@other•@hand•C•@the•@probing•@area•@for•@the•@small•@pupil•@is•@much•@larger•@than

the•@speckle•@size•D•@Since•@theŽµwo•@diffusers•@are•@pla•Cced•@closely•C•@the•@speckle•@pattern

illuminating•@the•@second•@diffuser•@moves•@with•@the•@same•@velocity•@and•@direction•@as•@those

of•@the•@first•@diffuser•C•@In•@this•@case•@we•@have•@to•@consider•@the•@interaction•@between•@the

illuminating•@speckles•@and•@the•@correlation•@cells•@at•@the•@surface•@of•@the•@second•@diffuser•D

Each•@of•@the•@translating•@speckles•@is•@modulated•@by•@the•@correlation•@cells•@that•@is•@also

translating•D•@This•@microscopic•@interference•@produces•@a•@rapid•@phase•@modulation•@if•@the

relative•@velocity•@of•@the•@diffusers•@becomes•@high•D•@For•@the•@special•@case•@where•@those•@two

diffusers•@move•@with•@the•@same•@velocity•@and•@directio•Fn•C•@the•@intensity•@fluctuations•@are

caused•@only•@by•@movement•@of•@both•@the•@speckles•@and•@the•@correlation•@cells•@entering

or•@leaving•@the•@probing•@area•D•@The•@rate•@ofŽµhis•@movement•@is•@directly•@related•@to•@the

absolute•@value•@of•@the•@velocity•@vl•@or•@v2•C•@The•@fluctuaŽµions•@due•@to•@this•@macroscopic

interference•@are•C•@however•C•@quite•@slow•@in•@comparison•@with•@those•@produced•@by•@the

•@ƒ••@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@

mlcroscoplc•@interference•D•@ThereforeŽµhe•@correlation•@time•@is•@mainly•@determined•@by

the•@relaŽµive•@velocity•@lv1•|v21•@rather•@than•@the•@absolu‚àe•@one•@of•@vl•@ol•fv2•D

•@•@•@We•@have•@revealed•@the•@three•@kinds•@of•@the•@typical•@tendencies•@appearing•@in•@the
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•c•c

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@ƒˆ•@‚Ê•@”F••˜B—H“ä”Ë•A•E•C•E•@•D•D•C•z•Q•A•“1•EŠà•E•QŠW—••C•J•`•EŠ­“Å“å•f•m•fL•D—•Œø‹Y•@•@•@•E•G

•w•@•D‚Å•@•@•@•@•@•@ƒg

f

Table•@5•D3•D•@Three•@kinds•@of•@velocity•@dependence•@obtained•@under•@different•@condi•|

tions•@for•@illumination•@and•@detection•g

Illumination Detection 1•^Tc

2w•@•ƒ•ƒ•@•DRi

2“ú–Út•hˆê•gv•@Ri

p•@•ƒ•ƒ•@•q•@•i2a•@•„•„•@1•j•@plJ6ti56ilEi6ii5•mˆê•o6•|

e•n510rtional•@t•@o•@v2

p•@•„•„•@•q•@•i2a•@•ƒ•ƒ•@1•j•@proportional•@to•@lvi•@ˆê•@v21

pt•q•@mcreasmg•@with•@mcreasipg•@lvil•@or•@lv21

•g2w•C•@••pot•@diameter•@of•@illuminating•@laser•@beam•G•@Ri•C•@spacing•@between•@diffusers•G•@p•C•@radius•@of•@point

spread•@function•G•@•q•C•@radius•@of•@illuminating•@speckle•G•@2a•C•@diameter•@of•@lens•@pupil•D

fluctuations•@of•@image•@speckles•D•@Their•@features•@are•@summarized•@in•@Table•@5•D3•D•@Since

we•@used•@only•@one•@pair•@of•@sample•@diffusers•C•@the•@size•@of•@the•@correlation•@cells•@for•@those

diffusers•@has•@not•@been•@considered•@in•@the•@above•@discussion•D•@For•@further•@analysis•@of

double•|scattering•@phenomena•C•@it•@will•@be•@required•@that•@the•@parameters•@characterizing

the•@diffuse•@objects•@must•@also•@be•@taken•@into•@consideration•D

5•D4 Conclusion

We•@have•@investigated•@experimentally•@the•@velocity•@dependence•@of•@coherent•@light•@scat•|

tered•@by•@a•@moving•@diffuser•@under•@illumination•@of•@dynamic•@speckles•D•@The•@light•@scat•|

tered•@twice•@by•@a•@cascade•@of•@two•@diffusers•@was•@detected•@at•@the•@image•@plane•@of•@the

second•@difƒhuser•C•@and•@the•@correlation•@time•@was•@measured•@to•@estimate•@the•@rate•@of•@inten•|

sity•@fiuctuations•D•@It•@has•@been•@shown•@that•C•@if•@the•@speckle•@pattern•@produced•@by•@the•@first

diffuser•@takes•@a•@boiling•@motion•@and•@if•@a•@lens•@with•@a•@large•@pupil•@size•@is•@used•C•@the•@mo•|

tion•@of•@illuminating•@speckles•@has•@little•@effect•@onŽµhe•@f•yuctuatiolls•@of•@doubly•|scattered

speckles•D•@In•@this•@case•C•@the•@reciproca11•^Tc•@of•@the•@correlation•@time•@is•@proportional•@to

the•@object•@velocity•D•@When•@the•@translating•@speckles•@illuminate•@the•@second•@diffuser•C

the•@value•@of•@1•^7•Eb•@is•@proportional•@to•@the•@relative•@velocity•@of•@the•@tw6•@diffusers•@if•@the

pupil•@size•@of•@the•@lens•@is•@so•@small•@that•@the•@point•@spread•@function•@is•@much•@broader•@than

the•@individual•@speckles•@at•@the•@sec•End•@diffuser•D•@F•Er•@the•@case•Ef•@the•@la•Ege•@pupi1•C•@an

•@

1ncrease•@of•@the•@velocity•@of•@each•@diffuser•@increases•@the•@value•@of•@1•^•v7•F•B•D•@Therefore•C•@it•@is

f•Eund•Ethat•Ethe•Ethree•Ekinds•Ef•@the•@ve1•Ecity•@dependence•@can•@be•Ebtained•@by•@c•Entr•E11ing
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1“åŒp•J•f—ØŠ™ŒpiŠ]‰T“Q

the•@spot•@diameter•@of•@the•@illuminating•@light•@and•@the•@pupil•@diameter•@of•@the•@imaging

lens•D•@These•@results•@may•@provide•@an•@insight•@into•@more•@complicated•@phenomena•@such

as•@multiply•|scattered•@speckles•D
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Chapter•@6

E•ûects•@of•@lmaging•@P•@ro•@p•@e•@rties•@on•@Doubly•BScattered

Speckles

6•D1 1ntroduction

When•@a•@c•Eherent•@light•@pr•Epagates•@thr•Eugh•@a•@dense•@scaŽµtering•@medium•@in•@m•Bti•Bn•C•@a

dynamic•@speckle•@pattern•@is•@observed•@in•@the•@diffraction•@and•@image•@fields•D•@This•@speckle

pattern•@results•@from•@multiple•@scaŽµtering•@due•@to•@a•@large•@number•@of•@moving•@particles

or•@the•@temporal•@fluctuations•@of•@the•@refractive•@index•@in•@the•@medium•D•@Therefore•C‚àhe

statistical•@properties•@of•@time•|varying•@speckles•@provide•@us•@with•@useful•@information

about•@the•@dynamic•@behavior•@of•@the•@scattering•@media•D

•@•@•@Many•@studies•y7•|31•C75•nhave•@been•@conducted•@on•@doubly•|or•@multiply•|scattered

speckles•@particularly•@in•@the•@c•Entexts•Ef•@speckle•@reducti•En•m7•|10•nand•@light•@scattering

in•@atmospheric•@turbulence•m24•C75•z•D•@Most•@of•@these•@analyses•@deal•@with•@static•@speckle

patterns•m11•@ˆê•@23•n•E•Er•@dynamic•@speckles•Enly•@at•@the•@image•@plane•Er•@F•Eurier•@plane•Bfthe

•@•@•@•@•@•@•@•@•@•@•@•@•@

1maglng•@system•@since•@the•@moving•@diffusers•@employed•@in•@these•@studies•@are•@considered

•@•@•@•@•@•@‚Þas•@a•@nolse•@source•@producing•@the•@speckle•@noise•@added•@to•@the•@diffraction•|1imited•@image

of•@the•@object•@concerned•D•@However•C•@it•@is•@also•@important•@to•@reveal•@the•@relationship

between•@the•@motion•@of•@the•@difFusers•@and•@the•@fluctuations•@of•@the•@speckle•@intensity

caused•@by•@them•@under•@more•@general•@conditions•C•@including•@the•@effect•@of•@defocus•C•@for

the•@formation•@of•@dynamic•@speckles•D

•@•@•@In•@Chapter•@4•C•@the•@velocity•@dependence•@of•@doubly•|scattered•@speckles•@arising•@from

acascade•@of•@two•@moving•@diffusers•@observed•@in•@the•@Fresnel•@diffraction•@field•@was•@in•|

vestigated•@theoretically•@and•@experimentally•D•@The•@reciprocal•@of•@the•@correlation‚àime•C

which•@is•@a•@measure•@of•@the•@fluctuating•@rate•@of•@the•@speckle•@intensity•@detected•@at•@a•@single

point•C•@shows•@a•@nearly•@linear•@relationship•@with•@the•@difference•@between•@the•@velocities

of•@the•@diffusers•@in•@most•@of•@the•@cases•EFor•@speckles•@at•@the•@image•@plane•C•@however•C•@an
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•ÍV•| •‘š•@ƒC˜R•@–`•pˆêv•O•g

experimental•@study•@presented•@in•@Chapter•@5•@demonstrates•@that•@the•@intensity•@fluctua•|

tions•@show•@various•@kinds•@of•@dependence•@on•@the•@diffuser•@velocities•C•@according•@to•@both

scattering•@and•@detecting•@conditions•D

•@•@•@In•@this•@chapter•C•@we•@generalize•@the•@imaging•@conditions•@and•@investigate•@theoretically

and•@experimenta11y•@the•@dynamic•@properties•@of•@time•|varying•@speckles•@formed•@in•@an

imaging•@system•@by•@passing•@light•@through•@a•@sequential•@pair•@of•@two•@moving•@diffusers

•m36•n•D•@The•@space•|time•@correlation•@function•@for•@image•@speckle•@patterns•@is•@derived•@to

examine•@the•@spatial•@properties•@of•@static•@speckle•@patterns•@and•@to•@estimate•@the•@influence

of•@the•@motion•@of•@each•@diffuser•@on•@the•@fiuctuating•@rate•@of•@the•@speckle•@intensity•D•@lt•@is

foundŽµhat•@the•@velocity•@of•@the•@diffuser•@in•@focus•@or•@the•@average•@velocity•@of•@the•@diffusers

can•@be•@measured•@if•@the•@distance•@between•@the•@diffusers•@is•@much•@greater•@than•@the•@spot

size•@of•@the•@illuminating•@beam•@and•@if•@an•@imaging•@lens•@with•@a•@small•@f•|number•@•iF•j•@is

used•D•@On•@the•@other•@hand•C•@when•@the•@distance•@between•@the•@diffusers•@and•@the•@beam•|spot

size•@are•@of•@the•@same•@order•@and•@when•@an•@imaging•@lens•@having•@a•@large•@f•|number•@is•@used•C

the•@difference•@between•@the•@velocities•@of•@the•@diffusers•@can•@be•@measured•D•@Experimental

results•@are•@presented•@to•@confirm•@some•@of•@the•@theoretical•@results•D

6•C2 Theory

Figure•@6•D1•@shows•@the•@optical•@arrangement•@used•@for•@evaluating•@the•@space•|time•@corre•|

lation•@function•@of•@doubly•|scattered•@speckle•@patterns•D•@Two•@transparent•@diffusers•@Di

and•@D2•@separated•@by•@a•@distance•@d•@move•@parallel•@to•@each•@other•@with•@constant•@velocities

vi•@and•@v2•@at•@planes•@ui•@and•@u2•C•@respectively•D•@ln•@the•@following•@analysis•C•@the•@diffusers

are•@assumed•@to•@be•@random•@phase•@screens•@which•@modulate•@only•@the•@phase•@of•@the

wave•@field•D•@By•@illuminating•@the•@diffuser•@DI•@normaƒ†1y•@with•@a•@coherent•@Gaussian•@beam

having•@the•@wavelength•@A•@and•@the•@radius•@R•@of•@the•@wavefront•@curvature•C•@a•@dynamic

speckle•@pattern•@is•@produced•@at•@the•@image•@plane•@x•@of•@a•@lens•@L•C•@The•@front•@focal•@plane

of•@the•@lens•@L•@could•@be•@set•@in•@an•@arbitrary•@position•@and•@the•@distance•@from•@the•@plane

u2•@to•@the•@focal•@plane•@is•@indicated•@by•@6•D

•@•@•@In•@order•@to•@formulate•@in•@a•@relatively•@simple•@manner•@the•@correlation•@function•@of

the•@speckle•@intensity•@at•@the•@image•@plane•C•@it•@is•@assumed•@that•@the•@illuminating•@beam

is•@linearly•@polarized•@and•@that•@the•@diffusers•@do•@not•@change•@the•@state•@of•@polarization•@of
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•@•@•@•@•@•f
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•f

x
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•f
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Figure•@6•C1•D•@Schematic•@diagram•@of•@the•@optical•@configuration•@for•@analyzing•@a•@doubly•|

scattered•@speckle•@field•D

the•@field•D•@This•@assumption•@allows•@us•@to•@use•@the•@scalar•@wave•@approximation•D•@It•@is•@also

assumed•@that•@the•@illuminating•@speckle•@field•@in•@front•@of•@the•@plane•@u20beys•@a•@compiex

Gaussian•@random•@process•D

•@•@•@The•@intensity•@correlation•@function•@can•@be•@derived•@by•@using•@the•@space•|time•@corre•|

lation•@function•@of•@the•@speckle•@field•@E2•@at•@the•@plane•@u2•D•@Hence•@we•@first•@evaluate•@the

correlation•@function•@of•@the•@speckle•@field•DE2•C•@which•@is•@expressed•@as

•q’p•C‚ÌE2•iul•C‚Ì•rˆê•Uƒ“•iu1•jEl•iul•j•qexp•mƒ[ƒÓ•iul•|v1‚Ìˆêƒ[ƒÓ•iu1•|v1‚Ì1•„

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•~’¬•iu1•Cu2•jT•E•iul•Cuƒ€•jduidul•C•@•@•@•@•i6•D1•j

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@‚«
where•q•c•„denotes•@the•@ensemble•@average•D•@In•@Eq•D•i6•D1•j•C•@El•@and•@Tl•@stand•@for•@the

incident‰Neld•@at•@the•@plane•@ul•@and•@the•@propagation•@function•@of•@the•@optica1ŒÜeld•@from

the•@plane•@ul•@to•@the•@plane•@u2•C•@which•@are•@given•C•@respectively•C•@by

•@•@•@•@•@•@•@•@•@•@•@El•iu1•j•€xp•i4z•jexp•iˆê1•‰2•jexp•i”••@•i6•E2•j

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@90
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•ˆ–¶ŠC‰T‰T

Œ®•D

‹Þ

—Ö•E‹c”À‹c˜_•E Œe

and

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@’p•Cu2•jrld•Exp•i™†u•Gu212•j•E•@•i6•E3•j

In•@Eq•D•@•i6•D2•j•C•@wo•@and•@w•@are•@the•@radii•@of•@the•@beam•@at•@its•@waist•@and•@the•@illuminating

plane•@ui•C•@and•@z•@is•@the•@distance•@between•@the•@il•Iuminating•@plane•@and•@the•@position•@of

Žµhe•@beam•@waist•D

•@•@For•@simplicity•C•@it•@is•@assumed•@that•@the•@phase•@fiuctuation•@due•@to•@the•@diffuser•@Di•@fol•|

lows•@a•@Gaussian•@random•@process•@and•@that•@the•@normalized•@spatial•@correlation•@function

of•@the•@phase•@fluctuation•@takes•@a•@Gaussian•@form•@with•@the•@lateral•@correlation•@length

of•@ai•D•@Moreover•C•@if•@the•@standard•@deviation•@•qip•H•„i•^2•@of•@the•@phase•@fluctuations•@takes

a•@value•@greater•@than•@T•C•@the•@correlation•@function•@of•@the•@phase•@modulation•@takes•@a

re•Iatively•@simple•@form•@•m74•n•F

•@•@•@•@•@•@•@•@•@•@•qexp•mƒ[ƒÓƒG•iul•|v1‚Ìˆê‚ä1•iu1•|vit•j•n•r••exp•iˆê1•¢ui•@12•^ƒÀ1•j•C

where

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@Aul•@•••@ul•@ˆê•@ul•@ˆê•@vl•itt•@ˆêˆê•@t•j

and•@Pi•@stands•@for•@the•@effective•@correlation•@length•C•@given•@by

•i6•D4•j

•i6•D5•j

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@6i••ai•^•qip•H•„i•^2•D•@•i6•D6•j

Substitution•@of•@Eqs•E•i6•E2•jˆê•i6•E5•jtogether•@wi‚àh•@7•E•••Et•fˆêtinŽµ•ZEq•D•i6•D1•jyields•@the

spaceˆêˆêtime•@correlation•@function•@of•@the•@speckle•@field•@in•@froht•@of•@the•@plane•@u2•@•m32•n

•qE2•f•iu2•Ct•jE2•iu5•Ct•{•@T•j•r•@•••@f•G•@•iZ•@•^iflO•j2exp•@•oˆêˆê•@ft•^1•€•@•m•ii•@ˆê•@ilii•fS•j

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•~•ilu•C12•@ˆê•@lu•f•C12•j•@•{•@•p•f•@v•C•@•E•iu•C•@•{•@ut•C•jT•n•@•p

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@xexpƒh•iP2•@•{•@P32P•j•Iv112ƒÁ2ˆê•q‘½v1•E•iu2•|ul•jT•n

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•~exp•ilU•C•{U‚ç12•@•@•@2qg•jexp•iˆêlu2ŒOŒr‹„12•j•E•i6•E7•j

where

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@a•••@1•{•@d•^R•C•@•i6•D8•j

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@91
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•AŒœŒ£ˆñ•w

•r•v

•@•@•Ü•u’Ó•D•E•Ee•f•h•@•D•f

êG3•j•f

“å•d—Õ•§
–]

and•@q2•@andƒÄ2•C•@the•@exŽµent•@of•@the•@speckle•@field•@and•@the•@mean•@speckle•@radius•@at•@the

•@plane•@u2•C•@respectively•C•@are•@defined•@•fas

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@q2•••@btt•@Pi•^2•@•i6•D9•j

and

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•qi•C•@•D•C•C•@ill•^Si•D•@•irttllil•|1•niiip•ji•^2•D•@•i6•Dlo•j

In•@Eqs•C•@•i6•D7•j•C•@•i6•D9•j•@and•@•i6•D10•j•C

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•u•CP2ˆê“Å•C•@P3ˆê•iTwaAd•j2

and

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@P•••@Pi•\P2•\P3•D•@•i6•D11•j

•@•@•@Using•@Eq•D•@•i6•D7•j•C•@we•@next•@derive•@the•@spaceˆêˆêtime•@correlation•@function•@of•@the•@inten•|

sity•@1•ix•C‚Ìat•@the•@plane•@x•D•@This•@function•@is•@written•@as

•@•@•@•@•@•q1•ix•C‚Ì1•ix•`t•{ƒA•j•rˆê•qE•–•ix•Ct•jE•ix•C•@t•j•@E•ix•`t•{7•jE•–•ix•f•Ct•{ƒÁ•j•r•C•@•i6•D12•j

whereŒÜ1•ix•C‚Áis•@the•@field•@at•@the•@plane•@x•@and•@is•@given•@by

•@•@•@•@•@•@•@•@•@•@E•ix•Ct•j••f•gco•DE2•iu2•Ct•jexp•miip2•iu2ˆêˆêv2t•jIT2•iu2•Cx•jdu2•G•@•i6•D13•j

here•CƒÓ2•@is•@the•@phase•@m•Edulati•En•@due•@t•Ethe•@di‰Nuser•@D2•@and•@T2•@is•@the•@impulse•@resp•Ense

function•@of•@the•@lens•@L•D•@By•@substituting•@Eq•C•@•i6•D13•j•@into•@Eq•D•@•i6•D12•j•C•@the•@intensity

correlation•@function•@becomes

•@•@•@•@•q•E•iX•Ct•j•E•iX•`ƒI•{T•j•rˆêŽM•qE5•iU2•C•@t•j•@E2•iul•Ct•j•@E•E•iul•f•Ct•{T•jes•iUŒE•f•Ct•{T•j•r

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•~•qexp•oˆêiip2•iu2•@ˆê•@v2t•j•@•{•@io2•iu•f2•@ˆêˆê•@v2t•j

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•{iq52•mU•f•C•f•@ˆêˆêˆê•@V2•it•@•{•@T•j•n•@ˆê•@iip2•iU•f•C•h•@ˆêˆêˆê•@V2•it•@•{•@T•j•n•p•r

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•~T2•f•iu2•Cx•jT2•iuS•C•~•jT2•iut•Ct•Cxt•jT•C•–•iui•C•h•Cxt•j

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@xdu2dut•Cdu•fidut•C•h•D•@•C•@•i6•D14•j
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•CilC•g•^

•C•DL•f

‰‚ri•Dut

•x‚µ•D J•““ï“ZŽ¥iŒ®”Õ“åiE•D•u•E•ˆ•F•D‹c”M“¬
wh•h•h•f•h•@•D•h1•E•Cu•Cc•E•CL•C•Dv•Clliiiilii3iiiiiSi

ˆê•w•E
?‚²

‚º•]

Since•@complex•@Gaussian•@statistics•@have•@been•@assumed•@for•@the•@speckle•@field•@at•@the

plane•@u2•C•@the•@fourth•|order•@moment•@of•@the•@field•@is•@expressed•@by•@a•@combination•@of•@the

second•|order•@moments•@as

•qE•C•f•iU2•Ct•jE2•iU•f•C•Ct•jE2•iu•f•C•f•Ct•@•{•@T•jE•C•f•iu•f•C•h•Ct•@•{•@T•j•r

•@•@•@•@•@•@•@•@•@•@•@•@•@•F•@•qE•C•f•iu2•C•@t•j•@E2•iu•f•C•Ct•j•r•qE2•iu•fi•@t•@•{•@T•jE•C•g•iu•f•C•h•Ct•@•{•@7•j•r

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•{•qE•C•–•iu•C•Ct•jE2•iUŽ`•Ct•{T•j•r•qE2•iul•CƒI•jES•iul•h•Ct•{•ET•j•r•D •i6•D15•j

By•@using•@a•@Gaussian•@soft•@aperture•@with•@radius•@a•@for•@the•@imaging•@system•C•@the•@impulse

response•@function•@for•@a•@single•@lens•@geometry•@is•@given•@by

T2•iu2•C•@x•j•@•• ŽÏexp•m•¾

•~eXp
bƒSƒÃ•‘

lu212

•@•@do

XˆêƒÏ•\

•{•@Wt12•j1•@exp•iitan•|ie•j

2•jexp•i•@•@•@2•@U2•@•E•~ˆêi•e•@•\ˆê•@P2•@P•j•C

•i6•D16•j

where•@p2•@and•@p•@indicate•@the•@widths•@of•@the•@point•@spreads•@at•@planes•@u2•@and•@•~•C•@respec•|

tively•C•@which•@are•@defined•@by

ƒÏ2ˆê

iAclo7ra•j•i•E•{ƒÃ2•j1•^2

•i6•D17•j

and

ƒÏˆê

iAdi–œ•j•i1•{ƒÃ2•j1•^2
•i6•D18•j

with

•@•@•@•@•@2
•@•@•@Ta
e•••@•@•@•@A

–×ˆê•p•j•E •i6•D19•j

The•@standard•@deviation•@•qip•H•„i•^2•@of•@phase•@fluctuations•@introduced•@by•@the•@diffuser•@Di

has•@been•@assumed•@to•@have•@a•@value•@greater•@than•@T•C•@but•@no•@restriction•@is•@imposed•@for

the•@lateral•@correlation•@length•@of•@phase•@fluctuations•D•@For•@the•@diffuser•@D2•C•@however•C

more•@strict•@assumptions•@are•@taken•@into•@consideration•D•@ln•@addition•@to•@•qip3•„i•^2•@•„•„•@1•C

the•@effective•@correlation•@length•@62•@•••@or2•^•qip3•„i•^2•@is•@assumed•@to•@be•@much•@less•@than
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‡dƒ_

•Eƒcå—i•aŠ–L“à•f•AƒKu

•f—w–‚

the•@speckle•@size•@•q2•@and•@the•@width•@p2•@of•@the•@point•@spread•@at•@the•@plane•@u2•D•@These

assumptions•@enable•@us•@to•@write•@the•@fourth•|order•@moment•@of•@phase•@fluctuations•@as

•qexp•o•fˆêˆê•@iƒÓ2•iu2•|v2‚Ì•{ƒ[ƒÓ2•iul•|v2‚Ì•{iƒÓ2•yul•fˆêv2•it•{ƒÁ•j•nˆê•@iiP2•mul•h•@ˆê•@v2•it•{‚è•n•p•r

•@•@•@•@•@•@•••@AS2•m6•iu2•@ˆê•@u5•j6•iu•f•Ct•@ˆê•@ut•C•h•j•@•{•@6•iu2•@ˆê•@u•f•Ct•@•{•@v2T•j6•iu•f•C•@ˆê•@u•f•C•h•@•{•@v27•j•n•C•@•i6•D20•j

where•@AS•@is•@the•@area•@of•@correlation•@ce11s•@in•@the•@diffuser•@D2•D

•@•@Substitution•@of•@Eqs•D•@•i6•D15•j•C•@•i6•D16•j•@and•@•i6•D20•j•@together•@with•@Eq•D•@•i6•D7•j•@into•@Eq•D

•i6•E14•j‰¾ally•Eesults•@in•@the•@desi•Eed•@c•Errelati•En•@functi•En•EfŽµhe•@speckle•@intensity•F

•@•@•@•@•@•@‘â•E•ixt•Ct•@•\•@T•j•rˆê•EƒÈ1exp•iˆê1ƒ’2ƒÈ11x•{x•f•@12•j

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•~•@•mrclro•ix•C•@xt•j•@•{•@K2rl•ix•C•@xt•C•@T•G•@vl•j

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•{ƒÈ2•u2•ix•Cx•f•CT•Gv2•j•{ƒÈ•Er12•ix•Cx•`T•Gv1•Cv2•j1•C•i6•D21•j

where

•@•@•@•@•@•@•@•@•@r•C•i•~•Cx•f•j•@••exp•@•iˆêILI•fiiiE•I2Kilx•@ˆêˆê•E•@x•f12•j•C•@•i6•D22•j

•@•@•@•@•@rƒG•ix•E•@x•f•E•@T•Gv1•jˆêexp•oˆê“Å•m1ˆêƒÊˆêƒÐ•i1•c•j•i1ˆê•¬112T2•p

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•~•@exp•@•m22tLglil•|t222•iip•|t•@K2•jvi•E•ix•@ˆê•@x•f•jT•n

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•~exp•@•iˆêiLl•|i•|iiiiiE2•E•CK21x•@ˆêˆêˆê•@x•f12•j•C•@•i6•D23•j

•@•@•@•@r2•ix•Cx•f•C•@T•G•@v2•j•@•••@exp•@•mˆê•@•ikiltst•@•{•@K2•D•C42•j•@lv2t2T2•n

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•~•@exp•@•m•G•@•i71it•@ˆê•@K2eA•j•@v2•E•ix•@ˆê•@•~•f•jT•n

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@xexp•iˆê•D1ˆê•Ft•I1•jS2•DE•Dlllli•@i2e21xˆê•~•f12•j•C•@•f•@•i6•D24•j

r12•ix•C•Ex•f•CT•Gv1•Cv2•jˆêexp•oˆê“ñ•i•EˆêƒÈ1ƒÊ•jlv•E12•|2ƒÈ1ƒÊ•m•i1ˆê•V•jP•{•¬1•Ev2

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•{•@•izli•C•f•@•{•@•}•C•@•{•@KiA2•j•@lv212•j•@T2•j
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•f•C•Ck•@1•f•u•@•@•e•@ƒR•@•u•A•u•f‘X•u

‘@Œ®Œ®èJ‹a“ïˆê

s•F

•@•@•@•@•F•E1

P1•G•Fimk•Dt•h•Dnd•C1•F•Gkde•f•hJ•D1•D•C•fsi•Fiˆê L•fki•Dttˆê•h
‰s

•D•@•C•D•C•@•i•G•@•mZ•mt•f1illZi•@eS

•~•@exp•@•iˆêˆê•@L•Ftts•o•Gsi•Gie2

•mZ•Itt111111•o•I•IZlliedmp2vi•@•{•@•i•}t•@ˆê•@KieA•j•@v2•n•@•E•ix•@ˆê•@x•f•j7•j

•Eˆê
Å2•iTWOAd•j4•i

lx•@ˆê•@x•f12

j•@•C

ƒÉ•••e•j4

•i6•D25•j

•i6•D26•j

with

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@A•D•D•@Z1f•C122•@•iZ•{zli•G•j•@ˆêˆê•@711•C7•@•i6•D27•j

and

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@A•C•@•D•D•@•oi•^Zi12•@•mZ1itilz2•@•i3•{zi•G•jˆê•nll•C•n•D•@•i6•D2s•j

The•@condition•@of•@w•@•„•„•@ai•@•r•@fii•C•@which•@allows•@us•@to•@use•@the•@complex•@Gaussian

statistics•@for•@the•@field•@E2•C•@has•@been•@introduced•@to•@derive•@Eqs•D•@•i6•D22•jˆê•i6•D25•j•D•@ln•@Eqs•D

•i6•D21•jˆê•i6•D25•j•C•@Ki•@and•@rc2•@are•@the•@parameters•@determining•@the•@relationship•@between

the•@width•@of•@the•@point•@spread•@and•@the•@extent•@of•@the•@illuminating•@speckle•@field•@or•@the

size•@of•@illuminating•@speckles•D•@They•@are•@expressed•@as

Ki•@•••@•i1•@•{•@•Co•G•^gg•jˆêi •i6•D29•j

and

K2•@•••@•i1•@•\•@p•G•^•qg•jˆêi•D •i6•D30•j

The•@parameter•@pa•@is•@defined•@by

pa•@•••••@•q3•D•^•qg
ˆê‰J•m“Å•{•irwaAd•j2•u

•i6•C31•j

where

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@Ad
•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•q200•@•••••@•G•G•fte•E•@•i6•D32•j

indicating•@the•@size•@of•@illuminating•@speckles•@when•@the•@second•@diffuser•@lies•@in•@the•@far

region•@with•@respect•@to•@scattering•@from•@the•@first•@diffuser•D•@Another•@parameter•@v•@is
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Š]•C••’D
•E•E g•@•f•E•@•C•@•C•D•@ˆêilke

“Q•DŒœ•E•E”ˆ•D•A•E•Q•C•C•C•E

ŽF”Õ•F•B•A•F•E•F•D•E•‹•@Ž•1•A•C•D•A

in•f•@R•h•h•@•j•F•G•Dr•@iiiagtalii

9‹••D

given•@by

u•|iˆê
@•ig•C•j•@•ii•C•j•fi•@ˆê•@•mi•C•@•{•D•i•D•@ˆê•@i•j•@•i•{•^•j2•n•@•mi•C•@•D•@•i••ta•j2•n•@ˆêi

•i6•D33•j

and•@represents•@the•@relationship•@between•@the•@correlation•@length•@fii•@of•@the•@field•@immeˆê

diately•@behind•@the•@first•@diffuser•@and•@the•@c•Errelati•En•@length•i•Er•@the•@speckle•@size•jƒÄ2

0f•@the•@intensity•@distribution•@immediately•@in•@fron‚àof•@the•@second•@diffuser•D•@Therefore
•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@‚è

the•@parametersƒÊand•@u•@measure•@the•@change•@in•@the•@correlation•@length•@of•@the•@field

propagating•@from•@the•@first•@diffuser•@to•@the•@second•@diffuser•D•@The•@values•@of•@these•@pa•|

rameters•@are•@determined•@mainly•@by•@the•@spot•@radiusƒÖof•@the•@illuminating•@beam•@and

the•@distance•@d•@between•@the•@diffusers•@and•C•@in•@the•@two•@limiting•@relations•@between•@the

values•@ofƒÖand•@d•C•@they•@become

pa•@ˆê•i9

pa•@•• 1

w•@•„•„•@d

w•@•ƒ•ƒ•@d
•ia•@1•@O•j•C

•ia•@•••@O•j •i6•D34•j

and

u•@•••F•@•i•@ii•@ˆê•@i•^a

Zƒm•••• 1

w•@•„•„•@d

w•@•ƒ•ƒ•@d
•ia•@s•@o•j•C

•ia•@•••••@O•j•D •i6•D35•j

In•@the•@case•@of•@a•@•••@1•@•ior•@R•@•„•„•@d•j•C•@pa•@and•@y•@become•@exactly•@the•@same•@parameter•D

•@•@•@Eq•D•@•i6•D21•j•@consists•@of•@four•@functions•F•@the•@correlation•@function•@ro•@of•@the•@speck•Ie

intensity•@distribution•G•@the•@spaceˆêˆêtime•@correlation•@functions•@ri•@and•@r2•@representing•C

respectively•C•@the•@motion•@effects•@of•@the•@first•@and•@the•@second•@diffusers•G•@and•@the•@space•|

time•@correlation•@function•@ri2•@representing•@the•@interference•@effect•@between•@the•@motions

of•@the•@two•@diffusers•D•@lf•@a•@Gaussian•@approximation•@is•@employed•@not•@only•@for•@the•@field

E2•ix•C‚Ìbut•@als•Ef•Er•@the•@image•@field•@E•ix•C‚Ì•C•@it•@is•@readily•@sh•Ewn•@by•C•@evaluating•@the

equation

•q1•ix•C•@t•j1•i•~•f•Ct•@•{•@T•j•r•@•••@•q1•ix•C•@t•j•r•q1•i•~•f•Ct•@•{•@T•j•r•@•{•@1•qE•g•ix•Ct•jE•ix•f•Ct•@•{•@T•j•„12•C •i6•D36•j

that•@the•@functions•@ri•@and•@r2•@disappear•@while•@the•@functions•@ro•@and•@ri2•@still•@exist•D

Therefore•C•@the•@image•@speckle•@field•@arising•@from•@double•@scattering•@does•@not•@usually
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Gi•uˆê•¥•D“Ê•Dss•E

—Z•D•f
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Š¥

•v

•¤
‚º‘`‹½

7•fŽF•eŽ¬

ƒ_

•f•A

•V
•C

•u”T•Y
•f

—ó

obey•@a•@Gaussian•@random•@process•C•@and•@K2•@is•@an•@important•@factor•@for•@determining

the•@probabi1ity•@distributions•@of•@the•@doubly•|scattered•@speckle•@field•D•@Extensive•@studies

have•@been•@made•@on•@the•@subject•@elsewhere•@•ifor•@example•C•@•m13•@ˆêˆê15•n•j•@so•@that•@we•@do•@not

further•@discuss•@the•@probability•@aspect•@of•@the•@field•@but•@deal•@only•@with•@the•@correlation

properties•@of•@the•@speckle•@intensity•@variations•@in•@the•@two•@limiting•@cases•@of•@K2•@•••F•@O•@and

L

6•C2•D1•@Spatial•|Correlation•@Function

Before•@analyzing•@the•@temporal•@behavior•@of•@speckle•@intensity•C•@we•@briefly•@discuss•@the

speckle•@size•C•@which•@is•@one•@of•@the•@typical•@spatial•@properties•@of•@the•@intensity•@distribution•D

In•@what•@follows•C•@the•@constant•@C•@in•@Eq•D•@•i6•D21•j•@is•@neglected•@and•C•@as•@is•@mostly•@the•@case•@in

practice•C•@the•@illuminating•@area•@at•@the•@second•@diffuser•@is•@assumed•@to•@be•@much•@greater

than•@the•@area•@of•@the•@point•@spread•D•@The•@spatial•|correlation•@function•@of•@the•@speckle

intensity•@is•@then•@obtained•@by•@setting•@vi•@•••@v2•@•••@O•@and•@rci•@•••@1•@in•@Eq•D•@•i6•D21•j•G•@thus

•q1•i•~•j1•ix•@•{•@X•j•r•@•••@1•{•@t•o•G2•@exp•@•iˆêll•f7•I2•CK21x12•j•@•{•@K2•@exp•@•iˆê•EL•Ft•IiES2E•v•oi•@i2E21x12•j

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•{exp•@•iˆêˆê•@•Iˆêitlfii•Ce21x12•j•C•@•i6•D37•j

with•@X•@•••••@x•f•@ˆê•@x•D

•@•@•@In•@order•@to•@have•@an•@insight•@into•@the•@intensity•@distribution•C•@we•@consider•@two•@limiting

cases•F•@•ia•j•@the•@area•@of•@the•@point•@spread•@is•@much•@smaller•@than•@that•@of•@each•@speckle•@at

the•@plane•@u2•C•@namely•@K2•@•••@1•G•@•ib•j•@the•@case•@opposite•@to•@•ia•j•C•@K2•@•••@O•D•@ln•@both•@cases•C

Eq•D•@•i6•D37•j•@takes•@the•@simplified•@form

•q•E•ix•j•E•ix•{X•j•rˆê1•{exp•iˆêV•f12•j•C
•i6•C38•j

where•@the•@constant•@factor•@has•@been•@neglected•D•@ln•@Eq•D•@•i6•D38•j•C•@•q•@is•@the•@mean•@radius•@of

speckles•@at•@the•@image•@plane•@x•@and•@is•@given•@by

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@ƒÄˆê‰ïŠQ•E•@•@•@•@•i6•D39•j

Therefore•C•@the•@mean•@size•@of•@the•@speckles•@becomes•@the•@same•@as•@the•@width•@of•@the•@point

spread•@of•@the•@lens•@at•@the•@image•@plane•C•@ln•@other•@words•C•@for•@these•@limiting•@cases•C
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Šl”Ë“Z‰••K•Fˆì1•F•EŒp”À”M”M“Z•ëŠ‚•E•ˆ“å ‘g•E•A—w•u•C‚²•Œ•g•@•xƒR1

the•@doubly•|scattered•@image•@speckles•@have•@exactly•@the•@same•@grain•@size•@as•@that•@of

singly•|scattered•@image•@speckles•@produced•@under•@the•@plane•|wave•@illumination•D•@This

observation•@may•@be•@understood•@by•@considering•@the•@intensity•@distribution•@across•@the

image•@plane•@as•@the•@image•@of•@the•@illuminating•@speckle•@pattern•@across•@the•@second

diffuser•@modulated•@by•@the•@speckle•@pattern•@arising•@from•@the•@second•@diffuser•D

•@•@•@In•@the•@case•@of•@K2•@•••••@1•C•@the•@image•@of•@each•@illuminating•@speckle•@is•@much•@broader•@than

the•@resolution•@limit•@of•@the•@lens•C•@Therefore•C•@the•@spatial•|correlation•@function•@for•@the

intensity•@distribution•@at•@the•@image•@plane•@is•@determined•@only•@by•@its•@microscopic•@fluc•|

tuations•@due•@to•@the•@phase•@modulation•@of•@the•@second•@diffuser•C•@and•@these•@fluctuations

correspond•@to•@singly•|scaŽµtered•@speckles•@obtained•@under•@the•@plane•|wave•@illumination•D

On•@the•@other•@hand•C•@if•@the•@condition•@K2•@•••@O•@is•@satisfied•C•@each•@speckle•@grain•@illumi•|

nating•@the•@second•@diffuser•@is•@unresolvable•@and•C•@thus•C•@the•@microscopic•@fiuctuations

of•@the•@intensity•@immediately•@in•@front•@of•@the•@second•@diffuser•@has•@little•@influence•@on

the•@resultant•@speckle•@pattern•@at•@the•@image•@plane•D•@Taking•@account•@of•@the•@condition

Ki•@•••@1•C•@the•@correlation•@properties•@of•@the•@speckle•@pattern•@in•@this•@case•@also•@result•@in

the•@same•@as•@those•@of•@the•@speckle•@pattern•@in•@the•@case•@of•@K2•@•••@1•D

•@•@•@For•@the•@case•@when•@the•@values•@of•@p2•@and•@•q2•@are•@the•@same•@order•C•@the•@spatial•|

correlation•@function•@of•@the•@speckle•@intensity•@is•@affected•@by•@the•@speckle•@size•@of•@light

incident•@on•@the•@second•@diffuser•@as•@well•@as•@the•@point•|spread•@function•@for•@the•@imaging

system•D

6•D2•D2•@Temporal•|Correlation•@Function

We•@are•@now•@in•@a•@position•@to•@investigate•@the•@temporal•@behavior•@of•@intensity•@fluctu•|

ations•D•@By•@assuming•@Ki•@•••@1•C•@and•@by•@substituting•@•~•@•••@x•f•@into•@Eqs•D•@•i6•D21•jˆê•i6•D25•j•C

the•@terms•@depending•@on•@the•@spatial•@position•@disappear•@and•@the•@temporal•|correlation

function•@of•@intensity•@fluctuaŽµions•@at•@the•@image•@plane•@becomes

•q•E•i‚Ì•E•it•{T•j•rˆê1•{ƒÈ2exp•oˆê‰Ä•m•E•cƒÐ•i1ˆêƒÈ2•j•i•EˆêƒŒ•j•zlvl12•E2•p

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•{ƒÈ2exp–m•i“Å”¨2•jlv212•E2•n

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•{exp•oˆê•R•i1ˆêƒÈ1ƒÊ•jlvi•@12•@ˆê•@2tL•m•i•EˆêƒŒ•jP•@•{•@A•f•nvi•Ev2
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•@•@•@•@c1•E1
‘»–Dˆê’ª‘Ë

•@•@•@ƒh•f

•{•@•i•Hillt•G•@•{•@711•Ci•f•@•{•@A•E2•j•@lv212•j•@T2•j•D

•i6•D40•j

The•@parameter•@Ki•@in•@the•@fourth•@term•@of•@Eq•D•@•i6•D40•j•@cannot•@be•@dropped•C•@because•@when

IL•@takes•@a•@value•@close•@to•@unity•C•@a•@little•@change•@in•@the•@value•@of•@Ki•@affects•@the•@factor

of•@lvi12•@due•@to•@a•@very•@small•@value•@of•@Pi•C•@ln•@order•@to•@extract•@some•@of•@the•@interesting

results•@from•@the•@temporal•|correlation•@function•C•@it•@is•@appropriate•@to•@examine•@the•@two

limiting•@cases•@of•@K2•@•••@1•@and•@K2•@•••@O•@used•@in•@the•@previous•@section•D•@These•@cases•@will

enable•@Eq•D•@•i6•D40•j•@to•@take•@a•@form•@consisting•@of•@various•@parameters•@used•@in•@practice•D

•@•@When•@the•@speckle•@pattern•@illuminating•@the•@second•@diffuser•@is•@completely•@resolved

by•@the•@imaging•@lens•@•iK2•@•••@1•j•C•@Eq•D•@•i6•D40•j•@can•@be•@rewritten•@as

•q1•it•j1•it•@•{•@T•j•r•@•••@1•@•{•@exp•@•mˆê•@•iEli•@•{•@it•j•@lvi12T2•n

•@•@•@•@•@•@•@•@•@•@•@•@•@•{•@exp•@•mˆêˆêˆê•@7ilt•G•@•i•Iii6Z•E•@ˆêˆêˆê•@i•j21v2f2T2•n

•@•@•@•@•@•@•@•@•@•@•@•@•@•{•@exp•@•i•Eˆêˆê•@711•C•G•@•iitLoplvi12•@ˆê•@2iuL•@•mii•F•^ll•Hi•@•{•@ill•@•iii•@ˆêˆêˆê•@i•j•n•@vi•Ev2

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•{•@•i1S6L•@ˆê•@i•j21v212•j•@T2•j•C

•i6•D41•j

where

op•@••

”Š‘^•i•@•@•@•@pa•@•q31•\•@•@•@a2w2•j•{—«

•mƒÊ•{•fa•i1ˆêƒ“•j•p‰T•{ƒÐ•i•Eˆêƒ“•j‘½
•i6•D42•j

and•@po•@is•@the•@width•@of•@the•@point•@spread•@at•@the•@front•@focal•@plane•@of•@the•@lens•C•@which•@is

given•@by

•@•@•@•@A•ido•@•{•@6•j

Po•@•••••@•h•E
•@•@•@•@•@•@Ta

•i6•D43•j

The•@re1ation•@po•@S•@p2•@holds•@for•@most•@of•@the•@cases•D•@Eq•D•@•i6•D41•j•@is•@derived•@by•@substituting

Eqs•D•@•i6•D17•j•C•@•i6•C19•j•C•@•i6•D27•j•@and•@•i6•C28•j•@into•@Eq•C•@•i6•D40•j•@and•@by•@eliminating•@the•@terms

1•^a2•C•@which•@usually•@has•@a•@value•@much•@smaller•@than•@the•@values•@of•@the•@terms•@1•^•q22•@and

1•^pg•C
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•p‹c1é±•F•fL•d —Ù“Z–ËŒœtt•E
‹­•|

•@•@•@For•@further•@simplicity•C•@we•@set•@another•@approximationˆêˆêthe•@radius•@w•@of•@the•@beam

spot•@is•@much•@shorter•@than•@the•@distance•@d•@between•@the•@diffusers•D•@ln•@this•@case•C•@pa•@••••

y•@•••@1•@and•@Eq•C•@•i6•D42•j•@is•@drastically•@reduced•@to

By•@substituting•@Eq•D

•i6•D41•j•@results•@in

•@•@•@62

ƒÅ•• PŒË•E •i6•D44•j

•i6•D44•j•@into•@Eq•C•@•i6•D41•j•@and•@by•@using•@the•@relation•@p3•@•ƒ•ƒ•@•q•C2•C•@Eq•D

•q‹¨•it•{T•j•rˆê1•{exp–m•ikl•{•à•jlv112ƒA2•n

•@•@•@•@•@•@•@•@•@•@•@•@•@•{eXp–m“Å•i1ˆê•E•j2iv212ƒA2•n

•@•@•@•@•@•@•@•@•@•@•@•@•@•{•@exp•i•Eˆê•@7ilt•C•@lgv•C•@ˆêˆê•@•iS•@•D•@i•j•@•D•C12•D2•n•D

•i6•D45•j

•@•@•@We•@can•@now•@study•@from•@Eq•D•@•i6•C45•j•@the•@effect•@of•@defocus•@indicated•@by•@the•@param•|

eter•@6•C•@which•@is•@the•@distance•@from•@the•@second•@diffuser•@to•@the•@front•@focal•@plane•@of•@the

lens•Elf•@the•@imaging•@lens•@is•@f•Ecused•En•@the•Efirst•@diffuser•i6ˆê‚Ì•C•@Eq•D•i6•D45•jbec•Emes

•q1•it•j•E•it•{7•j•rˆê2•{exp–m•i—î•jlvl12T2•n•{exp•iˆê•¿lv11272•j•E•i6•E46•j

The•@first•@exponential•@term•@in•@Eq•D•@•i6•D46•j•@is•@a•@function•@of•@T•@and•@is•@much•@broader

than•@the•@second•@exponential•@term•@as•@long•@as•@the•@relation•@p3•@•ƒ•ƒ•@w2•@holds•D•@Hence•C•@by

eliminating•@the•@dc•@and•@slowly•@fluctuating•@components•@of•@the•@speckle•@intensity•C•@the

correlation•@time•@T•C•@defined•@by•@the•@time•@at•@which•@the•@correlation•@value•@falls•@to•@e•|i•@is

given•@by

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@1•^Tc••vi•^po•C•@i•@•i6•D47•j

with•@vi•@•••@lvi•@l•D•@The•@correlation•@time•@of•@Eq•D•@•i6•D47•j•@is•@equivalent•@to•@the•@time•@in•@which•@a

group•@of•@the•@corre•Iation•@cells•@within•@the•@area•@of•@the•@point•@spread•@changes•@to•@another

group•@of•@cells•@by•@the•@motion•@of•@the•@first•@diffuser•D
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“å•E•E—Ù•u‰T“å•E
•@•@•@•@•@•@•@x•«•f•C‘F•C•e

•@•@•@•@•@ˆêˆê•Dr•h

•x1•A•fˆé—ÙˆÜ•fli•f“ï•w•E

•@•@•@On•@the•@other•@hand•C•@if•@the•@imaging•@lens•@is•@focused•@on•@the•@second•@diffuser•@•i6•@•••@O•j•C

Eq•C•@•i6•C45•j•@becomes

•q1•it•j•v•it•{•@T•j•r•@•••@1•{•@exp•@•mˆê•@•i21i•@•{•@ilS•C•E•j•@lvi12T2•n•@•{2exp•@•iˆê71i•C•Glv212T2•j•D•@•i6•D48•j

The•@first•@exponential•@term•@again•@represents•@a•@slowly•@fluctuating•@component•C•@provid•|

ing•@that•@the•@ve•Iocities•@vi•@and•@v2•@are•@of•@the•@same•@order•@of•@magnitude•D•@Extracting

only•@the•@rapidly•@fiuctuating•@component•@leads•@to

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@1•^Tc•••@v2•^po•C•@•i6•D49•j

where•@v2•@•••••@lv21•D•@From•@Eqs•D•@•i6•D47•j•@and•@•i6•D49•j•C•@it•@can•@be•@concluded•@that•@the•@fluctu•|

ating•@rate•@of•@the•@speckle•@intensity•@at•@the•@image•@plane•@is•@proportional•@to•@the•@velocity

of•@the•@diffuser•@in•@focus•C

•@•@•@Next•C•@we•@examine•@another•@limiting•@case•@where•@the•@imaging•@1ens•@cannot•@resolve

the•@i11uminating•@speckle•@pattern•@•iK2•@•••@O•j•D•@ln•@this•@case•C•@Eq•D•@•i6•D40•j•@can•@be•@rewritten

in•@the•@form

•qi•it•ji•it•@•{•@T•j•r•@•••@i•@•{•@exp•@•iˆê•vili•C•@•i•vaoplvi12•@ˆê•@2•v•g•@•miii•^1•Hi•f•@•{•@g•@•iS•@ˆêˆê•@i•j•n•@vi•Ev2

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•{•@•millili•@•{•@•i•Iili6Z•D•@ˆê•@1•j•@2•n•@1•D•C12•n•@•D2•n•D•@•i6•Dso•j

There•@are•@two•@cases•@where•@the•@above•@approximation•@can•@be•@applied•D•@One•@is•@the•@case

where•@the•@lens•@is•@out•@of•@focus•@even•@though•@it•@can•@resolve•@each•@illuminating•@speckle

if•@it•@is•@focused•@on•@the•@second•@diffuser•D•@Another•@is•@the•@case•@where•@the•@lens•@cannot

resolve•@the•@illuminating•@speckles•@under•@the•@colldition•@of•@its•@focus•@being•@set•@aŽµany

position•C•@For•@the•@first•@case•C•@op•@in•@Eq•D•@•i6•D50•j•@is•@again•@expressed•@by•@Eq•C•@•i6•D44•j•@under

the•@condition•@that•@the•@radius•@w•@of•@the•@beam•@spot•@is•@much•@shorter•@than•@the•@distance

d•@between•@the•@diffusers•D•@Eq•D•@•i6•D50•j•@is•@then•@simplified•@to

•@•@•@•@•@•@•@•@•@•@•qi•it•ji•it•@•{•@T•j•r•@•••@i•@•{•@exp•@•iˆê7k•^•@ISvi•@ˆê•@•iS•@•Dˆê•@i•j•@v212•@7•f2•n•D

If•@the•@focus•@is•@set•@on•@the•@first•@diffuser•iƒÂ••‚Ì•C•@Eq•D•i6•D51•jbecomes

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•q1•it•j1•it•@•{•@T•j•r•@•••@i•@•{•@exp•@•iˆê•@71it•Glvi12T2•j•@•E

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@101
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ƒm

ŒD
˜_‹c ‡d

•@•‘’µ
•vŠÁ•f

•@•A•Aâ³
—î—••A

ˆ¯

•è

The•@correlation•@time•@is•@given•@by•@Eq•D•@•i6•D47•j•D•@Therefore•C•@the•@velocity•@vi•@of•@the•@first

•@diffuser•@can•@be•@measured•@regardless•@of•@the•@value•@rc2•@if•@the•@relations•@w•@•ƒ•ƒ•@d•@and

•@p3•@•ƒ•ƒ•@•q•C2•@hold•C

•@•@•@It•@is•@of•@interest•@to•@examine•@the•@case•@where•@the•@front•@focus•@of•@the•@lens•@is•@situated

exactly•@in•@the•@middle•@of•@the•@diffusers•D•@The•@temporal•|correlation•@function•C•@obtained

•@by•@substituting•@6•@•••@d•^2•@into•@Eq•D•@•i6•D51•j•C•@is

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•q1•it•j1•it•@•\•@T•j•rˆê•E•{exp•iˆê4ili•G2t•Givi•{v212ƒÁ2•j•E•@•i6•E53•j

The•@correlation•@time•@is•@then•@given•@by

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@1•^Tc••Va•^Po•C•@•i6•D54•j

where•@v•D•@is•@the•@average•@velocity•@defined•@by

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@V1•\V2

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@Va••lf•f•@•g1•E•@•i6•D55•j

•@•@•@All•@the•@special•@cases•@analyzed•@so•@far•@have•@assumed•@the•@conditions•@p3•@•ƒ•ƒ•@•q22•@and

w•@•ƒ•ƒ•@d•D•@Other•@interesting•@properties•@may•@be•@obtained•@by•@evaluating•@the•@temporal•|

correlation•@function•@of•@Eq•D•@•i6•D40•j•@under•@the•@opposite•@conditions•@pg•@•„•„•@•q22•@and•@w•@•„•„•@d•D

For•@convenience•C•@Eq•D•@•i6•D50•j•@is•@rewritten•@in•@the•@form

•q1•it•j1•it•@•{•@T•j•r•@•••@i•{•@exp•@•iˆê•Hil•CT•@•ia2elvi12•@ˆê•@2a•@•mi•@•{•@Sli•qlllii2•C2S•@•iS•@ˆê•@i•j•n•@vi•Ev2

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•{•@•m1•@•{•@il•^li•Di•@•i1S62•D•@ˆê1•j•@2•n•@1•D•C12•n•@•D21•C•@•i6•Ds6•j

where

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@ƒÆˆêƒÊ•{ll“Z•j•E•C•i•›

The•@relations•@p3•@•„•„•@•q22•@and•@w•@•„•„•@d•@lead•@to•@pa•@•••@O•C•@y•@••1ˆê•@•i1•^a•j•@and•@e•••@1•C•@finally

giving

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•q1•it•jZ•it•@•{•@T•j•j•@•••@1•{•@exp•@•iˆêˆêˆê•@•Hll•C•@lavi•@ˆêˆê•@v212T2•j•@•D•@•i6•Ds8•j

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@102
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—Ù•F•§•§Œ›”Õ—…“Q•c•c•E•Ý•E•fåY•E
•@•@•@•@•@•@•@•@Tt•h
•@•@•@•@•@•@•@•@•@•@•@•@–m
•@•@•@•@•@fˆê•f

L•f•E•D•A•Z•E•E•F1Š£•C•@•@•f•h1

Equation•@•i6•D58•j•@holds•@independently•@of•@the•@focal•@position•@of•@the•@imaging•@lens•D•@The

correlation•@time•@is•@then•@given•@by

1•^T•C•@•••@lavi•@ˆêˆêˆê•@v21•^•q2•E •i6•D59•j

In•@Eq•D•@•i6•D59•j•C•@avi•@is•@the•@translation•@velocity•@of•@the•@illuminating•@speckle•@pattern•@and•C

hence•C•@the•@correlation•@time•@is•@equivalent•@to•@the•@time•@in•@which•@a•@group•@of•@correlation

cells•@in•@the•@second•@diffuser•@within•@each•@of•@the•@illuminating•@speckles•@is•@replaced•@by

another•@group•@due•@to•@the•@relative•@motion•@between•@the•@illuminating•@speckle•@pattern

and•@the•@second•@diffuser•D•@lf•@a•@Gaussian•@beam•@illuminates•@the•@first•@diffuser•@at•@its•@waist

position•C•@Eq•D•@•i6•D59•j•@takes•@the•@form

1•^7ƒq•••E•¢•E‚µ•C•^ƒÄ2•C

where•@Av•C•@the•@velocity•@difference•@between•@the•@diffusers•C•@is•@given•@by

Av•@•••@lvi•@ˆê•@v21•E

•i6•C60•j

•i6•D61•j

•@•@•@Figure•@6•D2•@shows•@the•@theoretical•@curves•@of•@the•@reciprocal•@1•^T•D•@of•@the•@correlation

time•@as•@a•@function•@of•@the•@velocity•@vi•@or•@v2•@for•@various•@values•@of•@w•C•@d•C•@po•@and•@•q2•@when

the•@lens•@is•@focused•@on•@the•@first•@diffuser•@•iFigs•D•@6•D2•ia•j•@and•@6•D2•ib•j•j•@and•@on•@the•@second

diffuser•@•iFigs•D•@6•D2•ic•j•@and•@6•D2•id•j•j•D•@The•@diffusers•@are•@assumed•@to•@move•@in•@the•@same

direction•@and•@the•@velocity•@v2•@is•@given•@by•@constant•@values•@of•@O•D5•@mm•^s•@in•@Figs•C•@6•D2•ia•j

and•@6•D2•ic•j•@and•@vi•@•••@O•D5•@mm•^s•@in•@Figs•D•@6•D2•ib•j•@and•@6•D2•id•j•D•@ln•@each•@figure•C•@curves•@A•C

B•@and•@C•@are•@obtained•@under•@the•@relations•@of•@•izv•^d•C•@pg•^•q22•j•••i2•@•~•@10•|3•C•@10ˆê•e•j•C•@•iO•D2•C•@1•j

and•@•iO•C2•C•@104•j•C•@respectively•C

•@•@•@Curves•@A•@in•@Fig•D•@6•C2•@clearly•@illustrate•@that•@the•@intensity•@fluctuations•@depend•@only

on•@the•@motion•@of•@the•@diffuser•@in•@focus•C•@ln•@this•@ca•Dse•C•@the•@imaging•@lens•@has•@a•@narrow

point•|spread•@function•@and•C•@therefore•C•@it•@has•@a•@small•@f•|number•@if•@the•@magnification

of•@the•@lens•@is•@fixed•D•@Moreover•C•@the•@lens•@with•@a•@small•@f•|number•@has•@a•@narrow•@focal

depth•@so•@that•@a•@little•@defocusing•@may•@cause•@the•@image•@to•@be•@blurred•D•@Therefore•C

the•@results•@confirm•@that•@not•@only•@the•@image•@but•@also•@the•@temporal•@fluctuations•@due

to•@the•@diffuser•@set•@out•@of•@focus•@are•@smoothed•@to•@give•@the•@low•|frequency•@component

for•@the•@intensity•@fluctuations•@in•@which•@the•@high•|frequency•@component•@caused•@by•@the

diffuser•@in•@focus•@is•@predominant•C
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•D•D•A•@•A•D•‘—x1
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Figure•@6•D2•D•@Variations•@of•@the•@reciprocal•@values•@•i1•^T•C•j•@of•@the•@correlation•@time•@as•@a•@function

•Efth•Edi‰¿•Ee•Eve1•E•Eiti•E•Evi•@and•Ev2•@f•E•Ethe•@ca•Ee•Ewh•E•Ee•@th•Ef•E•Eu•Ei•E•En•@th•Efirst•Ediffu•Ee•E•i•ia•j

and•@•ib•j•j•@and•@on•@the•@second•@diffuser•@•i•ic•j•@and•@•id•j•j•D•@Values•@of•@w•C•@d•C•@•q2•@and•@po•@are•@•iA•j•@10

pm•C•@4•D98•@mm•C•@100•@pam•C•@1•@ptm•G•@•iB•j•@1•@mm•C•@4•D95•@mm•C•@1•@pm•C•@1•@pm•G•@•iC•j•@1•@mm•C•@4•D95•@mm•C•@1

pm•C•@100•@ptm•D
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•E•f C”RâÊ‹c•D•FŠc•c•f
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•@•@•@On•@the•@contrary•C•@if•@the•@lens•@with•@a•@large•@f•|number•@is•@used•@and•@if•@the•@phase•@front

curvature•@R•@of•@the•@incident•@beam•@is•@infinite•C•@the•@reciprocal•@1•^T•C•@of•@the•@correlation•@time

becomes•@proportional•@to•@the•@velocity•@difference•C•@independent•@of•@the•@focal•@position•C

as•@shown•@by•@curves•@C•D•@Curves•@B•C•@which•@are•@obtained•@when•@the•@illuminating•@speckles

and•@the•@point•@spread•@have•@the•@same•@size•C•@shows•@an•@intermediate•@tendency•@between

the•@above•@two•@limiting•@cases•D

•@•@•@Analysis•@of•@the•@temporal•|correlation•@function•@has•@revealed•@several•@features•@of

•Ddoubly•|scattered•@dynamic•@speckles•@resu1ting•@from•@the•@tsvo•@moving•@diffusers•@that•@are

separated•@spatially•D•@They•@are•@summarized•@in•@Table•@6•D1•D•@lt•@is•@worth•@pointing•@out

that•@one•@of•@the•@most•@important•@factors•@that•@determines•@the•@temporal•@behavior•@of

intensity•@fluctuations•@at•@the•@image•@plane•@is•@the•@relationship•@between•@the•@speckle•@size

•q2•@and•@the•@width•@po•@of•@the•@point•@spread•@at•@the•@front•@focal•@plane•@of•@the•@lens•C•@rather

than•@the•@relatidnship•@between•@•q2•@and•@the•@width•@p2•@of•@the•@point•@spread•@at•@the•@second

diffuser•D

6•C3 Experiments

Experiments•@were•@conducted•@to•@verify•@the•@theoretical•@results•@obtained•@in•@the•@previous

section•D•@Figure•@6•D3•@shows•@a•@schematic•@diagram•@of•@the•@experimental•@setup•D•@A•@HeˆêˆêNe

laser•@beam•@with•@wavelength•@A•@•••@O•D6328•@pam•@illuminates•@a•@diffuser•@Di•@with•@a•@spot

radius•@w•@•••@750•@pam•C•@or•@with•@w•@•••@50•@pam•@at•@the•@waist•@position•@of•@the•@beam•@that•@has

passed•@through•@a•@lens•@with•@a•@focal•@length•@of•@200•@mm•@•ishown•@in•@the•@inset•@of•@Fig•D

Table•@6•C1•D•@Four•@kinds•@of•@velocity•@dependence•D

Beam•@spot•@w•@and•@Point•@spread•@po•@and•@Fob•fd•^T•f•‚••^ens•ft
•@•@•@pmt•@acmg•@d•@illummatmg•@s•@p•@e•I•olkl•@g•D•q2•@p•@osition•@6•@fi•@u•@ctuation•@l•^T•D

w•@•ƒ•ƒ•@d

w•@•„•„•@d

p3•@•ƒ•ƒ•@•q•C2

p3•@•„•„•@•q•C2

•@2d•^O•@d 1vi•@l•^po

l•ivi•@•\•@v2•j•^21•^ioo

lv•C1•^po

lavi•@•Eˆê•@v21•^•q2

iO6

•A•D•D•C•E•C•E•E•E”lŠ—‰Ä
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•I

P1
•A•A@•@•A•@•A@•@•@•@•@•A•@•A•@•@•@•@•@•@•@•@•A•@•A•@•^Iˆê•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•Q

•p ‚­ o ‘Ë•@•@•@•@•@•@ˆê“ñ••

He•|Ne•@Laser
•_ •_ •_

•@•@•@•@•@•@•@•C•@•f@•@•@•@•@•Cƒm@•@•C•@•fC•@•f

•@•@2•|1•¥•r•@•@•@ˆê•¥V

•j

A

PM

CORRELATOR

COMPU’šER
SYSTEM

Figure•@6•D3•D•@Experimental•@arrangement•D•@The•@inset•@shows•@the•@beam•|waist•@illumination•D

6•D3•j•D•@Another•@diffuser•@D2•@is•@located•@at•@a•@certain•@distance•@from•@the•@first•@diffuser•C•@and

the•@diffusers•@are•@mounted•@on•@translation•@stages•@to•@move•@at•@constant•@velocities•@in•@the

same•@direction•@perpendicular•@to•@the•@optical•@axis•D•@Ground•|glass•@p•Iates•@used•@as•@the

diffusers•@have•@almost•@the•@same•@roughness•@•iO•D61•@•”m•j•@and•@correlation•@length•@•i4•D2•@pam•j•D

•@•@•@The•@doubly•|scattered•@light•@is•@collected•@by•@a•@lens•@L•@to•@form•@time•|varying•@speckles

at•@the•@image•@plane•C•@where•@a•@photomultiplier•@PM•@with•@a•@detecting•@aperture•@A•@is

situated•@330•@mm•@away•@from•@the•@lens•D•@A•@camera•@lens•@with•@a•@focal•@length•@of•@55•@mm

is•@used•@as•@an•@imaging•@lens•C•@so•@that•@the•@front•@focal•@plane•@exists•@66•@mm•@in•@front•@of

the•@lens•@and•@the•@image•@magnification•@is•@5•D•@The•@diameters•@of•@the•@aperture•@A•@and•@the

lens•@pupil•@P•@were•@chosen•@in•@such•@a•@way•@that•@the•@size•@of•@speckles•@at•@the•@image•@plane

is•@much•@greater•@than•@that•@of•@the•@detecting•@aperture•D•@The•@intensity•@fluctuations•@are

detected•@via•@the•@aperture•@by•@the•@photomultiplier•@and•@fed•@into•@an•@FFT•@correlator

to•@measure•@their•@normalized•@autocorrelation•@function•D•@The•@correlation•@time•@T•C•@is

obtained•@as•@the•@e•|i•|correlation•@time•@after•@averaging•@64•@autocorre•Iation•@functions•C

each•@of•@which•@is•@calculated•@by•@using•@1024•@sampling•@data•D

•@•@We•@first•@tried•@to•@detect•@the•@velocity•@of•@each•@diffuser•@by•@setting•@the•@parameters
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to•@meet•@the•@conditions•D•@The•@results•@are•@shown•@in•@Fig•D•@6•D4•C•@where•@symbols•@e•@and•@A

indicate•@the•@data•@obtained•@for•@the•@lens•@with•@an•@f•|number•@of•@2•D8•@focused•@on•@the•@first

diffuser•@and•@the•@second•@diffuser•C•@respectively•D•@The•@radius•@of•@the•@point•@spread•@at•@the

front•@focal•@plane•@of•@the•@lens•@is•@evaluated•@as•@po•@•••@1•D8•@pam•@for•@F•@•••••@2•D8•D•@The•@values•@of

50•@pam•@and•@5•@mm•@were•@chosen•C•@respectively•C•@for•@the•@radius•@of•@the•@beam•@spot•@and•@the

distance•@between•@the•@diffusers•@so•@as•@to•@make•@the•@radius•@C2•@of•@illuminating•@speckles

have•@the•@value•@of•@20•@pam•C•@which•@is•@much•@greater•@than•@the•@value•@of•@po•D•@The•@resu•Its

shown•@in•@Fig•C•@6•D4•ia•j•@were•@obtained•@by•@fixing•@the•@velocity•@of•@the•@second•@diffuser•@at

O•D5•@mm•^s•C•@while•@those•@in•@Fig•D•@6•D4•ib•j•@were•@obtained•@by•@fixing•@the•@velocity•@of•@the•@first

diffuser•@at•@O•D5•@mm•^s•D

•@•@•@We•@avoid•@comparison•@beŽµween•@the•@absolute•@values•@of•@experimental•@and•@theoret•|

ical•@results•@because•@the•@ground•|glass•@plate•@used•@in•@the•@experiment•@may•@violate•@the

assumption•@that•@the•@correlation•@length•@of•@the•@second•@diffuser•@is•@much•@less•@than•@the

values•@of•@•q2•@and•@po•C•@However•C•@it•@is•@possible•@to•@verify•@some•@of•@the•@characteristic•@results

predicted•@from•@the•@theory•D•@Figure•@6•D4•@clearly•@illustrates•@that•@the•@moving•@velocity•@of

the•@diffuser•@in•@focus•@can•@be•@detected•@without•@being•@affected•@by•@the•@other•@diffuser•@out

of•@focus•@under•@the•@conditions•@w•@•ƒ•ƒ•@d•@and•@p3•@•ƒ•ƒ•@•q22•D

•@•@•@We•@next•@examined•@the•@velocity•@dependence•@of•@intensity•@fluctuations•@under•@the

opposite•@conditions•@w•@•„•„•@d•@and•@p3•@•„•„•@•q22•D•@Figure•@6•D5•@shows•@the•@experimental•@results

obtained•@for•@three•@different•@values•@of•@the•@defocusing•@parameter•F•@ˆê•C•@6•@•••@ˆê5•@mm•G•@O•C

6•@•••••@O•G•@and•C•@A•C•@6•@•••@5•@mm•G•ia•j•@vi•@•q•@v2•@and•@•ib•j•@vi•@•r•@v2•D•@The•@lens•@with•@f•|number•@of•@32

was•@used•C•@and•@the•@radius•@of•@the•@beam•@spot•@and•@the•@distance•@between•@the•@diffusers

are•@750•@pam•@and•@1•@mm•C•@respectively•C•@From•@these•@values•C•@the•@radii•@of•@the•@illuminating

speckles•@and•@the•@point•@spread•@are•@calculated•@as•@•q2•@•••@1•D4•@pam•@and•@po•@•••@20•@pam•D•@The

radius•@R•@of•@wavefront•|curvature•@of•@the•@beam•@was•@chosen•@to•@be•@much•@greater•@than•@the

distance•@d•@in•@order•@to•@detect•@the•@velocity•@difference•@Av•@•••@lvi•|v21•D•@lt•@is•@seen•@from•@Fig•D

6•D5•@that•C•@although•@the•@values•@of•@w•@and•@d•@are•@of•@the•@same•@order•C•@the•@fluctuating•@rate

of•@doubly•|scattered•@speckles•@is•@proportional•@to•@the•@velocity•@difference•C•@independent

of•@the•@focal•@position•C
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Figure•@6•C4•D•@Experimental•@result•Ds•@obtained•@by•@using•@a•@1ens•@of•@F•@•••@2•D8•@and•@focusing•@on

the•@first•@•ie•j•@and•@the•@second•@•iA•j•@diffusers•D
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of•@the•@front•@focal•@plane•G•@ˆê•C6•••@ˆêˆê•E5•@mm•G•@O•C6•••@O•G•@A•C6••5•@mm•D
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6s4 Conclusion

The•@statistical•@properties•@of•@image•@speckle•@patterns•@produced•@by•@a•@cascade•@of•@two

moving•@diffusers•@under•@illumination•@of•@a•@Gaussian•@beam•@have•@been•@investigated

theoretically•@and•@experimentally•D•@The•@space•|time•@correlation•@function•@for•@doubly•|

scattered•@speckle•@patterns•@was•@derived•@to•@analyze•@both•@the•@spatial•@and•@temporal

behavior•@of•@intensity•@fluctuations•@at•@the•@image•@plane•D

•@•@•@The•@mean•@size•@of•@image•@speckles•@has•@been•@found•@to•@become•@equal•@to•@that•@of

singly•|scattered•@image•@speckles•@produced•@under•@the•@plane•|wave•@illumination•@if•@the

width•@of•@the•@point•@spread•@of•@the•@imaging•@lens•@is•@much•@greater•@or•@much•@less•@than•@the

mean•@size•@of•@illuminating•@speckles•@at•@the•@second•@diffuser•D

•@•@•@In•@order•@to•@examine•@the•@temporal•@properties•@of•@intensity•@fiuctuations•C•@the•@recip•|

rocal•@of•@the•@correlation•@time•@was•@employed•@as•@a•@measure•@for•@evaluating•@the•@velocities

of•@the•@diffusers•D•@Four•@kinds•@of•@velocity•@dependence•@have•@been•@revealed•@for•@the•@two

limiting•@cases•D•@When•@the•@width•@of•@the•@beam•@incident•@on•@the•@first•@diffuser•@is•@much

shorter•@than•@the•@distance•@between•@the•@diffusers•@and•@when•@an•@imaging•@lens•@with•@a

small•@f•|number•@is•@used•@so•@as•@to•@obtain•@a•@point•|spread•@width•@much•@less•@than•@the

illuminating•@speckle•@size•@at•@the•@second•@diffuser•C•@the•@velocity•@of•@the•@diffuser•@in•@focus

can•@be•@measured•@by•@the•@correlation•@time•@without•@being•@affected•@by•@the•@other•@diffuser

out•@of•@focus•D•@In•@this•@case•C•@the•@average•@velocity•@can•@also•@be•@detected•@by•@focusing•@on

the•@middle•@of•@the•@diffusers•C•@On•@the•@other•@hand•C•@the•@velocity•@difference•@between•@the

diffusers•@becomes•@proportional•@to•@the•@reciprocal•@of•@the•@correlation•@time•@when•@the

width•@of•@the•@beam•@spot•@and•@the•@distance•@between•@the•@diffusers•@are•@of•@the•@same•@order

and•@when•@an•@imaging•@lens•@having•@a•@large•@f•|number•@is•@employed•@for•@detection•D

•@•@•@The•@analytical•@results•@obtained•@in•@the•@present•@study•@may•@provide•@some•@insight

into•@light•@propagation•@through•@media•@that•@contain•@strong•@scattering•@layers•@in•@motion•C
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Chapter•@7

Multiply•|Scattered•@Speckles•@Produced•@by•@a•@Set•@of

Moving•@Diffusers

7el lntroduction

Speckle•@patterns•@are•@observed•@when•@coherent•@light•@is•@reflected•@by•@or•@transmitted

through•@an•@optically•@rough•@surface•C•@or•@when•@it•@propagates•@through•@a•@dense•@scattering

medium•D•@Different•@treatments•@must•@be•@adopted•@to•@analyze•@rigorously•@these•@two•@types

of•@scattering•@phenomena•C•@ln•@some•@cases•C•@however•C•@the•@scattering•@from•@extended

media•@can•@be•@approximated•@as•@successive•@scatterings•@from•@a•@large•@number•@of•@rough

surfaces•@by•@introducing•@a•@set•@of•@random•|phase•@screens•D•@We•@use•@a•@model•@consisting•@of

strongly•@scattering•@layers•@in•@motion•@and•@examine•@the•@dynamic•@properties•@of•@speckles

arising•@from•@it•D

•@•@•@A•@random•|phase•@screen•@that•@modulates•@randomly•@the•@phase•@of•@the•@incident•@light

has•@been•@used•@to•@investigate•@the•@scattering•@of•@coherent•@light•@from•@rough•@surfaces•D

In•@the•@context•@of•@laser•@speckle•@theory•C•@the•@characteristics•@of•@rough•@surface•@of•@an

object•@are•@often•@described•@by•@the•@statistical•@quantities•@of•@a•@random•|phase•@screen

which•@allows•@analytical•@study•@of•@the•@properties•@of•@the•@speckle•@pattern•@produced

by•@the•@rough•@surface•D•@Theoretical•@analyses•@•m73•C•@76•j•@have•@been•@carried•@out•@on•@the

relationship•@between•@the•@statistical•@properties•@of•@speckles•@and•@the•@object•@roughness

by•@using•@the•@phase•@screen•@model•D

•@•@•@The•@phase•@screen•@model•@was•@extended•@to•@include•@the•@case•@where•Cthe•@light•@which

has•@been•@scattered•@by•@a•@diffuser•@is•@again•@scattered•@by•@another•@diffuser•@and•@results

in•@doubly•|scattered•@speckles•D•@Lowenthal•@and•@Joyeux•@•m8•n•@introduced•@two•@thin•@diffuse

screens•@in•@the•@relative•@motion•@to•@reduce•@the•@speckle•@noise•@effectively•@and•@analyzed

the•@quality•@of•@images•D•@The•@statistics•@of•@doubly•|scattered•@light•@have•@been•@extensively

studied•@during•@the•@past•@10•@years•@•m7•@ˆêˆê•@33•n•@and•@most•@of•@the•@analyses•@employed•@randomˆê
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•@phase•@screens•@as•@diffuse•@objects•C

•@•@•@•@The•@phase•@screen•@model•@has•@also•@been•@used•@in•@the•@study•@of•@atmospheric•@turbu•|

lence•C•@Enhanced•@backscattering•@of•@coherent•@light•@through•@a•@random•|phase•@screen

was•@analyzed•@by•@Jakeman•@•m77•n•@and•@demonstrated•@experimentally•@by•@Tapster•@et•@al•D

•m78•n•D•@lmaging•@of•@objects•@through•@a•@random•@medium•@was•@studied•@by•@Fante•@•i79•n•@and

Mavroidis•@et•@al•D•@•m80•|82•n•C•@who•@used•@a•@thin•@diffuse•@screen•@for•@a•@model•@of•@refractive

index•@fluctuations•@in•@the•@medium•D

•@•@•@•@In•@the•@weak•@scattering•@regime•C•@the•@extended•@medium•@can•@be•@represented•@as•@a

series•@of•@weak•|phase•@screens•D•@The•@multiple•@phase•@screen•@technique•@was•@used•@by•@Lee

and•@Harp•@•m37•n•C•@Roddier•@•m38•n•C•@Knepp•@•m39•n•@and•@Uscinski•@•m40•n•@to•@obtain•@intuitive•@un•|

derstanding•@of•@wave•@propagation•@through•@the•@turbulent•@atmosphere•@and•@ionosphere•D

This•@approach•@was•@applied•@to•@the•@analysis•@of•@boiling•@speckle•@effects•@in•@stellar•@speckle

interferometry•@•m24•n•@and•@to•@the•@study•@of•@fractal•@media•@•m41•n•@in•@which•@a•@series•@of•@fractal

phase•@screens•@was•@used•C

•@•@•@Although•@the•@multiple•@phase•@screen•@technique•@has•@become•@a•@common•@tool•@for

investigating•@beam•@propagation•@in•@a•@weak•|scattering•@medium•@and•@has•@been•@used•@even

for•@diffraction•@analysis•@of•@bulk•@diffusers•@•m83•n•C•@speckle•@theories•@dealing•@with•@scattering

from•@a•@number•@of•@deep•@random•|phase•@screens•@in•@motion•@have•@not•@appeared•@in•@the

literature•D•@This•@model•@includes•@multiple•|scattering•@effects•@and•C•@therefore•C•@it•@may•@be

applied•@to•@volume•@scatterers•@such•@as•@particle•@suspensions•@flowing•@in•@laminar•@fiow

conditions•D

•@•@•@In•@this•@chapter•C•@the•@dynamic•@properties•@of•@speckle•@patterns•@are•@investigated•@which

are•@produced•@by•@deep•@random•|phase•@screens•@spaced•@some•@distance•@apart•@from•@each

other•@and•@moving•@at•@constant•@velocities•@•m43•n•D•@The•@spaceˆêˆêtime•@correlation•@functions•@of

the•@time•|varying•@speckle•@intensity•@are•@evaluated•@by•@extending•@the•@theory•@developed

in•@Chapter•@4•D•@A•@set•@of•@recursion•@formulae•@is•@obtained•@for•@the•@correlation•@functions

and•@for•@the•@three•@sŽµatistical•@quantities•@relaŽµing•@to•@the•@temporal•@behavior•@of•@speckle

patterns•F•@correlation•@time•C•@correlation•@distance•@and•@speckle•@velocity•D

•@•@•@Since•@we•@focus•@on•@the•@effects•@of•@motion•@of•@the•@phase•@screens•C•@the•@other•@factors•C•@such

as•@the•@spatial•@coherence•@of•@illuminating•@light•@and•@the•@properties•@of•@phase•@modulation•C

will•@not•@be•@examined•@in•@detail•D•@However•C•@it•@is•@possible•@to•@change•@these•@factors•@since

the•@correlation•@functions•@to•@be•@derived•@here•@include•@various•@parameters•@describing

the•@illumination•@and•@scattering•@conditions•D
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7e2 Theoretical•@Analysis

Figure•@7•D1•@shows•@the•@optical•@arrangement•@used•@for•@evaluating•@the•@spaceˆêˆêtime•@correla•|

tion•@function•@of•@multiply•|scattered•@speckle•@patterns•D•@Random•|phase•@screens•@spaced

in•@paralle•I•@with•@each•@other•@move•@at•@constant•@velocities•@in•@their•@own•@planes•D•@By•@il•|

luminating•@these•@diffusers•@with•@coherent•@light•@or•@spatially•@partially•@coherent•@light•C•@a

dynamic•@speckle•@pattern•@resulting•@from•@multiple•@scattering•@is•@produced•@at•@the•@obˆêˆê

servation•@plane•@located•@in•@the•@Fresnel•@diffraction•@region•D•@ln•@the•@following•@analysis•C

it•@is•@assumed•@that•@the•@illuminating•@light•@is•@linearly•@polarized•@and•@that•@the•@diffusers

do•@not•@change•@the•@state•@of•@polarization•@of•@the•@field•D•@These•@assumptions•@allow•@us•@to

use•@the•@scalar•@wave•@approximation•D

Un

Ul

Illuminating

•@•@‚µig•@ht

•@•@Uk•{1
Uk

t

•@•@•@•@•f
•@•@•@t•@•@•f
•@•f
•f

U•@n•|1

tt

Moving
Phase
Screens

Observation

•@•@Plane

•@•@•@•@Ok•@Ek•D1
Ek?•C•I•C•^Uk•@•I

•@•@•@•@•@•@i•@•f•@•@1
•@•@•@•@•@•@i•@•@•@•@•@•@•@•I

•@•@•@•@•@•@iii•@ii

•@•@•@•@•@•@I•@•@•@•@•@•@•@i

•@•@•@•@•@•@l•@R•C•@1
•Dttˆêˆêˆêˆêˆê•Eˆê•Eˆêˆê•Eˆêˆêˆêˆê•Eˆêˆêˆêˆêˆê•gpˆê

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@‚Þ
Figure•@7•E1•D•@Schematic•@diagram•@for•@the•@analysis•@of•@speckles•@from•@multiple•@random•|phase

screens•D
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•@ƒR•@•@‚µ

‰Œ•D•A•D•D•A•C•Dƒˆ•[•[

ƒ[•D•F•@•@•@•@•m•D•f•E•@Tˆê
•C•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@“ñ

•@•@•@•@•@•@•@ˆê
•@•@•»•fƒŒ

•@•@•@•@•@ˆê”Õ—HˆÔ1•C•@ƒ}r•C“¨•@•E•I•f–ç‚²•f•Gx•n

7•D2•D1•@Propagation•@of•@the•@Spaceˆê•ETime•@Correlation•@Function

We•@consider•@a•@subset•@of•@the•@phase•@screens•@which•@is•@illustrated•@in•@the•@inset•@of•@Fig•D•@7•C1•D

The•@optical•@field•@lƒm‚ñ•i‹©•Ct•jimmediately•@behind•@theŠãh•@phase•@screen•@at•@the•@plane•@u‚½

•@is•@given•@by

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@‚Ð‚Ý•iUk•Ct•j••Ek•i‹©•CƒI•j0‚ñ•iu‚ñ•CƒI•j•C•@•@•@•@•i7•D1•j

where•@Ek•iuk•Ct•j•@is•@the•@field•@incident•@on•@the•@plane•@uk•C•@Ok•iuk•Ct•j•@is•@the•@phase•@modu•|

lation•@across•@the•@phase•@screen•@and•@uk•@is•@a•@two•|dimensional•@position•@vector•@at•@the

plane•@uk•D•@The•@field•@Ek•{i•iuk•{i•Ct•j•@just•@in•@front•@of•@the•@•ik•@•{•@1•jth•@screen•@is•@expressed

by•@using•@a•@propagation•@function•@Tk•iuk•Ct•j•@as

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@Ek•{1•iUk•{i•Ct•j•@•••@f•|oo•D•@Uk•iUk•Ct•jTk•i‹©•Cu‚ñ•{1•jdu‚î•E•@•i7•D2•j

The•@characteristics•@of•@random•|phase•@screens•@are•@described•@by•@the•@correlation•@function

of•@phase•@fluctuations•F

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@r•E•A•iu‚ñ•Cu‹„•C‚¿‚Ì•••q0˜I•iu‚ñ•C‚Ì0‚ñ•iuŽÀ•CƒI•f•j•r•C•@•@•@•i7•D3•j

where•@•qe•E•E•r•@represents•@the•@enseinble•@average•D•@By•@using•@this•@function•@together•@with

Eq•D•@•i7•D1•j•C•@the•@correlation•@function•@of•@the•@field•@Uk•@is•@given•@by

•@•@•@•@•@•@•@•@•@r‚Ð•A•iUk•C•@utk•Ct•C•@ti•j•••q‚Ì•iu‚½•CƒI•jƒÐ‚ñ•iu•••CƒI•f•j•r

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•••qEk•f•D•iuk•Ct•jEk•iut•C•Ctt•j•r•q0“Å•i‹©•C‚Ì0‚î•iu2•D•C•Y•j•r

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@••rE‚½•i‹©•CuŽÀ•C‚¿ƒI•f•j1•uoˆ×•iu‚ñ•CuŒî•CƒI•CƒI•f•j•C•@•@•@•@•@•@•@•@•@•@•i7•D4•j

where•@the•@correlation•@properties•@of•@the•@incident•@field•@Ek•@and•@the•@phase•@modulation

Ok•@are•@assumed•@to•@be•@statistically•@independent•@from•@each•@other•D•@From•@Eqs•D•@•i7•D2•j

and•@•i7•D4•j•C•@the•@space•|time•@correlation•@function•@of•@the•@field•@Ek•{i•@is•@found•@to•@be•@related

to•@that•@of•@the•@field•@Ek•@by•@the•@following•@equation•F

r•@Ek•{•A•iUk•{•C•C•@uk•{1•C‚¿t•f•j

•@•@•@ˆê•LrE•A•iuk•C•@uik•Ct•C•@t•f•jr•E•A•i•ú•C‚¿ƒI•f•j‹šŠ‚•{1•jTk•i•ú•{1•jd‹©du•Ž•E•i7•E5•j

Thus•C•@the•@correlation•@function•@of•@the•@speckle•@field•@resulting•@from•@the•@nth•@scattering

can•@be•@evaluated•@by•@substituting•@the•@function•@rE•C•@•ik•@•••@1•@to•@n•j•@into•@Eq•D•@•i7•D5•j

successively•D

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@115
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–ø“å“åˆê
•@•@•@•@r•@•@•f

•Dss•Fi•fi•^•D1•o•E•ft•f

7•A2•D2•@Statistical•@Properties•@of•ìumination•@and•@Phase•@Modulation

In•@order•@to•@evaluate•@Eq•D•@•i7•D5•j•C•@we•@specify•@the•@properties•@of•@illuminating•@light•@and

random•|phase•@screens•C•@together•@with•@the•@propagation•@function•D

•@•@Two•@kinds•@of•@illumination•@are•@considered•G•@one•@is•@Gaussian•@beam•@illumination•@and

the•@other•@is•@illumination•@from•@a•@Gaussian•@Shell•|model•@source•@•m84•n•D•@When•@the•@first

phase•@screen•@is•@illuminated•@normally•@by•@a•@coherent•@Gaussian•@beam•@with•@wavelength

A•C•@the•@incident•@field•@is•@given•@by

Ei•iui•j•@•••@••iltL•@exp•@•mi•@•i12•mtlSZ•@•{•@Z•IiilllkFUi12•j•n•@exp•@•iˆê•IltiiS•D2ii2•j•C

•i7•D6•j

where•@Ro•@is•@the•@wavefront•@curvature•@and•@z•@is•@the•@distance•@from•@the•@beam•@waist•@with

radius•@wo•@to•@the•@plane•@ui•@at•@which•@the•@radius•@of•@the•@beam•@is•@w•D•@The•@correlation

function•@of•@this•@incident•@field•@becomes

rE1•iu1•Cul•jˆê–¶exp•m”Ë•B•ilul12•@ˆê•i2•j•nexp•i•vul‘E’£112•j

•@•@•@•@•@•@•@•@•@•@•@Xexp•ilul•@ˆê•@ui12•@•@•@2w2•j•E
•i7•D7•j

•@•@The•@other•@illuminating•@light•@to•@be•@considered•@is•@the•@one•@emanating•@from•@a•@Gaus•|

sian•@Shell•|model•@source•@in•@which•@both•@the•@average•@intensity•@distribution•@and•@the

degree•@of•@spatial•@coherence•@are•@assumed•@to•@be•@Gaussian•D•@The•@mutual•@intensity•@at

the•@source•@plane•@uo•@is•@written•@in•@the•@form

rE•C•iuo•Cu6•j•@•••@•qEo•f•iuo•jEo•iu6•j•r

•@•@•@•@•@•@•@•@•@•••@•qlo•„•@exp•@•iˆêˆêˆê•@•E1ˆê•p•fIQ•|5•H219ˆê1Z6•@•{•@•C•hO12•j•@exp•@•iˆê•@1ˆê•p•fIQ•|il•pil19•D1•Dit6•@•hˆê•@•o•p1O12•j•@•C

•i7•D8•j

where•@qo•@andƒÄo•@represent•@the•@extent•@of•@the•@source•@and•@the•@spatial•@correlation•@length•C

respectively•C•@and•qlo•„is•@the•@average•@intensity•@at•@the•@center•@of•@the•@source•D•@Equation

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@‚²
•i7•D8•jis•@valid•@under•@the•@condition•@of•@go•tƒÄo•D•@When•@the•@first•@phase•@screen•@is•@located

adistance•@Ro•@from•@the•@source•@plane•C•@the•@mutual•@intensity•@at•@the•@plane•@ul•@is•@given

by•m25•n

rEi•@•iui•C•@ul•j•@•••@•qii•„•@exp•@•mxl•flill•G•ilu112•@ˆê•@lui12•j•n•@exp•@•iˆê•@W•f1•@•{•@•C•hi12•j
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•@•@ˆê‹@‰•–¶•u•xˆê

•@•E•DŽç–Ù•u1˜W•Dr’Â•E–|

r

•D•E•f EŒË•E•E•F•F•p•fw•Ò•E•x—XŠ­•DŽ¯•Ø•D•El

•@•@•@•@t•@•@•@•@™l•@•fa

where

•~•@exp•@•iˆê•@l•v•f•I11•|s•p•H11•I21•@ˆê•@•C•hi12•j•C

•i7•D9•j

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•qi•C•r•@•••••@•iziftl•’gtf•Io•qo•j2•qi•C•r•C•@•i7•Dio•j

and•@gi•@and•@•qi•@are•@the•@extent•@of•@the•@illuminating•@field•@and•@the•@spatial•@coherence•@length

•ior•@the•@average•@speckle•@radius•j•@defined•@by

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@ARo

and

ql•@••
•@•@•@•@r•qo

A•@Ro

•i7•D11•j

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•q1•@•••F1•fiGii•fVi•E•@•i7•D12•j

•@•@•@The•@phase•@modulation•@produced•@by•@the•@K•hth•@phase•@screen•@moving•@at•@a•@constant

velocity•@vk•@is•@given•@by

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@0‚½•iUk•Ct•j••exp•kiƒÓk•iu‚½ˆêv‚½ƒI•j1•D•@•@•@•@•@•@•@•@•@•@•@•@•@•i7•D13•j

For•@simplicity•C•@assume•@that•@the•@phase•@fluctuations•@introduced•@by•@the•@phase•@screen•@fol•|

10w•@a•@Gaussian•@random•@process•@and•@thatŽµhe•@normalized•@spaŽµial•@correlation•@function

of•@phase•@fluctuations•@takes•@Gaussian•@form•D•@ln•@this•@case•@the•@space•|time•@correlation

function•@of•@Eq•D•@•i7•D13•j•@can•@be•@written•@in•@the•@form•@•m73•n

•@•@•@•@•@•@•@•@•@•@•@•@r•E•A•iuk•C•@uik•Ct•C•@tt•j••exp•oˆêƒÐ‚î•y1•|exp•iˆê1•¢u‚î12•^ƒ¿Œ®•j•z•p•C•@•@•i7•D14•j

where

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•¢U‚½•••iU‰ïˆêV‚ñ‚Ìˆê•i‹©ˆêV‚ñ‚Ì

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@••u‹„•Qu‚ñ•Qv‚½7•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•i7•D15•j

with•@T•@•••@t•f•@ˆêˆê•@t•C•@ln•@Eq•D•@•i7•D14•j•C•@ak•@and•@cyk•@indicate•@the•@standard•@deviation•@and•@the

correlation•@length•@of•@phase•@fiuctuations•C•@respectively•D•@Since•@we•@confine•@our•@discussion

to•@the•@case•@of•@strong•@scattering•C•@it•@can•@be•@assumed•@that•@the•@value•@of•@ak•@is•@larger•@than

7r•D•@Equation•@•i7•D14•j•@is•@then•@approximately•@reduced•@to•@•m74•n

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@ro•C•iuk•Cu•fk•CT•j••exp•iˆêIAuk12•^5•C2•j•C•@•i7•D16•j

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@117
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Œd•ã•E‚²˜W—…‘••E

‹Ù•@•@•D•C•D•f

where•@fik•@stands•@for•@the•@effective•@correlation•@length•@defined•@by

ƒÀ‚ñ••ƒ¿‚ñ•^ƒÐ‚î•D •i7•D17•j

•@•@•@Finally•C•@by•@using•@the•@Fresnel•@approximation•C•@the•@propagation•@function•@from•@the

plane•@uk•@to•@the•@plane•@uk•{i•@becomes

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@Tk•iu‚½•Cu‚½•{1•j•uxliiii•G•@exp•i•fƒÎ1‹©Š¥‚î•{112•j•E•@•i7•E•E8•j

7•D2•D3•@Correlation•@Function•@for•@the•@M•@u•@lti•@ply•BScattered•@Speckle•@Field

Now•@we•@will•@evaluate•@the•@space•|time•@correlation•@function•@of•@the•@multiply•|scattered

speckle•@field•@by•@using•@a•@method•@of•@mathematical•@induction•D•@First•C•@the•@following

expression•@is•@assumed•@for•@the•@speckle•@field•@at•@the•@plane•@uƒÎresulting•@from•in•|1•jth•|

order•@scattering•F

r˜X‚Ìˆê•q•En•„exp•iˆê•ÉŒdˆ÷v•f•Ev•E•@T2•{ŒdŠ¢•iZ•j•iu‚¨ˆêUn•j•Ev•f7

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•~exp•mˆêƒÉ–Ð1ˆêƒ†•itL8•@Cn•iZ•j•iuŽ`•{Un•j•Eˆêš}2•ã•j•n

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•~exp•iIU•fn•@•{•@Un12•@•@2q–¶•jexp•i•vu•ˆ‹–12•j•in•†•E•j•C•i‹©

where•@vo••0•C•@and•@gƒÅandƒÄn•@are•@again•@the•@extent•@of•@the•@illuminating•@field•@and•@the

average•@speckle•@radius•@at•@the•@plane•@un•C•@respectively•D•@This•@expression•@is•@obtained

as•@an•@extension•@of•@Eqs•D•i4•D14•jand•i4•D23•jwhere•@the•@correlation•@functions•@of•@singly•|

and•@doubly•|scattered•@speckle•@fields•@under•@Gaussian•@beam•@illumination•@ha•Cve•@been

evaluated•D

•@•@•@At•@this•@stage•C•@the•@values•@of•@the•@parameters•A4ƒÅ•i1•C•@m•j•C•@Bn•i‚è•C0ƒÅ•i‚è•C•@Dn•C•@gƒÎand

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@ƒR
ƒÄƒÅin•@Eq•D•i7•D19•jare•@unknown•D•@Therefore•C•@it•@is•@necessary•@to•@determine•@the•@values•@of

these•@parameters•@in•@such•@a•@way•@that•@Eq•D•i7•D19•jis•@suitably•@valid•@for•@any•@in‚àegerƒÅ

greater•@than•@O•D•@Now•@we•@calculate•@the•@correlation•@function•@for•@the•@field•@at•@the•@plane

uk•{1•@by•@assuming•@that•@Eq•D•i7•D19•jis•@true•@at•@n•E••k•C•@and•@compare•@the•@parameters

obtained•@for•@the•@plane•@u‚î•{1•@with•@those•@for•@the•@plane•@uk•D
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Fˆê@t•C•D
”‚

•p˜]•A

•CŒìƒÎ•p•f•yƒ}kN•f

•@•@Substitution•@of•@Eqs•D•@•i7•D15•j•C•@•i7•C16•j•C•@•i7•D18•j•@and•@•i7•D19•j•@into•@Eq•D•@•i7•D5•j•@results•@in•@the

space•|time•@correlation•@function•@for•@the•@plane•@uk•{i•F

rE•A•{•A•i•@•@•@•@•@•@•@Uk•\1•CU‚ñ•\1•C•fr•j

ˆê•q•E‚ñ•{1•„exp•iˆê—£‚Ý‚½•{1•iZ•Cm•jv•f•Ev”ÀƒÁ2•{˜_ƒÀ‚½•{1•iZ•j•iuŽÀ•{ˆê‹©•{1•j•Ev•fT

•@•@•@•@•@xexp–min•f•i•@kƒ°o‚ñ•{1•i•v1••O•j•iuŽÀ•{1•{u‚½•{1•j•Ev•f7•|P‚î•{1•ilu‹„•{112•|lu‚½•{112•j•j•n

•@•@•@•@•@•~•@exp•@•iˆê•@W•hk•g•f•@•{•C•D•@•h•Ck•h•@12•j•@exp•@•iˆê•@•I1•fIZ•}1•pEiXIE•}1ˆê1ˆê2•fk•fi•@•h•C•f•@•h•Ck•fi12•j•D•@•i7•C20•j

The•@parameters•@in•@Eq•D•@•i7•D20•j•@can•@be•@written•@in•@terms•@of•@those•@in•@Eq•D•@•i7•D19•j•C•@giving

•@•@•@•Ò•i1•C•@m•jˆêA•jˆêIPk•@IBk•i1•jB‚½•—•jˆê‹r•{Kk•@Dk•jƒÀ‚½•—•j•E‚½•i‚è

•@•@•@•@•@•@•@•@•@•@•@•@•{17“å•C1•{–Q•i1•j•E‚½•im•j•C•@•@•@•i7•D2•E•j

•@•@•@•@•@1ƒ’‚î•{1•i1•j•@•••••@‚Ârk•i1•\Kk•DƒG•F•j‚½•j2•ßƒ’‚ñ•i1•jˆê•fƒÁ‚ñ1•i‚½•i1•u•“•C1•\1•u‚½•C2•j0‚î•i1•j•C•@•@•@•@•@•@•@•@•@•@•@•i7•D22•j

•@•@•@•@•@0‚½•{ƒ†•i1•j••‰M1ƒÀ‚½•i1•j•{•E•jtk•@•DZl•qk•i1•{ƒÈ‚ñD‚½•j0‚½•i•v•j•C•@•@•@•@•@•i7•D23•j

•@•@•@•@•@•@Dk•{i•@••1ˆê•@7k•i1•{Ki•E•@Dk•j•C•@•i7•D24•j

•@•@•@•@•@•@•@9‚î•{1ˆêƒÉ•×•^2•C•@•@•@•@•@•@•i7•D25•j

•@•@•@•@•@•@•@•qk•{i•••i7k•iPk•Ci•{Pk•C2•j•nˆê•fi•^2•C•@•i7•D26•j

where

In•@Eqs•D•@•i7•D21•jˆê•i7•D30•j•C

ŒÜ‚ñ•i1•C•@k•j••Ak•ik•C•@m•j•E••o•C

Ak•ik•C•@k•j•@•••@Pk•C•C•^2•C

Bk•ik•j•@•••@Pk•C•C•C

0‚½•ik•j••0•D

Pk•C•C•@•••••@2•^fi•C2•D•C
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•i7•D28•j

•i7•D29•j

•i7•D30•j

•i7•D31•j
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1•|ti•CE•C•G1ˆê•mlt•Dt•Dt•Er•f•C•C•D

‘ø

•@•@•@•@’š

—Ù–¶é°é°Šðèdié°•g

•@•@•¹•D•E•e

•C•D
?ƒE’¿

Pk•C3

Pk•C•C•@•••••@1•^•q•C2•C

•@•@•@•@•@•@•@7rgk
•@•@

@•@

ARk
•j2•i1•@•{•@K•CD•C•j2

•i7•D32•j

•i7•D33•j

and

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@Pk•@ˆêˆêˆêˆê•@Pk•Ci•\Pk•C2•\Pk•C3•@•i7•D34•j

are•@variables•@depending•@on•@the•@statistical•@properties•@of•@the•@incident•@light•@and•@the

phase•@screens•C•@and

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@1‚®‚½••1ƒq‚½•^1•`‚½•Q1•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•i7•D35•j

and

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@7‚ñ•••qJk•D•C•r•^•qlk•r•••i1•{ƒÈ‚îP‚î•jˆê2Pk•C•E•^Pk•@•@•@•i7•D36•j

are•@the•@ratios•@between•@the•@two•@spacings•@and•@between•@the•@two•@average•@intensities•C

respectively•D•@Equations•@•i7•D20•jˆêˆê•i7•D36•j•@hold•@within•@the•@range•@of•@k•@•p•pr•@1•C•@O•@s•o•@1•@•Ff•o•@k

and•@O•@•D•qˆê•@m•@S•@k•D•@Equation•@•i7•C20•j•@is•@found•@clearly•@to•@be•@expressed•@by•@Eq•C•@•i7•D19•j•@by

substituting•@n•@•••@k•@•\•@1•@into•@Eq•D•@•i7•D19•j•D•@This•@result•@indicates•@that•C•@if•@Eq•D•@•i7•D19•j•@is

valid•@for•@the•@speckle•@field•@at•@the•@plane•@uk•C•@it•@is•@also•@true•@for•@the•@field•@uk•{i•@under•@the

relations•@given•@by•@Eqs•D•@•i7•D21•jˆê•i7•D26•j•D

•@•@The•@correlation•@function•@of•@the•@incident•@field•@is•@readily•@shown•@to•@be•@expressed

by•@Eq•D•@•i7•C19•j•@for•@two•@kinds•@of•@illumination•@presented•@in•@Subsection•@7•D2•D2•D•@For•@a

Gaussian•@beam•@illumination•C•@a•@comparison•@between•@Eqs•D•@•i7•D7•j•@and•@•i7•C19•j•@gives

Ai•iO•CO•j•@•••••@B•C•iO•j•@•••@C•C•iO•j•@•••@O•C •i7•D37•j

Dl•@••1 •i7•D38•j

and

ql•@•••@•q1•@••w •G •i7•D39•j

for•@the•@initial•@values•@of•@the•@parameters•D•@For•@a•@Gaussian•@Shell•|model•@beam•C•@Equation

•i7•C19•j•@becomes•@the•@mutual•@intensity•@of•@Eq•D•@•i7•D9•j•@by•@substituting

A•C•iO•CO•j•@ˆê•@B•C•iO•j•@•••@C•C•iO•j•@•••@O•C •i7•D40•j
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ƒŒ

t•vˆêˆêˆê•DE•D•f
D

•@•@•@T

Di•@•••@1•C •i7•D41•j

A•@Ro

gl•@••
•@•@•@•@r•qo

•i7•D42•j

and

•@•@•@•@ARo
•q1•@••••

Tqo
•i7•D43•j

into•@Eq•D•@•i7•D19•j•@with•@n•@•••••@1•D•@Equation•@•i7•D19•j•@thus•@gives•@the•@correlation•@function•@of•@the

fields•@illuminated•@by•@both•@the•@Gaussian•@beam•@and•@the•@Gaussian•@Shell•|model•@beam•D

We•@have•@shown•@that•@•ii•j•@the•@correlation•@function•@expressed•@by•@Eq•D•@•i7•D19•j•@is•@suitˆê

ably•@valid•@for•@n•@•••@1•@and•@that•@•iii•j•@if•@Eq•D•@•i7•D19•j•@is•@true•@at•@n•@•••@k•C•@it•@is•@also•@true•@at

n•@•••@k•@•\•@1•D•@These•@results•@lead•@to•@the•@conclusion•@that•@the•@space•|time•@correlation

function•@of•@the•@speckle•@field•@arising•@from•@multiple•@scattering•@of•@any•@order•@is•@given•@by

Eq•D•@•i7•D19•j•@together•@with•@Eqs•D•@•i7•C21•jˆê•i7•D36•j•D

•@•@•@As•@is•@seen•@from•@Eqs•C•@•i7•C21•jˆê•i7•D26•j•C•@the•@parameters•@are•@expressed•@by•@a•@set•@of

recursion•@formu•Iae•@which•@appears•@to•@be•@very•@diflicult•@to•@solve•@analytically•C•@since•@the

formula•@for•@each•@parameter•@includes•@not•@only•@that•@parameter•@itself•@but•@the•@other

parameters•@as•@well•D•@These•@recursion•@formulae•C•@however•C•@provide•@an•@expression•@that

is•@useful•@to•@deal•@with•@when•@evaluating•@them•@numerically•D•@Thus•@we•@do•@not•@perform

a•@further•@calculation•@and•@use•@Eq•D•@•i7•D19•j•@as•@a•@final•@expression•@for•@the•@correlation

function•@of•@the•@speck•Ie•@fields•D

7•D2•D4•@Statistical•@Quantit•Ges•@Descr•Gbing•@Speckle•@Motion

Since•@we•@are•@concerned•@with•@the•@intensity•@variations•@of•@dynamic•@speckle•@patterns•C

it•@is•@desirable•@to•@know•@the•@spaceˆêˆêtime•@correlation•@function•@of•@intensity•@fluctuations•C

The•@fluctuating•@component•@AI•iu•D•Ct•j•@of•@the•@speckle•@intensity•@at•@point•@u•D•@and•@time

t•@is•@given•@by

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•¢1n•iUn•C‚Ì•••EIn•iUn•C‚Ìˆê•q1n•iUn•C‚Ì•r•C•@•@•@•@•E•@•@•@•@•@•@•i7•D44•j

where

ln•iUn•Ct•j•@•••@En•iUn•Ct•jE•F•iun•Ct•j•@•••F•@1En•iun•Ct•j12•D •i7•D45•j

For•@simplicity•C•@two•@assumptions•@are•@taken•@into•@consideration•F•@•ii•j•@the•@speckle•@field

due•@to•@the•@first•@phase•@screen•@obeys•@a•@circular•@complex•@Gaussian•@process•@and•@•iii•j
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1•E•C•E•C•C•C•Ci•E•E•Ci•Ct•C1•fiil•E•E•G•Ei•C•Fˆê•E•G•v•fi•E

t

liiessi•FXl•fNec•CA

•F•D•C•CL•h•Dk•E•CliLii

T

every•@speckle•@field•@illuminating•@each•@phase•@screen•@contains•@a•@large•@number•@of•@speckle

grains•C•@These•@assumptions•@are•@satisfied•@simultaneously•@as•@long•@as•@a•@large•@number•@of

independent•@phase•|modulating•@cells•@exist•@within•@the•@illuminating•@area•@across•@each

phase•@screen•D•@This•@statement•@arises•@from•@two•@facts•F•@•ii•j•@under•@the•@condition•@above•C

a•@deep•@random•|phase•@screen•@produces•@a•@fully•@developed•@speckle•@pattern•@having•@lots

of•@speckle•@grains•@•ig2•@•„•„•@•q2•j•@and•@its•@intensity•@fluctuation•@follows•@a•@circular•@complex

Gaussian•@process•G•@•iii•j•@By•@referring•@to•@Eqs•D•@•i7•D25•jˆêˆê•i7•D34•j•C•@the•@relation•@of•@qk•@•„•„•@•qk

‘¸01ds•@for•@a11‚½s•@greaterŽµhan•@20nce•@the•@relation•@92•tƒÄ2•@has•@been•@satisfied•D•@These

assumptions•@enable•@us•@to•@consider•@that•@the•@multiply•|scattered•@speckle•@field•@also•@•f•‚b?‚™?

a•@circu1ar•@complex•@Gaussian•@process•@•isee•@Fig•D•@2•@in•@•m13•n•j•D

•@•@In•@such•@a•@case•C•@the•@space•|time•@correlation•@function•@of•@speckle•@intensity•@fluctua•|

tions•@can•@be•@written•@in•@terms•@of•@the•@correlation•@function•@of•@the•@speckle•@field•@as

•q•¢1•B•iU•B•C‚Ì•¢1•B•iU‚¨•Ct•{ƒA•j•rƒj1rEn•iU•B•CU‚¨•CT•j12•D •i7•D46•j

Substitution•@of•@Eq•D•@•i7•D19•j•@into•@Eq•D•@•i7•D46•j•@leads•@to

•q•¢1•B•iu•B•CƒI•j•¢1•B•iu“û•CƒI•{T•j•r

•@•@•@•@•@•@•@•@•@ˆêexp•iˆê2ŒOˆ÷V•v•EVm•@T2•{2Œd‘`•iZ•j•iu“û•@•j•Ev•fƒÁ•j

•@•@•@•@•@•@•@•@•@•@•@•~exp•i1•h•fn•@•{•@un12•@•@•@92•jexp•iˆêlu•ˆu•Ei2•j•C•@•i7•›

where•@the•@factor•@•q1•D•„2•@has•@been•@omitted•@to•@normalize•@the•@function•D•@ln•@what•@follows

the•@analysis•@is•@made•@within•@a•@local•@region•@whose•@area•@is•@much•@smaller•@than•@an•@area

of•@the•@macroscopic•@extent•@q•D•D•@The•@term•@exp•iˆêlu•f•D•@•\•@u•D12•^gZ•j•@in•@Eq•D•@•i7•D47•j•@is•@then

neglected•@since•@the•@value•@of•@the•@term•@is•@almost•@constant•@within•@that•@region•D

•@•@•@Three•@important•@quantities•@describing•@the•@properties•@of•@dynamic•@speckles•@are

derived•@from•@Eq•D•@•i7•D47•j•D

•@•@The•@correlation•@time•@T•C•@measures•@how•@rapidly•@the•@intensity•@is•@changing•@at•@a

specific•@point•@in•@a•@dynamic•@speckle•@pattern•D•@By•@evaluating•@Eq•D•@•i7•D47•j•@at•@u•D•@•••@u•f•D•C

the•@autocorrelation•@function•@is•@obtained•@as

•qAln•it•jAln•it•@•{•@T•j•r•@•••@exp•i•fˆêT2•^T•C2•i•D•j•j•C •i7•D48•j
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Y

•qAln•iUn•C•@t•jAln•iU•f•D•Ct•@•{•@T•j•rˆêexp•mˆêŽO•j2•nexp•i‚¢2•j•E•i•@•j

where•@X•D•@•••••@u•f•D•@•Eˆêˆê•@u•D•D•@ln•@Eq•D•@•i7•D50•j•C•@Td•i•D•j•@is•@the•@time•@lapse•@of•@the•@cross•|correlation

function•@given•@by

where•@the•@correlation•@time•@is•@given•@by

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@T•E•in•jˆê•i2–|•jˆêC•EsƒÕ•`m•jˆê1•^2•@•i7•E49•j

in•@which•@v•@•••@lvl•C•@and•@thi•D•@is•@the•@angle•@between•@the•@directions•@of•@vi•@and•@v•D•D

•@•@The•@correlation•@distance•@Xc•@is•@used•@to•@measure•@how•@long•@the•@speckle•@pattern

translates•@without•@any•@appreciable•@change•@in•@the•@pattern•D•@Equation•@•i7•D47•j•@may•@be

rewritten•@in•@the•@form

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@t•gˆê•I•D•hˆê•gˆê•Dvfi•@l•D•iTˆêˆê•fTd•in•j•j21A•h•D•D•D•@ifTd2•in•j•@IXnl

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•’r•Dˆê•Zi•@Bn•i1•jViXn

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@Td•in•j2ƒ°—¯ƒ°•”‚ñ•i•v•C•@m•jv•CVm

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@n•|1
•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•••••@T•C2•i•D•jXn•’Bn•i1•jVi•@COSei•@•i7•D51•j

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@1••O

where•@X•D•@•••@IX•Di•@and•@ei•@denotes•@the•@angle•@between•@the•@vectors•@of•@vi•@and•@X•D•D•@The

peak•@value•@of•@the•@cross•|correlation•@function•@is•@equivalent•@to•@the•@value•@of•@the•@second

exponential•@term•@in•@Eq•D•@•i7•D50•j•D•@The•@correlation•@distance•@is•@defined•@by•@the•@distance

at•@which•@the•@cross•|correlation•@peak•@drops•@off•@to•@e•|i•@and•@hence

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@exp•iTd2•in•j•@Xc2•in‰ã•B•j•@ƒÄ3•j•jˆêƒr•E•E•@•i7•E52•j

By•@substituting•@Eq•D•@•i7•D51•j•@in•@Eq•D•@•i7•D52•j•C•@the•@correlation•@distance•@is•@expressed•@by

•@•@•@•@•@•@•@•@•@•@•@•@•@Xc•@•m1•^ƒÄ3ˆê•i•È‰¾•B•Es•Ee•f•j•nˆê1•^2•E•i7•E53•j

•@•@Since•@the•@time•@Td•i•D•j•@is•@required•@for•@the•@speckles•@to•@translate•@over•@a•@distance•@X•D•C

the•@velocity•@V•D•@of•@the•@speckles•@moving•@across•@the•@plane•@u•D•@is•@obtained•@from•@Eq•D

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@123
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•@•@•@Equations•@•i7•D49•j•C•@•i7•D53•j•@and•@•i7•D54•j•@are•@the•@main•@results•@of•@the•@analysis•@obtained

here•D•@The•@behavior•@of•@the•@speckle•@motion•@arising•@from•@a•@series•@of•@deep•@phase•@screens

in•@motion•@are•@fully•@described•@by•@those•@equations•C•@However•C•@it•@is•@to•@be•@noted•@that

the•@formulae•@given•@here•@can•@be•@used•@for•@the•@case•@in•@which•@the•@velocity•@of•@each•@phase

screen•@has•@a•@definite•@value•D•@Thus•C•@when•@the•@velocity•@is•@treated•@as•@a•@random•@variable

as•@well•@as•@the•@phase•@fluctuations•@due•@to•@the•@random•|phase•@screens•C•@the•@averaging

operation•@will•@be•@needed•@after•@evaluation•@of•@the•@formulae•@for•@a•@number•@of•@the•@velocity

distributions•@having•@the•@same•@statistical•@values•D

7•C3 Results•@and•@Discussion

We•@are•@now•@in•@a•@position•@to•@analyze•@in•@detail•@the•@motion•@of•@speckles•@due•@to•@mul•|

tiple•@scattering•D•@The•@spaceˆêˆêtime•@correlation•@function•@that•@was•@derived•@in•@Section

7•C2•@shows•@that•@the•@statistical•@properties•@of•@speckle•@patterns•@are•@affected•@by•@•ii•j•@the

illumination•@geometry•C•@•iii•j•@the•@scattering•@properties•@of•@diffusers•C•@•iiii•j•@the•@velocities

of•@diffusers•@and•@•iiv•j•@the•@detection•@geometry•D•@Since•@the•@temporal•@behavior•@of•@speckles

is•@our•@main•@concern•C•@we•@restrict•@ourselves•@to•@examining•@the•@effect•@of•@the•@velocity

distribution•@of•@phase•@screens•@as•@well•@as•@the•@effect•@of•@multiple•@scattering•C•@although

the•@illuminating•@and•@detecting•@conditions•@have•@some•@effects•@on•@the•@speckle•@motion•C

7•D3•D1•@Effects•@of•@Multiple•@Scatter•Gng•@and•@Velocity•@Distributions

In•@most•@of•@the•@cases•C•@a•@time•|varying•@speckle•@pattern•@produced•@by•@many•@moving

scatterers•@exhibits•@a•@quite•@different•@behavior•@from•@that•@produced•@by•@a•@single•@moving

diffuser•D•@This•@fact•@indicates•@that•@the•@number•@of•@scattering•@events•@affeets•@the•@dynamic

properties•@of•@resulting•@speckles•D•@Moreover•C•@in•@the•@case•@of•@multiple•@scatterers•@such•@as

particle•@suspensions•C•@the•@velocities•@of•@the•@scatterers•@are•@usually•@different•@from•@each

other•C•@and•@this•@velocity•@difference•@is•@also•@expected•@to•@have•@some•@influence•@on•@the

behavior•@of•@dynamic•@specl•qles•C•@Therefore•C•@by•@changing•@both•@the•@number•@of•@the•@phase
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v

screens•@and•@their•@velocity•@distribution•C•@we•@examine•@the•@dependence•@of•@the•@three

quantities•@describing•@the•@motion•@of•@multiply•|scattered•@speckles•@on•@those•@parameters•D

•@•@•@The•@geometry•@to•@be•@analyzed•@is•@shown•@schematically•@in•@Fig•D•@7•D2•D•@Random•|phase

screens•@having•@an•@effective•@correlation•@length•@of•@3•D183•@pam•@are•@spaced•@equally•@in•@the

range•@of•@10•@mm•@along•@the•@optical•@axis•D•@A•@Gaussian•@beam•@illuminates•@the•@first•@phase

screen•@at•@the•@position•@of•@its•@waist•C•@whose•@diameter•@is•@1•@mm•C•@and•@a•@speckle•@pattern

is•@observed•@100•@mm•@away•@from•@the•@last•@phase•@screen•D•@Since•@the•@number•@of•@phase

screens•@is•@changed•@in•@such•@a•@way•@that•@the•@distance•@between•@the•@first•@and•@the•@last

phase•@screens•@is•@always•@kept•@constant•C•@the•@spacing•@between•@the•@neighboring•@screens

decreases•@with•@an•@increase•@in•@the•@number•@of•@scattering•@events•D•@This•@situation•@corre•|

sponds•@to•@increasing•@the•@density•@of•@scatterers•@in•@suspensions•@although•@the•@scattering

from•@such•@volume•@scatterers•@is•@much•@more•@complex•@than•@our•@model•D

•@•@•@Figure•@7•D3•@shows•@the•@variations•@in•@the•@velocity•@distribution•@of•@the•@phase•@screens•D

The•@xˆê•@and•@y•|axes•@are•@taken•@at•@the•@plane•@of•@the•@phase•@screens•@and•@each•@dot•@in•@Fig•D•@7•D3
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Figure•@7•D2•D•@Geometries•@for•@various•@numbers•@of•@phase•@screens•D
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Figure•@7•D3•D•@Velocity•@distributions•@of•@phase•@screens•@for•@three•@values•@of•@the•@standard

deviation•F•@•ia•ja•D•@•••@O•C•@•ib•j•@a•D•@•••@O•D02•qv•„•@and•@•ic•j•@a•D•@•••@O•D05•qv•„•@with•@•qv•„•@being•@the•@average

velo•@city•C

indicates•@a•@pair•@•iv•D•Cvy•j•@of•@velocity•@components•@for•@each•@phase•@screen•D•@Three•@kinds

of•@velocity•@distributions•@are•@used•@to•@examine•@the•@effect•@of•@the•@velocity•@differences

between•@the•@phase•@screens•D•@Figure•@7•D3•ia•j•@illustrates•@that•@all•@the•@phase•@screens•@move

as•@a•@whole•@at•@the•@same•@velocity•@while•@the•@velocities•@are•@randomly•@distributed•@over
•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•Œ

the•@v•Dˆêv•C•@plane•@in•@Figs•D•@7•D3•ib•j•@and•@7•D3•ic•j•D•@The•@extent•@of•@the•@random•@distribution

is•@estimated•@statistically•@by•@the•@standard•@deviation•@a•C•@of•@the•@velocities•D•@The•@values

ofƒÐ•D•@are•@expressed•@as•@a•@fraction•@of•@the•@average•@velocity•q‚Ìwhose•@direction•@is•@along

the•@x•|axis•D•@ln•@Figs•D•@7•D3•ib•j•@and•@7•D3•ic•j•C•@the•@velocities•@are•@Gaussian•@distributed•@around

the•@average•@velocity•@and•@the•@standard•@deviations•@of•@the•@xˆê•@and•@y•|components•@of•@the
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velocities•@have•@the•@same•@values•@of•@a•D•@•••@O•D02•qv•„•@•iFig•D•@7•D3•ib•j•j•@and•@a•D•@•••@O•D05•qv•„•@•iFig•D

7•C3•ic•j•j•C•@and•@are•@indicated•@by•@the•@circles•D

•@•@•@The•@reciprocal•@of•@the•@correlation•@time•@of•@dynamic•@speckles•@at•@the•@observation

plane•@is•@plotted•@as•@a•@function•@of•@the•@number•@of•@phase•@screens•@in•@Fig•D•@7•D4•C•@where•@the

average•@velocity•@is•@fixed•@to•@10•@mm•^s•D•@Curves•@A•C•@B•@and•@C•@in•@the•@figure•@correspond•@to

the•@distributions•@of•@the•@velocity•@illustrated•@in•@Figs•D•@7•D3•ia•jˆê•ic•j•C•@respectively•D•@ln•@order

to•@obtain•@curves•@B•@and•@C•C•@an•@average•@of•@the•@correlation•@times•@calculated•@for•@a•@number

of•@realizations•@in•@which•@the•@velocity•@distributions•@of•@phase•@screens•@are•@different•@from

each•@other•@but•@statistically•@the•@same•@is•@required•D•@We•@made•@500•@realizations•@for•@such

a•@set•@of•@phase•@screens•@using•@a•@computer•C•@and•@obtained•@the•@average•@and•@the•@standard

deviation•@of•@the•@correlation•@time•@for•@each•@number•@of•@the•@phase•@screens•D•@The•@ranges

of•@the•@variations•@in•@the•@correlation•@time•@are•@estimated•@from•@the•@standard•@deviations
•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•f

and•@these•@ranges•@are•@represented•@by•@the•@vertical•@bars•@in•@the•@figure•D

•iƒ}‚Ìƒ~•j

•B‚¢•_ˆê
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o
o 10 20 30

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@NUMBER•@OF•@DIFFUSERS

Figure•@7•D4•C•@Reciprocal•@1•^r•C•@of•@the•@correlation•@time•@plotted•@against•@the•@number•@of•@phase

screens•@for•@a•D•@•••••@O•@•iA•j•C•@a•D•@•••@O•D2•@mm•^s•@•iB•j•@and•@av•@•••@O•D5•@mm•^s•@•iC•j•@with•@•qv•„•@•••••@10•@mm•^s

and•@Pk•@•••@3•D183pam•@for•@all•@k•D
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•@•@•@From•@Fig•D•@7•D4•@we•@can•@see•@that•@the•@intensity•@of•@the•@speckles•@changes•@more•@rapidly

as•@the•@number•@of•@phase•@screens•@increases•D•@Moreover•C•@this•@fluctuating•@rate•@of•@the

intensity•@shows•@a•@marked•@increase•@for•@the•@case•@where•@there•@are•@some•@variations•@in

the•@velocity•C•@compared•@with•@the•@case•@of•@no•@velocity•@variation•D•@ln•@other•@words•C•@when

the•@speckles•@arise•@from•@a•@large•@number•@of•@diffusers•C•@a•@slight•@difference•@between•@the

motions•@of•@the•@diffusers•@affects•@significantly•@the•@motion•@of•@the•@speckles•@they•@produce

and•@yields•@rapid•@fiuctuations•@in•@the•@intensity•@detected•@at•@a•@single•@point•C•@These

results•C•@therefore•C•@indicate•@that•@the•@rapid•@fluctuation•@of•@the•@intensity•@due•@to•@multiple

scattering•@arises•@not•@just•@from•@the•@fact•@that•@the•@scattering•@occurs•@many•@times•@but

from•@the•@inhomogeneity•@in•@the•@motion•@of•@scatterers•C

•@•@•@The•@correlation•@distance•@gives•@us•@information•@about•@what•@kind•@of•@the•@speckle

motion•@is•@taking•@place•D•@Figure•@7•D5•@shows•@the•@correlation•@distance•@normalized•@by

the•@average•@speckle•@size•@as•@a•@function•@of•@the•@number•@of•@the•@phase•@screens•D•@lf•@a
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‚ä
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•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@NUMBER•@OF•@DIFFUSERS

Figure•@7•D5•D•@Correlation•@distance•@Xc•@divided•@by•@the•@average•@speckle•@size•@•q•@versus•@the

number•@of•@phase•@screens•@for•@uv•@•••@O•@•iA•j•C•@av•@•••@O•C2•@mm•^s•@•iB•j•@and•@av•@•••@O•D5•@mm•^s•@•iC•j•C•@The

values•@of•@parameters•@are•@the•@same•@as•@those•@in•@Fig•D•@7•C4•D
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speckle•@pattern•@is•@translating•C•@the•@normalized•@correlation•@distance•@has•@a•@large•@value•C

while•@this•@distance•@becomes•@unity•@if•@a•@pure•@boiling•@motion•@of•@speckles•@occurs•D•@The

parameters•@are•@the•@same•@as•@those•@in•@Fig•D•@7•D4•C•@and•@the•@effect•@of•@variations•@in•@the

velocity•@on•@the•@speckle•@motion•@is•@clearly•@demonstrated•@in•@Fig•D•@7•D5•D•@When•@all•@the•@phase

screens•@are•@translating•@at•@the•@same•@velocity•@•isee•@curve•@A•j•C•@the•@speckle•@pattern•@arising

from•@those•@screens•@is•@also•@translating•D•@The•@increase•@of•@the•@normalized•@correlation

distance•@shown•@by•@curve•@A•@is•@due•@to•@the•@decrease•@in•@the•@average•@speckle•@size•@•q•@used

as•@a•@normalized•@factor•D•@On•@the•@other•@hand•C•@when•@there•@are•@some•@variations•@in•@the

velocity•@of•@the•@phase•@screens•@•isee•@curves•@B•@and•@C•j•C•@the•@boiling•@motion•@becomes

dominant•@and•C•@in•@particular•C•@curve•@C•@drops•@to•@unity•C•@indicating•@that•@the•@speckle

pattern•@is•@completely•@boiling•C•@Therefore•C•@the•@variations•@in•@the•@velocity•@among•@the

phase•@screens•@greatly•@affect•@the•@motion•@of•@the•@resulting•@speckle•@pattern•D

•@•@The•@speckle•@velocity•@is•@plotted•@in•@Fig•D•@7•D6•@against•@the•@number•@of•@the•@phase•@screens•D
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•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@NUMBER•@OF•@DIFFUSERS

Figure•@7•D6•D•@Speckle•@velocity•@V•@as•@a•@function•@of•@the•@number•@of•@phase•@screens•@for•@a•D•@•••@O

•iA•j•C•@a•D•@•FO•C2•@mm•^s•@•iB•j•@and•@a•C•@•••@O•D5•@mm•^s•@•iC•j•C•@The•@values•@of•@parameters•@are•@the•@same

as•@those•@in•@Fig•D•@7•D4•C
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Again•C•@the•@parameters•@are•@the•@same•@as•@those•@in•@Fig•D•@7•D4•D•@Curve•@A•@in•@Fig•D•@7•D6•@shows

that•@the•@speckle•@pattern•@moves•@at•@the•@same•@velocity•@as•@that•@of•@the•@phase•@screens

even•@in•@the•@case•@of•@multiple•@scattering•D•@The•@speckle•@velocity•@given•@by•@curve•@B•@is

different•@from•@that•@of•@curve•@A•C•@because•@the•@dynamic•@speck1e•@pattern•@in•@this•@case

contains•@a•@boiling•@element•@which•@affects•@the•@translating•@velocity•@of•@the•@pattern•D•@This

effect•@is•@more•@noticeable•@for•@curve•@C•D•@ln•@this•@case•C•@there•@is•@no•@translating•@element•@in

the•@speckle•@motion•@and•C•@hence•C•@the•@translating•@velocity•@of•@a•@speckle•@pattern•@can•@no

longer•@be•@considered•@as•@a•@meaningful•@quantity•D

•@•@•@The•@deviation•@of•@the•@speckle•@velocity•@from•@the•@average•@velocity•@of•@diffusers•@cre•|

ates•@a•@serious•@problem•@from•@the•@viewpoint•@of•@velocity•@measurements•C•@There•@are

three•@common•@methods•@for•@measuring•@the•@velocity•@of•@a•@moving•@diffuse•@object•@using

dynamic•@speckles•@•m3•n•D•@One•@is•@the•@autocorrelation•@method•@in•@which•@the•@correlation

time•@is•@measured•C•@and•@the•@other•@methods•@of•@cross•|correlation•@and•@spatial•@filtering

use•@the•@velocity•@of•@a•@speckle•@pattern•D•@The•@latter•@two•@methods•@have•@an•@advantage

that•@the•@absolute•@velocity•@can•@be•@obtained•@without•@calibration•D•@However•C•@the•@results

illustrated•@in•@Fig•C•@7•C6•@show•@that•@a•@careful•@treatment•@is•@needed•@to•@apply•@these•@meth•|

ods•@to•@objects•@in•@which•@the•@multiple•@scatteringŽµakes•@place•@unless•@all•@the•@scatterers

in•@the•@scattering•@volume•@are•@moving•@as•@a•@whole•@at•@the•@same•@velocity•D

7•D3•D2•@Relationship•@Between•@Average•@Velocity•@and•@the•@Correlation•@Time

The•@autocorrelation•@method•@for•@ve•Iocity•@measurements•@is•@based•@on•@the•@fact•@that•@the

reciprocal•@of•@the•@correlation•@time•@is•@directly•@proportional•@to•@the•@velocity•@of•@an•@object•D

Now•@we•@examine•@whether•@or•@not•@this•@proportionality•@holds•@for•@the•@multiple•|scattering

objects•@that•@have•@been•@analyzed•@so•@far•C

•@•@•@In•@what•@follows•C•@two•@velocity•@profiles•@are•@considered•G•@one•@is•@the•@uniform•@velocity

distribution•@and•@the•@other•@has•@a•@velocity•@gradient•@following•@a•@parabolic•@profi1e•C•@These

profiles•@are•@shown•@in•@Figs•C•@7•D7•ia•j•@and•@7•D7•ib•j•C•@respectively•C•@where•@11•@phase•@screens

are•@assumed•@to•@move•@in•@the•@same•@direction•@•ialthough•@the•@screens•@at•@both•@sides•@are•@at

rest•@for•@the•@case•@of•@parabolic•@profile•j•D•@The•@average•@velocity•@of•@all•@the•@phase•@screens

is•@the•@same•@value•@•i10•@mm•^s•j•@for•@the•@two•@cases•D

•@•@•@First•C•@assume•@that•@there•@is•@no•@variation•@in•@the•@velocity•@of•@each•@diffuser•D•@ln

other•@words•C•@the•@diffusers•@have•@deterministic•@values•@in•@the•@velocity•C•@not•@statistically

distributed•@ones•@shown•@in•@Figs•D•@7•D3•ib•j•@and•@7•D3•ic•j•D•@ln•@this•@case•C•@the•@reciprocal•@of•@the
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Figure•@7•D7•D•@Velocity•@profiles•@of•@a•@series•@of•@phase•@screens•F•@•ia•j•@uniform•@profile•@and•@•ib•j

parabolic•@profile•D

correlation•@time•@has•@a•@proportional•@relationship•@with•@the•@average•@velocity•@of•@all•@the

phase•@screens•@as•@long•@as•@the•@velocity•@profile•@of•@these•@screens•@remains•@the•@same•@•isee

Fig•D•@7•C8•j•D•@This•@is•@readily•@shown•@in•@Eq•D•@•i7•D49•j•C•@where•@multiplying•@a•@constant•@value•@a

by•@all•@of•@the•@velocities•@vi•@and•@v•D•@results•@in•@a•i1•^T•C•i•D•j•j•@with•@3bi•D•@being•@zero•D•@Therefore•C

the•@autocorrelation•@method•@can•@also•@be•@applied•@to•@multiple•|scattering•@objects•@whose

velocity•@profiles•@do•@not•@change•@with•@time•D

•@•@•@As•@is•@seen•@from•@Fig•D•@7•C8•C•@the•@proportional•@factor•@for•@the•@parabolic•@profile•@of•@the

velocity•@•ishown•@by•@curve•@B•j•@is•@much•@larger•@than•@that•@for•@the•@profile•@with•@no•@gradient

in•@the•@velocity•@•ishown•@by•@curve•@A•j•D•@This•@means•@that•@rapid•@fluctuation•@is•@observed•@in

the•@speckle•@intensity•@when•@a•@velocity•@gradient•@exists•@in•@the•@scattering•@volume•D•@Figure

7•D8•@clearly•@illustrates•@that•@the•@absolute•@value•@of•@the•@correlation•@time•@is•@determined

not•@only•@by•@the•@average•@velocity•@of•@the•@diffusers•@but•@by•@the•@velocity•@profile•@of•@these

diffusers•D

•@•@•@Finally•C•@we•@examine•@how•@the•@proportional•@relationship•@illustrated•@in•@Fig•D•@7•D8•@wil1
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Figure•@7•C8•D•@Linearity•@between•@the•@reciprocal•@1•^7•C•@of•@the•@correlation•@time•@and•@the•@average

velocity•@•qv•„•@for•@a•@uniform•@velocity•@profile•@•iA•j•@and•@a•@parabolic•@velocity•@profile•@•iB•j•D

change•@if•@some•@randomness•@is•@added•@to•@the•@velocity•@of•@each•@phase•@screen•C•@The

changes•@in•@this•@relation•@for•@the•@two•@velocity•@profiles•@given•@by•@Figs•D•@7•D7•ia•j•@and•@7•D7•ib•j

are•@demonstrated•@in•@Figs•D•@7•D9•ia•j•@and•@7•D9•ib•j•C•@respectively•D•@Curves•@A•@in•@Figs•D•@7•D9•ia•j

and•@7•D9•ib•jare•@equivalent•@toŽµhe•@curves•@in•@Fig•D7•D8•C•@while•@curves•@B•@and•@C•@were

obtained•@by•@allowing•@the•@velocity•@of•@each•@phase•@screen•@to•@be•@distributed•@randomly

to•@the•@same•@extent•@shown•@in•@Figs•D•@7•D3•ib•j•@and•@7•D3•ic•j•C•@respectively•D

•@•@•@In•@the•@case•@where•@the•@average•@velocity•@of•@each•@phase•@screen•@has•@the•@same•@value

•ithe•@case•@of•@no•@velocity•@gradient•j•C•@the•@linearity•@observed•@in•@curve•@A•@in•@Fig•D•@7•D9•ia•j

has•@disappeared•@when•@the•@velocity•@variations•@become•@more•@than•@2•@•“•@of•@the•@average

velocity•D•@ln•@contrast•C•@for•@the•@case•@of•@the•@parabolic•@velocity•@profi•Ie•p•@shown•@in•@Fig•D

7•C9•ib•j•C•@the•@variations•@in•@the•@velocity•@have•@little•@effect•@on•@the•@correlation•@time•@except

in•@the•@region•@where•@the•@value•@of•@the•@average•@velocity•@is•@comparable•@to•@that•@of•@the

extent•@of•@the•@velocity•@distribution•D•@These•@results•@are•@not•@surprising•C•@because•@the

velocity•@differences•@between•@the•@phase•@screens•@are•@due•@to•@the•@velocity•@variations
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Figure•@7•D9•C•@Dependence•@of•@the•@reciprocal•@1•^Tc•@of•@the•@correlation•@time•@on•@the•@average

velocity•@•qv•„•@for•@a•D•@•••@O•@•iA•j•C•@av•@•••@O•C2•@mm•^s•@•iB•j•@and•@av•@•••@O•D5•@mm•^s•@•iC•j•@obtained•@under

•ia•j•@uniform•@and•@•ib•j•@parabolic•@profiles•@of•@the•@velocity•D
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independent•@of•@the•@average•@velocity•@for•@the•@former•@case•C•@whereas•C•@for•@the•@latter•@case•C

they•@are•@mainly•@caused•@by•@a•@velocity•@gradient•@that•@changes•@according•@to•@the•@average

velocity•C•@Therefore•C•@it•f•@can•@be•@said•@that•C•@when•@we•@measure•@the•@average•@velocity•@of

a•@multiple•@scattering•@object•@using•@the•@autocorrelation•@method•C•@more•@reliable•@values

are•@expected•@for•@objects•@in•@which•@steeper•@velocity•@gradients•@of•@fixed•@shape•@exist•@in

the•@scattering•@volume•D

7•D4 Conclusion

The•@statistical•@properties•@of•@a•@dynamic•@speckle•@pattern•@produced•@by•@a•@series•@of

random•|phase•@screens•@moving•@across•@their•@own•@planes•@have•@been•@investigated•@the•|

oretically•D•@The•@space•|time•@correlation•@function•@for•@the•@intensity•@fluctuations•@in

the•@Fresnel•@diffraction•@region•@has•@been•@calculated•@to•@give•@a•@statistical•@description

of•@multiply•|scattered•@speckle•@patterns•D•@The•@most•@significant•@feature•@of•@multiply•|

scattered•@speckles•@is•@that•@the•@speckle•@motion•@is•@greatly•@affected•@by•@the•@difference•@in

the•@velocities•@of•@the•@diffusers•D•@This•@di•Fˆ³erence•@contributes•@to•@the•@rapid•@fluctuations

of•@the•@resulting•@speckle•@pattern•@and•@gives•@rise•@to•@the•@boiling•@motion•@of•@the•@pattern•D

•@•@•@The•@correlation•@time•@defined•@as•@the•@width•@of•@the•@autocorrelation•@function•@of

intensity•@fluctuations•@is•@used•@to•@measure•@the•@velocity•@of•@a•@diffuse•@object•D•@lt•@has•@been

shown•@that•@the•@autocorrelation•@method•@can•@also•@be•@used•@for•@a•@multiple•@scattering

object•@containing•@scatterers•@whose•@velocity•@distribution•@is•@fixed•D•@lf•@the•@velocities•@of

the•@diffusers•@are•@distributed•@random1y•C•@a•@careful•@treatment•@of•@data•@is•@necessary•@when

applying•@the•@method•@to•@such•@objects•D•@ln•@the•@case•@where•@there•@is•@no•@velocity•@gradient

along•@the•@optical•@aixis•C•@the•@correlation•@time•@is•@determined•@mainly•@by•@the•@extent

of•@the•@statistical•@distribution•@of•@the•@velocity•@vectors•@rather•@than•@by•@the•@absolute

velocities•@themselves•D•@The•@information•@on•@the•@velocity•@is•@then•@hidden•@by•@the•@non•|

uniform•@motions•@of•@the•@diffusers•D•@On•@the•@other•@hand•C•@the•@autocorrelation•@method

can•@be•@applied•@successfully•@in•@the•@case•@where•@a•@steep•@velocity•@gradient•@exists•@in•@the

scattering•@volume•D•@This•@is•@because•@the•@velocity•@differences•@between•@the•@diffusers

associated•@with•@the•@velocity•@gradient•@are•@much•@larger•@than•@those•@arising•@from•@a

random•@distribution•@of•@the•@velocity•D

•@•@The•@theoretical•@formulae•@presented•@in•@this•@paper•@take•@the•@forms•@which•@are•@best
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suited•@to•@numerical•@computation•D•@The•@statistical•@quantities•@we•@need•@to•@describe•@the

temporal•@behavior•@of•@speckle•@patterns•@can•@readily•@be•@obtained•@by•@calculating•@the

recursion•@formulae•@repeatedly•C
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Chapter•@8

Effects•@of•@lmaging•@Properties•@on•@Multiply•|Scattered
Speckles

8•D1 1ntroduction

The•@statistical•@properties•@of•@randomly•@scattered•@light•@produced•@by•@rough•@surfaces•@or

random•@media•@are•@intimately•@related•@to•@the•@statisticaƒ†variations•@of•@the•@scatterers•D

To•@evaluate•@these•@relationships•@theoretically•C•@a•@phase•|screen•@model•@has•@been•@widely

used•@to•@represent•@the•@scattering•@characteristics•@of•@the•@objects•D•@ln•@the•@model•C•@single

or•@multiple•@random•|phase•@screens•@are•@introduced•@to•@give•@random•@modulations•@to

the•@phase•@of•@the•@incident•@light•D•@The•@phase•@modulations•@also•@bring•@about•@amplitude

and•@intensity•@variations•@in•@the•@light•@as•@it•@propagates•@some•@distance•@from•@the•@screens•D

Therefore•C•@this•@model•@can•@be•@applied•@to•@examine•@statistically•@the•@properties•@of•@both

wavefront•@distortions•@and•@speckle•@patterns•D

•@•@•@The•@applications•@of•@the•@phase•|screen•@model•@are•@mostly•@found•@in•@the•@study•@of

atmospheric•@turbulence•C•@Enhanced•@backscattering•@of•@coherent•@light•@•m77•C•@78•n•@and

imaging•@of•@objects•@through•@a•@random•@medium•@•m79•|82•n•@were•@studied•@by•@using•@a

thin•@diffuse•@screen•@as•@a•@model•@of•@refractive•|index•@fluctuations•@in•@the•@medium•D•@ln

the•@weak•@scattering•@regime•C•@an•@extended•@medium•@can•@be•@represented•@as•@a•@series

of•@weak•@phase•@screens•D•@The•@multiple•@phase•|screen•@technique•@provides•@the•@intuitive

understanding•@of•@how•@the•@amp•Iitude•@variations•@develop•@as•@waves•@propagate•@through

the•@medium•D•@This•@approach•@was•@applied•@to•@the•@analysis•@of•@wave•@propagation•@through

the•@turbulent•@atmosphere•@and•@ionosphere•@•i37•|40•n•C•@boiling•@speckle•@effects•@in•@stellar

speckle•@interferometry•@•m24•n•C•@and•@the•@evolution•@of•@a•@beam•@in•@fractal•@media•@•m41•n•D

•@•@•@The•@multiple•@phase•|screen•@technique•@has•@become•@a•@common•@tool•@for•@investigating

beam•@propagation•@in•@a•@weak•@scattering•@medium•@and•@was•@even•@used•@for•@the•@diffrac•|

tion•@analysis•@of•@bulk•@diffusers•@•m83•n•D•@ln•@the•@context•@of•@laser•@speckle•C•@however•C•@most
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analytical•@calculations•@are•@performed•@by•@using•@a•@single•@phase•@screen•@•m731•@or•@double

phase•@screens•@•m8•C•@11•C•@13•C•@14•C•@16•C•@21•C•@22•C•@32•C•@36•n•D•@For•@the•@scattering•@due•@to•@a•@number

of•@deep•@random•|phase•@screens•C•@few•@studies•@appeared•@in•@the•@literature•D•@Since•@each

deep•@phase•@screen•@produces•@a•@fully•@developed•@speckle•@pattern•C•@a•@series•@of•@such•@phase

screens•@becomes•@a•@model•@for•@the•@strong•@scattering•@regime•@in•@which•@the•@light•@that•@has

passed•@through•@a•@scatterer•@has•@no•@specular•@or•@coherent•@component•D

•@•@•@In•@Chapter•@7•C•@the•@dynaƒGnic•@properties•@of•@speckle•@patterns•@in•@the•@Fresnel•@diffraction

region•@produced•@by•@deep•@random•|phase•@screens•@being•@spaced•@some•@distance•@apart

from•@each•@other•@and•@moving•@at•@constant•@velocities•@were•@investigated•D•@lt•@has•@been

shown•@that•@the•@velocity•@differences•@between•@the•@phase•@screens•@have•@a•@strong•@effect

on•@both•@the•@decorrelation•@of•@the•@resulting•@speckle•@patterns•@and•@the•@fluctuating•@rate

of•@the•@speckle•@intensity•D•@In•@this•@chapter•C•@the•@same•@scattering•@model•@is•@employed•@as

in•@Chapter•@7•C•@but•@the•@analysis•@is•@made•@for•@the•@case•@of•@imaging•@geometry•@instead•@of

free•@space•@geometry•@•m44•n•D

•@•@•@The•@spaceˆêˆêtime•@correlation•@functions•@are•@calculated•@for•@dynamic•@speckle•@patterns

observed•@in•@image•@space•@to•@obtain•@the•@temporal•@autocorrelation•@functions•@which

give•@the•@correlation•@time•@to•@be•@evaluated•D•@Dependence•@of•@the•@correlation•@time•@on

the•@velocities•@of•@the•@phase•@screens•@is•@then•@examined•@by•@using•@the•@focal•@position•@and

resolution•@capability•@of•@the•@imaging•@system•@as•@parameters•D•@Although•@attention•@is

restricted•@to•@the•@properties•@of•@the•@imaging•@system•C•@the•@effects•@of•@the•@other•@parameters•C

such•@as•@the•@spatial•@coherence•@of•@the•@incident•@light•@or•@the•@degree•@of•@phase•@distortion

imposed•@by•@the•@phase•@screens•C•@could•@also•@be•@analyzed•@by•@evaluating•@the•@correlation

functions•@derived•@in•@the•@present•@study•D

8•D2•@Theoretical•@Analysis

Figure•@8•D1•@shows•@the•@schematic•@diagram•@of•@the•@optical•@arrangement•@used•@for•@evalu•|

ating•@the•@space•|time•@correlation•@function•@of•@multiply•|scattered•@speckle•@patterns•@in

image•@space•C•@Random•|phase•@screens•@are•@spaced•@in•@parallel•@with•@each•@other•@and•@trans•|

late•@at•@constant•@velocities•@in•@their•@own•@planes•D•@By•@illuminating•@these•@diffusers•@with

coherent•@light•@or•@spatially•|partially•@coherent•@light•C•@a•@dynamic•@speckle•@pattern•@result•|

ing•@from•@the•@multiple•@scattering•@is•@produced•@at•@the•@observation•@plane•@located•@behind
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Observation

•@•@Plane

•@•@•@•@•@•@•@•@•@•f•@•@•@•@•@•@•^
•@•@•@•@Z

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@Moving

•@•@•@•@Illuminating•@v•^•@Phase
•@•@•@•@•@•@Lig•@ht•@scre•@ens

Figure•@8•D1•D•@Schematic•@diagram•@for•@the•@analysis•@of•@image•@speckles•@from•@multiple•@random•|

phase•@screens•D

an•@imaging•@lens•D•@ln•@the•@following•@analysis•C•@it•@is•@assumed•@that•@the•@illuminating•@light

is•@linearly•@polarized•@and•@that•@the•@diffusers•@do•@not•@change•@the•@state•@of•@polarization•@of

theŒÜeld•D•@These•@assumptions•@allow•@us•@to•@use•@the•@scaƒ†ar•@wave•@approximation•D

8•D2•C1•@Propagation•@of•@Light•@through•@Random•@Phase•@Screens

At•@the•@start•C•@the•@spaceˆêˆêtime•@correlation•@function•@of•@the•@speckle•@field•@at•@each•@phase

screen•@is•@evaluated•@using•@the•@Fresnel•@diffraction•@approximation•D•@The•@field•@Ek•{i•iuk•{i•Ct•j

just•@in•@front•@of•@the•@•ik•@•{•@1•jth•@phase•@screen•@is•@expressed•@by

•@•@•@•@•@•@•@•@•@•@•@Ek•{1•iUk•{1•C•@t•jˆê•Ú“ñŽO•CƒI•j•E‚ñ•iu’²‹©•C‹©•{1•jduk•E•@•i8•E1•j

where•@Ek•iuk•Ct•j•@is•@the•@field•@incident•@on•@the•@kth•@phase•@screen•C•@Ok•iuk•Ct•j•@is•@the•@phase

modulation•@introduced•@by•@the•@kth•@phase•@screen•C•@and•@Tk•iu‚ñ•C‹©•{1•jis•@a•@Fresnel•@propˆê
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‚ä

v

agator•@given•@by

Tk•iuk•C•@Uk•{1•j
•uxliii•G•@exp•i™†U‚ñˆêU‚î•{112•@•@•@•@ƒÉ•A”z‚ñ•j

•i8•D2•j

with•@uk•@and•@uk•{i•@being•@two•|dimensional•@position•@vectors•@at•@the•@planes•@of•@the•@kth

and•ik•\1•jth•@screens•@which•@are•@separated•@by•@a•@distance•@Rk•C•@respectively•D•@Let•@us

assume•@that•@the•@light•@illuminating•@the•@screens•@is•@temporally•@coherent•D•@Then•@the

space•|time•@correlation•@function•@of•@the•@field•@given•@by•@Eq•D•@•i8•D1•j•@can•@be•@written•@in•@the

fO•@1•fM

rE•A•{•A•i‹©•{•C•C•@U2•D•{1•Ct•C•@t•f•j•••qEX•{1•iU‚ñ•{•E•CƒI•jEk•{1•iU‹„•{•A•CƒI•f•j•r

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@ˆê•L•qEk•f•iuk•Ct•jEk•iut•C•Ctt•j•r•q•E“Å•i‹©•CƒI•j•E‚½•iu‹„•C•ã•f•j•„

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@xƒÎ•iu‚½•Cu‚½•{1•jTk•iu‹„•CuŽÀ•{1•jdUkdu2•D

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@ˆêŒ­rE•A•iUk•CuŽÀ•C‚¿t•f•jr•E•A•i•ú•C‚¿ƒI•f•j

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•~•iƒÅ•iu‚î•Cu‚î•{1•jƒNŒ¯•iuŽÀ•Cu•Ž•{1•jdu‚ñdu‹„•C•@•@•@•@•@•@•@•i8•D3•j

where•@•q•c•r•@denotes•@an•@ensemble•@average•D•@The•@correlation•@function•@of•@the•@speckle•@field

resulting•@from•@the•@nth•|order•@scattering•@can•@be•@evaluated•@by•@substituting•@successively

the•@function•@rE•C•@•ik•@•••@1•@to•@n•j•@into•@Eq•D•@•i8•C3•j•@if•@the•@correlation•@function•@of•@the•@incident

light•@field•@at•@the•@first•@phase•@screen•@is•@specified•D

•@•@•@For•@the•@light•@illuminating•@the•@first•@phase•@screen•C•@two•@models•@are•@considered

which•@have•@different•@spatial•@coherences•G•@one•@is•@the•@completely•@coherent•@light•@with

a•@Gaussian•|beam•@type•@and•@another•@is•@the•@partially•@coherent•@light•@obtained•@from•@a

Gaussian•@Shell•|model•@source•@•m84•n•D•@The•@correlation•@function•@of•@the•@incident•@light•@field

with•@the•@Gaussian•|beam•@type•@is•@given•@by

r•@E•C•@•iui•C•@ul•j
ˆê–²exp•m

•~•@exp•@•i•Eˆêˆê•@Lt

iT

A•@Ro

•@•@1•@ˆê•@uil

•ilu112•@ˆêˆê•@lui12•j•n•@exp•@•iˆê•@1•E•p•f12•|Slililil•DEL1•DZl•@•{•D•C•hi12•j

2w2
•C

2ˆê
•i8•D4•j

where•@A•@is•@the•@wavelength•@of•@the•@light•C•@Ro•@the•@wavefront•@curvature•@at•@the•@illumi•|

nating•@screen•C•@and•@wo•@and•@w•@are•@the•@radii•@of•@the•@beam•@waist•@and•@the•@illuminating
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w•E”Ì•u

v

spot•C•@respectively•C•@Note•@that•@Eq•D•@•i8•D4•j•@is•@not•@a•@statistically•|defined•@function•C•@but•@a

deterministic•@one•D

•@•@•@A•@Gaussian•@Shell•|model•@source•@is•@often•@used•@to•@describe•@the•@mutual•@intensity

of•@a•@quasi•|homogeneous•@source•@in•@which•@the•@intensity•@profile•@of•@the•@source•@is•@much

broader•@than•@its•@coherence•@interval•D•@The•@mutual•@intensity•@of•@a•@Gaussian•@Shell•|model

source•@is•@written•@in•@the•@form

•@•@•@•@•@•@•@•@•@•@rE•C•iuo•Cu6•j•@•••@•qEo•g•iuo•jEo•iu6•j•r

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@ˆê•q•E•E•„exp•i•vu‚à“Å”±oi2•jexp•i•vulbt•|llZFg1•D•q•C•@•F3uo12•j•C•i8•E5•j

where•@go•@and•@•qo•@represent•@the•@extent•@of•@the•@source•@and•@the•@spatial•@coherence•@interval•C

respectively•C•@and•@•qlo•„•@is•@the•@average•@intensity•@at•@the•@center•@of•@the•@source•D•@The•@mutual

intensity•@at•@the•@first•@phase•@screen•@a•@distance•@Ro•@away•@from•@the•@source•@then•@becomes

•m25•n

r•@E•C•@•iui•C•@ul•j
•@•@•@•@•@•@•@•@•@•@•@ˆê•q•E1•„exp•m—a•B

•@•@•@•@•@•@•@•@•@•@•@•¶

•i‹¥2•|lu112•j•nexp•iˆêiu•ú1i2•j

•~•@exp•@•iˆêˆê•@11•f1i•IILsi•pii11•I21•@ˆê•@•C•hi12•j•C

•i8•D6•j

where•@gi•@and•@•qi•@are•@the•@extent•@of•@the•@illuminating•@light•@field•@and•@the•@spatial•@corre•|

lation•@length•@at•@the•@first•@phase•@screen•@defined•@by

•@•@•@•@ARo
91•@••
•@•@•@•@T•qO

•i8•D7•j

and
ci•@•••@lltAo•C

•@•@•@•@Tgo

•i8•C8•j

and•@the•@average•@intensity•@is•@given•@by

•qll•„•@•••••@•iz3gqie•Ggo•qo•j2•qlo•„•D

•i8•D9•j

•@•@Since•@each•@phase•@screen•@is•@assumed•@to•@move•@at•@constant•@velocity•@vk•ik•@ˆêˆêˆêˆê•@1•@to

n•j•C•@the•@phase•@modulation•@of•@the•@light•@field•@introduced•@by•@the•@kth•@phase•@screen•@is

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@140
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•D1•D•D•“’k1ã£”ô•“•F‹ð–·—î1—ê•J•|•@•f•c

•·‹LŒE

v

expressed•@as

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@O‚½•iUk•C•@t•j••exp•miilk•iu‚ñˆêv‚îƒI•j•z•C•@•@•@•@•i8•D10•j

where•@ipk•@indicates•@the•@random•@phase•@fluctuations•D•@Let•@us•@assume•@for•@simplicity•@that

the•@phase•@fluctuations•@follow•@a•@Gaussian•@random•@process•@and•@that•@their•@normalized

spatial•@correlation•@function•@takes•@a•@Gaussian•@form•D•@Moreover•C•@we•@confine•@the•@analysis

to•@the•@case•@of•@deep•@random•|phase•@screens•@for•@which•@the•@standard•@deviation•@of•@phase

fluctuations•@is•@larger•@than•@r•D•@These•@assumptions•@lead•@to•@a•@simple•@form•@for•@the

correlation•@function•@of•@Eq•C•@•i8•D10•j•@174•n

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@Vo•C•iuk•Cu•fk•CT•j••exp•iˆêIAuk12•^B•C2•j•C•@•is•D11•j

where

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•¢U‚½•••iU‹’ˆêV‚î•Y•jˆê•iU‚½ˆêV‚ñƒI•j

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@••u‹„ˆêu‚ñˆêv‚ñƒÁ•@•@•@•@•@•@•@•i8•D12•j

with•@T•@•••@t•f•@ˆê•@t•C•@and•@6k•@stands•@for•@the•@effective•@correlation•@length•@defined•@by

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@ƒÀ‚½••ƒ¿‚î•^ƒÐ‚î•@•@•@•@•@•@•@•i8•D13•j

in•@which•@ak•@and•@ak•@are•@the•@correlation•@length•@and•@the•@standard•@deviation•@of•@phase

fluctuations•C•@respectively•D

•@•@•@After•@a•@tedious•@calculation•@using•@Eqs•D•@•i8•D2•jˆê•i8•D4•j•C•@•i8•D6•j•@and•@•i8•D11•j•C•@the•@following

expression•@is•@obtained•@for•@the•@space•|time•@correlation•@function•@of•@the•@speckle•@field

just•@in•@front•@of•@the•@kth•@phase•@screen•@•m43j

rEk•i•@•@•@•@•fUk•Cu‚½•CT•jˆê•q•E‚ñ•„exp•iˆê•ßˆ÷v•f•Evm•@T2•{•“ƒÀ‚ñ•i1•j•iu‹„•c•j•Ev•fƒA•j

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•~exp•mˆêƒÉ•¥1•ik•|1ƒ°o‚ñ•i1t••o•j•iuŽÀ•{u‚ñ•j•Ev•„•Þ2•|lu‚½12•j•j•n

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•~exp•iˆê1i•f•IllE•|57ille•Iny•I1•f•{•C•h•Dk12•jexp•iˆêˆêt•f•IllL5•p21e•IZkpt•C•hk12•j•@•ik•„ˆê1•j•D•@•is•D14•j
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Y

Variables•@Ak•i1•C•@m•j•C•@Bk•i1•j•C•@Ck•i1•j•C•@Dk•C•@gk•@and•@•qk•@in•@Eq•D•@•i8•D14•j•@take•@the•@form•@of•@recursion

formulae•F

•@•@A‚½•{1•i1•C•@m•j••ŒÜ‚½•i•‰•Cm•jˆê‰r1ƒÀ‚ñ•i1•jB‚½•im•jˆê7•®•i1•{ƒÈ‚½D‚î•jƒÀ‚ñ•im•jo‚½•i1•j

•@•@•@•@•@•@•@•@•@1•@•@•@•@•{ŒÝ7‚ñ1‚®•’•iPk•C1•{Pk•@•C2•j0‚½•i1•j0‚î•—•j•C

ƒÀ‚½•{1•i1•j••7‚ñ•i1•\ƒÈ‚ñ1•j‚½•jƒÀ‚î•i•v•jˆê•fƒÁk•@K‚ñ•i•vPk•C1•\Pk•C2•j0‚ñ•iZ•j•C

0•©1•i1•j••Pk•@I•@Bk•i•v•j•\7k•@Kk•i1•\ƒÈ‚ñD‚Ì0‚½•i1•j•C

•@D‚½•{1••1ˆê•fƒÁ‚î•i1•\ƒÈ‚½D‚½•j•C

•@9‚½•{12ˆŸ—••^2•C

•@•@•@•@•@T
•@•qk•{i•@•••@•m7k•iPk•Ci•@•\•@Pk•C2•j•nˆêi•^2•C

•i8e15•j

•i8•D16•j

•C•i8•D17•j

•i8•D18•j

•i8•D19•j

•i8•D20•j

where

•@•@•@•@•@•@•@•@•@•@•@•@•^4‚ñ•i1•Ck•j•F••ƒm4‚½•ik•CƒÁƒÅ•j•F••0•C•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•i8•D21•j

•@•@•@•@•@•@•@•@•@•@•@•@Ak•ik•C•@k•j•@ˆêPk•Ci•^2•C•@•i8•D22•j

•@•@•@•@•@•@•@•@•@•@•@•@•@Bk•ik•j•@•••@Pk•C•C•C•@•i8•C23•j

•@•@•@•@•@•@•@•@•@•@•@•@•@Ck•ik•jˆê•Z•D•@•i8•D24•j

In•@Eqs•D•@•i8•D15•jˆê•i8•D24•j•C

•@•@•@•@•@•@•@•@•@•@•@Pk•Ci•••@2•^fi2•D•C•@•i8•D25•j

•@•@•@•@•@•@•@•@•@•@•@Pk•C2•••@1•^•q2•D•C•@•i8•D26•j
•@•@•@•@•@•@•@•@•@•@•@p•C•C•C•@•••@•iintk•@•j2•i1•{Kk•@D•C•j2•@•is•D27•j

and

•@•@•@•@•@•@•@•@•@•@•@•@Pk••Pk•Ci•\Pk•C2•\Pk•C3•@•i8•D28•j

are•@variables•@depending•@on•@the•@statistical•@parameters•@of•@the•@incident•@light•@and•@the

phase•@screens•C•@and

•@•@•@•@•@•@•@•@•@•@•@•@•@•@1‚®‚Ý••••Rk•^•v”zk•|1•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•i8•D29•j

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@142
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•fˆê•ht•|A•G

•f•F•E•E•G {•o•E•E1•E•F•E•Ell–\“«•D“å•f•—ŒO“å”e•@

Y

and

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@7k•@•Eˆêˆêˆê•@•qlk•{i•„•^•qZk•„•••@•i1•{KkDk•jˆê2Pk•C•C•^Pk•@•i8•D30•j

are•@the•@ratios•@between•@the•@two•@neighboring•@spacings•@and•@between•@the•@two•@average

intensities•C•@respectively•D•@Equations•@•i8•C14•jˆê•i8•D30•j•@are•@valid•@within•@the•@range•@of•@k•@ˆê•r•@1•C

O•@21•j•@k•@and•@O•@•j•@m•@•j•@k•D•@By•@setting•@the•@initial•@values

A•C•iO•CO•j•@•••@B•C•iO•j•@ˆê•@C•C•iO•j•@•••@O•C

•@•@•@•@Dl•@•••@1•C

•@•@•@•@ql•@•••@•q1•@••w

•i8•D31•j

•i8•D32•j

•i8•D33•j

for•@Gaussian•@beam•@illumination•C•@or

A•C•iO•CO•j•@•••@B•C•iO•j•@•••@C•C•iO•j•@•••@O•C

•@•@•@•@D•C•@•••@1•C

•@•@•@•@•@•@•@•@•@ARo
•@•@•@•@qi•@•••••@IFi•CT•f

•@•@•@•@•@•@•@•@•@A•@Ro
•@•@•@•@•q1•@••

•@•@•@•@•@•@•@•@•@Tqo

•i8•D34•j

•i8•D35•j

•i8•D36•j

•i8•D37•j

for•@illumination•@from•@a•@Gaussian•@Shell•|model•@beam•C•@the•@values•@of•@Ak•i1•C•@m•j•C•@Bk•i1•j•C

Ck•i1•j•C•@Dk•C•@qk•@and•@Ck•@can•@be•@evaluated•@successively•@from•@k•@•••@1•@to•@K•h•@ˆêˆêˆêˆê•@n•@to•@give•@the

definite•@expression•@for•@the•@correlation•@function•@of•@the•@speckle•@field•@just•@in•@front•@of

the•@last•@•inth•j•@phase•@screen•D

8•D2•D2•@lntensity•@Correlation•@Functions•@for•@lmage•@Speckles

To•@examine•@the•@statistical•@properties•@of•@speckle•@patterns•C•@the•@statistics•@of•@a•@Gaussian

process•@are•@often•@employed•@for•@theoretical•@analysis•@because•@the•@higher•|order•@moments

of•@a•@Gaussian•@variable•@are•@fully•@described•@by•@its•@second•|order•@moment•D•@However•C•@for

speckle•@patterns•@formed•@through•@an•@imaging•@system•C•@the•@Gaussian•@approximation

can•@only•@be•@applied•@for•@the•@case•@in•@which•@the•@size•@of•@the•@point•@spread•@of•@the•@imaging

lens•@in•@object•@space•@is•@much•@larger•@than•@the•@correlation•@area•@of•@the•@phase•@variations

across•@the•@object•D•@Therefore•C•@for•@the•@present•@analysis•C•@the•@spaceˆêˆêtime•@correlation
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Y

function•@of•@the•@speckle•@intensity•@1•ix•C•@t•j•@at•@the•@image•@plane•@should•@be•@calculated

directly•@from•@the•@fourth•|order•@moment•@of•@a•@complex•@amplitude•@E•ix•C•@t•j•F

•@•@•@•@•@•@•q1•ix•C‚Ì•ç•ix•`ƒI•{7•j•r•••qE•–•ix•C‚ÌE•ix•CƒI•jE•ix•f•CƒI•{T•jE•¶•ix•`ƒI•{T•j•r•D•@•i8•D38•j

The•@speckle•@field•@at•@the•@image•@plane•@is•@given•@by

•@•@•@•@•@•@•@•@•@•@•@•@•@•@E•i•~•f•@t•jˆê•Ú“ñE•E•iu•E•CƒI•j•E•E•iu•E•CƒI•jT•iu•E•Cx•jdu•B•C•@•i8•D39•j

whereŒÜ7n•iuƒÎ•C‚Ìis•@the•@light•@field•@across•@the•@nth•@phase•@screen•C0•C•A•iuƒÎ•Ct•jthe•@phase

modulation•@introduced•@by•@the•@screen•C•@and•@T•iu•D•C•~•j•@the•@point•@spread•@function•@of•@an

imaging•@system•D•@Substitution•@of•@Eq•D•@•i8•D39•j•@into•@Eq•D•@•i8•D38•j•@yields

•@•@•@•@•q•E•iX•C‚Ì•E•iX•`ƒI•{T•j•rˆê•è”^r‰™•iU•E•CU“û•CU–Ò•CUŽã•f•C7•jrS•e2•iUm•ú•CU•E•f•CT•j

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•~r•c•j•iu•B•Cu——•Cu•Z•Cu–Ò•f•Cx•Cx•f•jdu•Bdu—ôdƒÕ•E•f•C•@•i8•D40•j

where

•@•@•@•@•@•@•@•@•@•@•@rX•e•D•j•••qE•F•iUn•Ct•jEn•iU•f•D•Ct•jEn•iU•fn•f•Ct•{T•jE•F•iU•fn•h•Ct•{T•j•r•C•@•i8•E41•j

•@•@•@•@•@•@•@•@•@•@•@rS•e2•••qO•F•iun•Ct•jOn•iu•f•D•pt•jOn•iuk•f•Ct•{T•jO•F•iU•fn•h•Ct•{T•j•r•C•@•i8•E42•j

•@•@•@•@•@•@•@•@•@•@•@rS•e•j•@•FT•f•iUn•CX•jT•iU•f•D•CX•jT•iU•f•D•f•C•~•f•jT•f•iU•fn•h•CX•f•j•E•@•i8•E43•j

•@•@•@Strong•@phase•@fiuctuations•@produced•@by•@a•@series•@of•@deep•@random•|phase•@screens

allow•@us•@to•@assume•@that•@the•@complex•@amplitude•@E•D•iu•D•Ct•j•@of•@the•@light•@which•@has

been•@scattered•@by•@n•@ˆê•@1•@times•@obeys•@a•@circular•@complex•@Gaussian•@process•@with•@zero

mean•@•ifor•@a•@more•@precise•@argument•C•@see•@Subsection•@7•D2•D4•j•D•@The•@fourth•|order•@moment

of•@the•@speckle•@field•@is•@then•@expressed•@by•@a•@combination•@of•@its•@second•|order•@moments•F

•@•@•@•@•@•@•@•@•@rX•e•Iˆê•qEX•iu•B•CƒI•jE•B•iu–Ò•Ct•j•r•qE•B•iu–Ò•CƒI•{7•jE•F•iu•E•f•CƒI•{‚è•r

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•\•qE•F•iUn•C•@t•j•@En•iU•f•D•f•Ct•@•{•@T•j•r•qŒÜ•IƒÎ•iuŽ`•C‚²•jE–Ð•iu•E•f•Ct•\T•j•r•D•@•@•@•@•i8•D44•j

By•@using•@a•@Gaussian•@soft•@aperture•@with•@radius•@a•C•@the•@point•@spread•@function•@for•@single

lens•@geometry•@is•@given•@by

•@•@•@•@•@•@•@•@•@T•iu•E•Cx•jˆê‘øƒSexp•m‰ƒ•i1•ë12•{1•·•p2•j•nexp•ii•Etan•|1ƒÃ•j

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@144
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4r•DŒd

Y

•~•@exp•@•iˆêie XˆêƒÏ•\
‹Ê‹› 2•j•@exP•@•iˆê XˆêƒÏ•\
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•C

2

•i8•D45•j

where•@p•D•@and•@p•@indicate•@the•@widths•@of•@the•@point•@spreads•@at•@the•@nth•@phase•@screen•@and

at•@the•@image•@plane•C•@respectively•C•@which•@are•@defined•@by

Pn•@•••@•i•@ltst•@IO•j•@•i1•@•{•@e2•j1•^2

•i8•D46•j

and
p•••@•i•@llltili•j•@•i1•@•{•@s2•j1•^2

•i8•D47•j

with

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•C•••@z1ia•F•F2•@•iEl•@•{zl•H•Dˆê•r•j•D•@•is•D4s•j

Although•@we•@have•@made•@the•@assumption•@that•@the•@standard•@deviation•@of•@phase•@fluctu•|

ations•@introduced•@by•@each•@phase•@screen•@is•@larger•@than•@r•C•@no•@restriction•@is•@imposed•@for

the•@correlation•@length•@of•@phase•@fluctuations•D•@For•@the•@last•@phase•@screen•C•@however•C•@the

effective•@correlation•@length•@6•D•@is•@assumed•@to•@be•@much•@less•@than•@the•@speckle•@size•@•q•D

and•@the•@width•@p•D•@of•@the•@point•@spread•@at•@the•@last•@screen•D•@These•@assumptions•@enable

us•@to•@express•@the•@fourth•|order•@moment•@of•@the•@phase•@modulation•@due•@to•@the•@last•@phase

screen•@as

VS•e2•@•••@AS2•m6•iun•@ˆê•@u•f•D•j6•iu•f•D•f•@ˆê•@U•f•D•h•j•@•{•@6•iUn•@ˆê•@U•fn•f•@•{•@VnT•j6•iU•fn•@•hˆê•@U•fn•h•@•{•@Vn•f•j•n•C•@•i8•E49•j

where•@AS•@denotes•@an•@area•@of•@correlation•@cells•@in•@the•@last•@phase•@screen•D

•@•@By•@substituting•@Eqs•D•@•i8•D44•j•C•@•i8•D45•j•@and•@•i8•D49•j•C•@together•@with•@Eq•D•@•i8•D14•j•@evaluated

at•@k•@•••@n•C•@into•@Eq•D•@•i8•C40•j•C•@the•@space•|time•@correlation•@function•@of•@the•@speckle•@intensity

in•@image•@space•@results•@in•@the•@form

•q1•ix•C‚Ì1•ix•f•Ct•{ƒÁ•j•r

•@•@•@•@•@•@•@•@•@•••@cKi•@exp•@•iˆê•@iLi•fiSL2tCilx•@•{•@xt12•j

•@•@•@•@•@•@•@•@•@•@•@•~•@•mKlro•iX•C•@Xt•j•@•{•@K2171•iX•C•@Xt•C•@Tl•@Vl•C•D•D•C•CV•Dˆê1•j

•@•@•@•@•@•@•@•@•@•@•@•{•@K2r2•ix•C•@xt•C•@Tl•@vn•j•@•{•@Klr12•ix•C•@xt•C•@Ti•@vl•C•D•D•C•C•@vn•|1•C•@vn•j•v•C •i8•D50•j
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where

ro•ix•Cxi•j•@•••@exp•@•iˆêˆêˆê•@iLl•fF•I1ˆê2Kilx•@ˆêˆê•@xt12•j•@•C

rl•iX•C•@Xt•C•@Ti•@Vl•C•D•D•C•C•@Vn•|1•j

ˆêexp
o‹Ý•m2•¬•jˆê•i1ˆêƒÈ2•j•q3•@Bn•iZ•jBn•i

•f•@•~exp•m2ˆê•I•iLlˆêˆêiii•pi12ˆê•n•ISllii•|p•o2•j•q3nll•Diiˆê•CiB•D•ii•jvi•E•ix•|x•f•jT•nexp•i•Eˆêˆêˆê•Iˆê1•fFli2•CK2

V2•ix•C•@•~i•C•@T•G•@v•D•j

••••

@eXP•@•m•f•hˆê•f•@•ik•flisit•G•@•{•@K2b2•j•@lv•D12T2•n

•@•@•@•@•@•~•@eXP•@•m•G•@•ii•D•@m•@K2eb•j•@v•D•C•ix•@ˆê•@•~i•jT•n•@exp•@•i•Dˆê•I•FttR2Etll•@12e2

r12•i•~•C•@xt•C•@TI•@vl•C•D•D•D7•@vn•D1•C•@vn•j

ˆêexp

oˆê•i•@n•|1•@nˆêˆê1•@•nZ•j•@•nX•j•@•m2A•D•i1•Cm•@l••o•@m••o•j•{ƒÈ1ƒ¿2C•E•i1•jCn•im•j•pVt•EVm

•@•@•@•@•@•gˆê•@2•@tL•Ci•mBn•i1•j•@•{•@Kiabcn•i1•j•nvi•fvn•@•{•@•i2i•C•G•@•{•@71•C•G•@•{•@rcib

•@•@•@•@xexp•o1•mƒÈ1ƒÃƒ¿Œdƒ¿•i‚èv•f•{•i“ÅˆêƒÈ1ƒÃƒÂ

•@•@•@•@•~•@exp•@•i•Eˆêˆê•@Vt•@•Glliie21x•@ˆê•D•D•@xt12•j

and

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@Cˆê•••„2•iƒÎ•¢sƒÏ•‘•@•@2•j2‡Œ4

with

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@7rPn
•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@a•@••••
•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@A•@Rn•|1
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j•C
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and

‚íˆêƒÎ
ÝƒÎ•iDn•@•D1i2•Gt•^T•@•f•@q•jˆê•Š•E

•i8•D57•j

In•@Eqs•D•i8•D50•jˆê•i8•D54•j•CƒÈƒ†andƒÈ2•@are•@the•@parameters•@cha•Cracterizing•@the•@relationships

between•@the•@area•@of•@the•@point•@spread•@and•@the•@extent•@of•@the•@scattered•@light•@or•@the•@size

of•@the•@speckles•@incident•@on•@the•@last•@phase•@screen•F

Ki•@ˆê•@•i1•@•{•@pR•^qZ•jˆêi •i8•D58•j

and

i•ec2•@•F•i1•@•{•@pR•^C3•jˆêi•D •i8•D59•j

Four•@functions•@•i8•D51•jˆêˆê•i8•D54•j•@constituting•@Eq•C•@•i8•D50•j•@represent•@contributions•@from

different•@combinations•@of•@the•@phase•@screens•D•@The•@effect•@of•@motion•@of•@the•@last•@phase

screen•@on•@the•@resultant•@speckle•@intensiŽµy•@is•@expressed•@by•@the•@functions•@I•A2•@and•@I•A12

while•@those•@of•@the•@other•@phase•@screens•@are•@expressed•@by•@the•@functions•@ri•@and•@ri2•D

This•@distinction•@of•@the•@last•@phase•@screen•@from•@the•@others•@stems•@from•@the•@restriction

of•@the•@effective•@correlation•@length•@imposed•@only•@on•@the•@last•@phase•@screen•D•@Although

it•@would•@be•@possib•Ie•@to•@find•@an•@expression•@for•@the•@correlation•@function•@of•@the•@speckle

intensity•@in•@more•@general•@cases•C•@Eqs•D•@•i8•D50•jˆê•i8•D54•j•@may•@satisfy•@the•@present•@analysis

as•@long•@as•@the•@parameters•@in•@the•@equations•@are•@carefully•@chosen•@not•@to•@emphasize•@the

effects•@of•@the•@last•@phase•@screen•D

•@•@•@Since•@our•@attention•@is•@given•@to•@the•@analysis•@of•@the•@dynamic•@properties•@of•@the

speckle•@intensity•@observed•@at•@a•@single•@point•@in•@the•@image•@plane•C•@the•@temporal•@corre•|

lation•@function•@of

•q1•ix•C•@t•j1•i•~•C•@t•@•{•@T•j•r

••••

@cKi•@exp•@•mˆêˆê•@fi•Iˆê1•i1•|1ˆêˆê•miiˆê•o•I•E1•I2•Ei•@ˆêˆê•C•@•f•e•hi•jlx12•n

•~•@•iKi•@•{•@K2•@exp•@•iˆê•@tL•Ci•@•DtLIIiil•i2An•i1•C•@m•j•@ˆê•@•i1•@•fˆê•@K2•j•qn2Bn•i1•jBn•im•j•nvi•fvmT2•j

•@•@•@•@•@•@•@•@•@•@•@•@•@•@1•{•@K2•@exp•@•mˆê•@•iRli5•Gt
•{•@K2b2

j•@IVn12T2•n
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1•fts•D•f•^tat•f•j•v•F•@1•EsL•Dti

1•D‹›•EŠŸ—n•f

•@F•Et

Y

•{•@Ki•@exp•@•iˆê•@•itth•Doi•@•Dtdei•m2An•i1•C•@m•j•@•{•@Kia2Cn•i1•jCn•im•j•nvl•fvm

ˆê2
“•mBn•i1•j•{•EKlabCn•i1•j•nVi•@•E•@Vn•{•i“Å•{“Å•{ƒÈ•¬12•pT2•j•p•i••6•E•j

will•@be•@used•@in•@the•@following•@sections•@to•@evaluate•@the•@fluctuating•@rate•@of•@the•@intensity•D

•@•@•@AŽµthis•@point•C•@we•@should•@briefly•@mention•@the•@statistics•@for•@the•@image•@speckles•D

When•@the•@speckle•@field•@at•@the•@image•@plane•@is•@governed•@by•@a•@Gaussian•@process•C•@the

formula

•q1•iX•CƒI•j1•iX•`ƒI•{T•j•r•••q1•iX•CƒI•j•r•q1•iX•`ƒI•{ƒA•j•r•{1•qE•–•iX•CƒI•jE•iX•f•CƒI•{ƒA•j•„12 •i8•D61•j

can•@be•@evaluated•@to•@give•@an•@expression•@consisting•@of•@only•@the•@functions•@of•@ro•@and•@ri2•D

This•@fact•@indicates•@that•@the•@Gaussian•@approximation•@cannot•@be•@applied•@if•@K2•@•r•@O•@or

if•@the•@size•@of•@the•@point•@spread•@at•@the•@last•@phase•@screen•@is•@comparable•@with•@or•@less

than•@the•@size•@of•@the•@speckles•@illuminating•@the•@screen•D•@This•@non•|Gaussian•@behavior•@has

been•@extensively•@studied•@•ifor•@example•C•@see•@•m13•C•@14•n•j•@for•@complex•@amplitude•@variations

of•@the•@light•@field•@produced•@by•@a•@diffuser•@with•@fluctuating•@illumination•D•@Therefore•C

the•@properties•@of•@the•@probability•@density•@functions•@for•@such•@random•@fields•@will•@not•@be

discussed•@any•@further•@in•@the•@present•@analysis•D

8•C3 Results•@and•@Discussion

In•@this•@section•C•@the•@temporal•@correlation•@function•@in•@Eq•D•@•i8•C60•j•@will•@be•@evaluated•@to

examine•@the•@relationship•@between•@the•@velocity•@distribution•@of•@moving•@phase•@screens

and•@the•@resultant•@intensity•@fluctuations•@observed•@in•@image•@space•D•@The•@intensity•@fluc•|

tuations•@measured•@at•@a•@single•@point•@are•@characterized•@in•@terms•@of•@the•@correlation

time•@T•C•@defined•@by•@the•@time•@at•@which•@the•@normalized•@temporal•@autocorrelation•@of

intensity•@fiuctuations•@falls•@to•@1•^e•C•@Since•@this•@statistical•@quantity•@is•@inversely•@propor•|

tional•@to•@the•@fiuctuating•@rate•@of•@the•@speckle•@intensity•C•@its•@reciprocal•@value•@measures

the•@velocity•@of•@a•@diffuse•@object•@giving•@rise•@to•@the•@intensity•@fiuctuations•D•@However•C

this•@relationship•@has•@been•@confirmed•@only•@for•@the•@speckles•@scattered•@once•@or•C•@in•@some

special•@cases•C•@scattered•@twice•D•@lt•@is•@thus•@interesting•@to•@know•@what•@kind•@of•@velocity
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information•@is•@extracted•@from•@the•@multiply•|scattered•@speckles•@produced•@by•@a•@number

of•@moving•@diffusers•D

•@•@•@When•@we•@analyze•@the•@speckles•@formed•@in•@imaging•@geometry•C•@the•@point•|spread

function•@of•@an•@imaging•@lens•@plays•@an•@important•@role•@in•@determining•@the•@firstˆê•@and

the•@second•|order•@statistics•@of•@speckle•@patterns•D•@ln•@the•@following•@analysis•C•@the•@width

of•@the•@point•@spread•@of•@the•@imaging•@lens•@as•@measured•@in•@object•@space•@will•@be•@used•@as

a•@parameter•C•@which•@is•@controlled•@by•@changing•@the•@aperture•@size•@of•@the•@lens•@with•@the

focal•@length•@and•@the•@magnification•@of•@the•@lens•@kept•@fixed•D

8•C3•D1•@Effects•@of•@Focal•@Position

In•@Chapter•@6•C•@image•@speckles•@produced•@by•@double•@phase•@screens•@were•@studied•D•@lt

has•@been•@shown•@that•@the•@velocity•@of•@each•@phase•@screen•@can•@be•@detected•@separately•@by

focusing•@an•@imaging•@lens•@on•@the•@screen•@to•@be•@measured•C•@ln•@that•@case•C•@the•@condition•@is

required•@that•@the•@size•@of•@the•@point•@spread•@at•@the•@front•@focal•@plane•@of•@the•@lens•@be•@smaller

than•@the•@size•@of•@speckles•@illuminating•@the•@second•@phase•@screen•D•@Before•@discussing•@the

case•@of•@multiple•@scattering•C•@the•@results•@are•@presented•@for•@double•@scattering•@under•@the

above•@condition•D

•@•@•@Figure•@8•C2•@shows•@the•@reciprocal•@of•@the•@correlation•@time•@of•@intensity•@fiuctuations•@at

the•@observation•@plane•@as•@a•@function•@of•@the•@front•@focal•@position•@of•@the•@lens•C•@Two•@phase

screens•@are•@moving•@in•@the•@same•@direction•@across•@the•@planes•@of•@6•@•••@ˆê20•@mm•@and•@6•@•••••@O

mm•D•@ln•@Fig•D•@8•D2•ia•j•C•@the•@first•@screen•@has•@the•@velocities•@of•@1•@mm•^s•@•icurve•@A•j•C•@2•@mm•^s

•icurve•@B•j•@and•@3•@mm•^s•@•icurve•@C•j•@while•@the•@velocity•@of•@the•@second•@screen•@is•@fixed•@at•@1

mm•^s•D•@On•@the•@other•@hand•C•@the•@velocity•@of•@the•@second•@screen•@is•@varied•@in•@Fig•D•@8•D2•ib•j•C

keeping•@the•@velocity•@of•@the•@first•@screen•@fixed•@at•@1•@mm•^s•D•@The•@circles•@in•@the•@figure

indicate•@the•@values•@of•@the•@correlation•@time•@obtained•@when•@the•@lens•@is•@focused•@on•@the

screen•@the•@velocity•@of•@which•@is•@being•@changed•C•@These•@values•@are•@found•@to•@increase

linearly•@with•@an•@increase•@in•@the•@velocity•D•@The•@results•@show•@that•@the•@velocity•@of•@the

first•@screen•@is•@detected•@without•@being•@affected•@by•@the•@motion•@of•@the•@second•@screen

when•@the•@lens•@is•@focused•@on•@the•@first•@screen•@•isee•@the•@intersections•@of•@curves•@A•C•@B•@and

C•@with•@the•@vertical•@lines•@at•@6•@•••@ˆê20•@mm•@in•@Figs•D•@8•D2•ia•j•@and•@8•D2•ib•j•j•D•@The•@velocity

of•@the•@second•@phase•@screen•@is•@also•@detected•@by•@focusing•@on•@it•D

•@•@•@Results•@for•@the•@case•@of•@multiple•@scattering•@are•@shown•@in•@Fig•D•@8•D3•C•@where•@five•@phase

screens•@are•@spaced•@5•@mm•@apart•@from•@each•@other•@and•@moving•@in•@the•@same•@direction•D
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Figure•@8•D2•C•@Reciprocal•@1•^T•C•@of•@the•@correlation•@time•@plotted•@against•@the•@front•@focal•@position

6•@of•@the•@lens•@for•@various•@values•@of•ia•j•@vi•@and•@•ib•j•@v2•D•@Two•@vertical•@lines•@indicate•@the•@positions

of•@phase•@screens•D•@The•@values•@of•@parameters•@are•@as•@follows•F•@A•@•••@O•D633•@ptm•C•@wo•@•••@w•@•••@O•D5

mm•C•@Ro•@•••@1•D54•@•~•@1025•@mm•C•@B•@•••@1•D17•@pm•C•@a•@•••@40•D2•@mm•C•@f•@•••@100•@mm•C•@di•@ˆêˆêˆêˆêˆê•@200•@mm•C

•qn•@•••@8•D1•@Ltm•@and•@pn•@•••@1•@Ltm•D
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Figure•@8•D3•D•@1•^T•C•@as•@a•@function•@of•@the•@focal•@position•@for•@various•@values•@of•@•ia•j•@vi•C•@•ib•j•@v3

and•@•ic•j•@vs•@obtained•@when•@five•@phase•@screens•@are•@located•@5•@mm•@apart•@from•@each•@other•D•@The

values•@of•@the•@parameters•@are•@the•@same•@as•@those•@in•@Fig•D•@8•D2•C•@except•@•qn•@•••@1•@pm•D
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The•@velocities•@of•@the•@first•C•@third•@and•@fifth•@phase•@screens•@are•@varied•@in•@Figs•D•@8•D3•ia•j•C

8•D3•ib•j•@and•@8•D3•ic•j•C•@respectively•C•@keeping•@the•@velocities•@of•@the•@other•@phase•@screens

fixed•C•@The•@curves•@in•@Fig•C•@8•D3•@appear•@to•@be•@similar•@to•@those•@obtained•@for•@the•@double

scattering•D•@Namely•C•@the•@correlation•@time•@is•@strongly•@affected•@by•@the•@change•@in•@the

velocity•@of•@the•@phase•@screen•@on•@which•@the•@lens•@is•@focused•D•@However•C•@it•@is•@difiicult

to•@measure•@the•@velocity•@of•@each•@phase•@screen•@separately•@from•@the•@correlation•@time

because•@it•@is•@affected•@not•@only•@by•@the•@motion•@of•@the•@phase•@screen•@located•@at•@the•@focal

position•@but•@also•@by•@the•@motion•@of•@the•@other•@screens•D

•@•@•@It•@can•@be•@seen•@from•@Figs•D•@8•D2•@and•@8•D3•@that•@the•@curves•@drop•@suddenly•@at•@the•@plane

of•@the•@last•@screen•@•i6•@•••@O•j•D•@The•@reason•@for•@this•@phenomenon•@is•@related•@to•@the•@variation

in•@the•@shape•@of•@the•@temporal•@correlation•@function•@in•@Eq•D•@•i8•D60•j•D•@Figure•@8•D4•@shows

the•@temporal•@correlation•@curves•@evaluated•@at•@6•@•••@O•@•icurve•@A•j•@and•@6•@•••••@ˆê•Z•D2•@mm

•icurve•@B•j•@using•@the•@same•@values•@of•@the•@parameters•@for•@curve•@C•@in•@Fig•D•@8•D3•ic•j•C•@The

OH‰P‚­Žs•‘•½•‘OO

1

o
o 1

TIME •ims•j

2

Figure•@8•D4•D•@Plots•@of•@the•@temporal•@autocorrelation•@function•@for•@focused•@and•@defocused

cases•D•@Curves•@A•@and•@B•@are•@taken•@at•@6•@•••@O•@and•@ˆê•Z•D2•@mm•C•@respectively•C•@using•@the•@same

parameter•@for•@curve•@C•@in•@Fig•D•@8•D3•ic•j•D
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Y

difference•@between•@the•@shapes•@of•@the•@two•@curves•@is•@caused•@mainly•@by•@the•@spreading•@of

the•@diffraction•@spot•@of•@the•@lens•@at•@the•@plane•@of•@the•@last•@phase•@screen•@due•@to•@defocusing•D

The•@values•@of•@the•@variable•@K2•C•@which•@represents•@the•@ratio•@of•@the•@speckle•@size•@to•@the

size•@of•@the•@point•@spread•@at•@the•@last•@phase•@screen•@•iEq•D•@•i8•D59•j•j•C•@are•@O•D5•@and•@6•D2•@•~•@10•|4

for•@curves•@A•@and•@B•C•@respectively•D•@By•@referring•@to•@Eq•D•@•i8•C60•j•C•@it•@is•@found•@that•@all

the•@terms•@in•@Eq•D•@•i8•D60•j•@affect•@the•@correlation•@curves•@when•@the•@last•@phase•@screen•@is

in•@focus•C•@whereas•@the•@effects•@of•@the•@second•@and•@the•@third•@terms•@disappear•@when•@the

screen•@is•@out•@of•@focus•D•@The•@second•@term•@is•@usually•@a•@broader•@function•@of•@T•@compared

with•@the•@third•@and•@the•@fourth•@terms•C•@Therefore•C•@this•@broad•@function•@makes•@curve•@A

broader•@than•@curve•@B•@and•@leads•@to•@a•@decrease•@in•@the•@value•@of•@1•^T•C•@at•@6•@•••@O•D

•@•@•@The•@correlation•@time•@has•@been•@shown•@to•@depend•@on•@the•@focal•@position•@of•@the•@lens

when•@the•@size•@of•@its•@point•@spread•@at•@the•@front•@focus•@is•@less•@than•@or•@equal•@to•@the•@size

of•@the•@speckles•@incident•@on•@the•@last•@phase•@screen•D•@Results•@for•@the•@opposite•@case•@are

shown•@in•@Fig•C•@8•D5•C•@where•@the•@values•@of•@optical•@parameters•@used•@are•@the•@same•@as•@those

in•@Fig•D•@8•D3•@except•@that•@the•@size•@of•@the•@point•@spread•@is•@much•@larger•@than•@the•@speckle

size•D•@ln•@this•@case•C•@the•@correlation•@time•@becomes•@independent•@of•@the•@focal•@position

and•@no•@appreciable•@difference•@can•@be•@seen•@between•@the•@results•@of•@Figs•D•@8•D5•ia•j•@and

8•C5•ib•j•@in•@which•@the•@first•@and•@the•@last•@screen•@change•@their•@velocities•C•@respectively•D

•@•@•@Curve•@A•@in•@Fig•C•@8•D5•@takes•@very•@small•@va1ues•@of•@1•^T•C•@compared•@with•@those•@of•@the

other•@curves•C•@This•@fact•@indicates•@that•@the•@correlation•@time•@is•@much•@more•@sensitive

to•@the•@difference•@between•@the•@velocities•@of•@the•@phase•@screens•@than•@to•@the•@absolute

values•@of•@the•@velocities•D•@The•@relationship•@between•@the•@velocity•@distribution•@of•@all•@the

phase•@screens•@and•@the•@resultant•@intensity•@fluctuations•@will•@be•@examined•@in•@the•@next

section•D

8•C3•D2•@Effects•@of•@Random•@Distributions•@of•@Velocity

In•@the•@previous•@section•C•@attention•@was•@focused•@on•@the•@detection•@of•@motion•@of•@a•@par•|

ticular•@phase•@screen•@the•@velocity•@of•@which•@has•@a•@definite•@value•D•@ln•@what•@follows•C•@the

random•@distribution•@is•@introduced•@for•@the•@velocities•@of•@all•@the•@phase•@screens•D•@Then

the•@velocity•@should•@be•@treated•@as•@a•@random•@variable•C•@and•@two•@statistical•@quantities

of•@the•@average•@velocity•@and•@the•@standard•@deviation•@of•@velocity•@are•@considered•@to

characterize•@the•@motion•@of•@the•@scatterers•D

•@•@•@First•C•@let•@us•@consider•@the•@case•@where•@the•@average•@of•@the•@velocities•@of•@all•@the
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Figure•@8•D5•D•@1•^7•C•@versus•@the•@focal•@position•@for•@various•@values•@of•@•ia•j•@vi•@and•@•ib•j•@vs•@in•@the

case•@of•@five•@phase•@screens•D•@The•@values•@of•@the•@parameters•@are•@the•@same•@as•@those•@in•@Fig•D•@8•D3•C

except•@pn•@•••@100•@pm•D
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ƒ}

phase•@screens•@varies•@while•@the•@extent•@of•@the•@velocity•@distribution•@is•@kept•@fixed•D•@This

situation•@is•@illustrated•@in•@Fig•D•@8•D6•C•@where•@each•@dot•@represents•@a•@pair•@•iv•D•Cvy•j•@of•@the

velocity•@components•@of•@each•@phase•@screen•@with•@the•@x•|y•@plane•@being•@at•@the•@plane•@of•@the

screen•C•@The•@velocities•@are•@a•Dssumed•@to•@be•@Gaussian•@distributed•@around•@the•@average

velocity•@and•@the•@standard•@deviation•@a•D•@is•@used•@to•@measure•@the•@extent•@of•@velocity

distributions•D

•@•@•@Figure•@8•D7•@shows•@the•@reciprocal•@of•@the•@correlation•@time•@plotted•@against•@the•@average

velocity•@of•@phase•@screens•@for•@lenses•@having•@•ia•j•@a•@small•@and•@•ib•j•@a•@•parge•@point•@spread

at•@the•@front•@focus•C•@The•@values•@of•@the•@parameters•@used•@in•@Fig•D•@8•D7•@are•@the•@same•@as

those•@for•@Fig•D•@8•D3•@except•@that•@the•@front•@focal•@plane•@of•@the•@lens•@is•@fixed•@on•@the•@third
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Figure•@8•C6•D•@Velocity•@distributions•@of•@phase•@screens•@for•@different•@values•@of•@the•@average

velocity•@•qv•„•D•@The•@standard•@deviation•@a•D•@of•@velocity•@is•@fixed•D
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phase•@screen•D•@Curves•@A•@in•@Figs•D•@8•D7•ia•j•@and•@8•D7•ib•j•@are•@obtained•@when•@there•@is•@no

variation•@in•@the•@velocity•D•@ln•@this•@case•C•@all•@phase•@screens•@are•@moving•@as•@a•@whole•@in•@the

same•@direction•C•@and•@the•@linear•@relationship•@is•@found•@between•@the•@average•@velocity•@and

1•^T•C•C•@irrespective•@of•@the•@lens•@used•D•@However•C•@when•@the•@velocities•@of•@phase•@screens•@are

distributed•@randomly•@to•@a•@specific•@extent•@•ishown•@in•@Fig•D•@8•C6•j•C•@the•@relation•@changes

depending•@on•@the•@width•@of•@the•@point•@spread•D•@This•@situation•@is•@demonstrated•@by

curves•@B•@which•@were•@obtained•@as•@an•@average•@evaluated•@from•@500•@realizations•@of•@a•@set

of•@phase•@screens•@generated•@by•@a•@computer•D•@The•@vertical•@bars•@represent•@the•@standard

deviations•@from•@the•@average•@values•C

•@•@•@As•@is•@seen•@from•@Fig•D•@8•D7•C•@if•@certain•@randomness•@is•@added•@to•@the•@velocity•C•@the

average•@velocity•@has•@almost•@no•@effect•@on•@the•@fluctuating•@rate•@of•@intensity•@for•@the

case•@of•@a•@large•@point•@spread•C•@whereas•@the•@proportional•@relationship•@still•@holds•@for

the•@case•@of•@a•@small•@point•@spread•D•@The•@results•@obtained•@here•@indicate•@that•C•@when

the•@imaging•@lens•@has•@high•@resolution•@capability•C•@the•@intensity•@fiuctuations•Dof•@image

speckles•@are•@mainly•@determined•@by•@the•@absolute•@velocities•@of•@phase•@screens•@rather

than•@the•@velocity•@differences•@between•@them•D•@This•@is•@characteristic•@of•@the•@speckles

observed•@in•@image•@space•G•@speckles•@arising•@from•@free•|space•@propagation•@exhibit•@the

opposite•@property•@that•@the•@velocity•@variation•@determines•@the•@intensity•@fluctuations

in•@the•@diffraction•@region•@•isee•@Chapter•@7•j•D•@As•@we•@will•@see•C•@speckles•@imaged•@through

a•@lens•@with•@low•@resolution•@have•@the•@same•@characteristics•@as•@those•@observed•@in•@the

diffraction•@region•D•@lt•@is•@to•@be•@noted•@that•@the•@relationships•@shown•@in•@Fig•D•@8•D7•@hold

independent•@of•@the•@focal•@position•D

•@•@•@Next•C•@another•@case•@is•@considered•@where•@the•@average•@velocity•@is•@kept•@fixed•@while

the•@extent•@of•@the•@velocity•@distribution•@is•@varied•@as•@illustrated•@in•@Fig•C•@8•D8•D•@Results•@are

shown•@in•@Fig•C•@8•C9•C•@where•@the•@reciprocal•@of•@the•@correlation•@time•@is•@plotted•@against•@the

standard•@deviation•@of•@velocity•C•@The•@value•@of•@1•^T•C•@linearly•@increases•@with•@an•@increase

of•@the•@standard•@deviation•@of•@the•@velocity•@•isee•@curves•@A•j•@if•@the•@average•@velocity•@is

zero•C•@On•@the•@other•@hand•C•@as•@shown•@by•@curves•@B•C•@this•@relationship•@breaks•@down•@as•@the

average•@velocity•@increases•@for•@the•@case•@of•@a•@small•@point•@spread•@•iFig•D•@8•D9•ia•j•j•C•@while

the•@linear•@relationship•@still•@remains•@unchanged•@for•@the•@case•@of•@a•@large•@point•@spread

•iFig•D•@8•D9•ib•j•j•D

•@•@•@Comparison•@between•@Figs•D•@8•C7•@and•@8•C9•@leads•@to•@the•@conclusion•@that•@two•@sets•@of

velocity•@information•@on•@the•@average•@velocity•@and•@the•@extent•@of•@velocity•@distribution
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Figure•@8•D8•D•@Variations•@in•@the•@extent•@av•@of•@the•@velocity•@distribution•@of•@phase•@screens•@for•@a

fixed•@value•@of•@the•@average•@velocity•@•qv•„•D

can•@be•@extracted•@from•@the•@intensity•@fluctuations•@of•@image•@speckles•@just•@by•@changing

the•@size•@of•@the•@point•@spread•@at•@the•@front•@focal•@plane•@of•@the•@imaging•@lens•D•@However•C

for•@the•@case•@where•@the•@values•@of•@the•@average•@velocity•@and•@the•@standard•@deviation•@of

velocity•@are•@of•@the•@same•@order•C•@both•@the•@quantities•@affect•@the•@measured•@values•@of•@the

correlation•@time•@and•@their•@effects•@are•@hardly•@distinguishable•@from•@each•@other•D

8•D4 Conclusion

The•@statistical•@properties•@of•@dynamic•@speckles•@produced•@by•@a•@series•@of•@deep•@random•|

phase•@screens•@have•@been•@investigated•@for•@the•@case•@where•@the•@speckle•@patterns•@are
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Y

detected•@through•@an•@imaging•@system•D•@By•@following•@the•@scalar•@wave•@approximation•C

expressions•@have•@been•@derived•@for•@the•@space•|time•@correlation•@function•@of•@intensity

fiuctuations•@at•@the•@image•@plane•D•@Although•@each•@phase•@screen•@introduces•@Gaussian

intensity•@fluctuations•C•@statistics•@for•@the•@resulting•@intensity•@fluctuations•@at•@the•@image

plane•@differ•@from•@Gaussian•@ones•@unless•@the•@diffraction•@spot•@at•@the•@last•@phase•@screen

spans•@many•@speckles•@incident•@on•@it•D•@Multiply•|scattered•@speckles•@formed•@in•@image

space•@are•@characterized•@by•@this•@non•|Gaussian•@behavior•@which•@appears•@when•@a•@diffuse

•Dobject•@is•@illuminated•@by•@a•@fluctuating•@speckle•@pattern•@and•@imaged•@by•@a•@lens•@with

high•@resolution•C

•@•@•@Since•@the•@phase•@screens•@are•@spaced•@some•@distance•@apart•@from•@each•@other•C•@this

model•@allows•@the•@focus•@of•@an•@imaging•@lens•@to•@be•@located•@at•@a•@particular•@phase•@screen•D

The•@dependence•@of•@intensity•@fluctuations•@on•@the•@position•@of•@the•@front•@focal•@plane

of•@the•@lens•@has•@been•@analyzed•@by•@using•@the•@correlation•@time•@which•@measures•@the

fluctuating•@rate•@of•@the•@speckle•@intensity•D•@The•@large•@sensitivity•@to•@the•@motion•@of•@a

phase•@screen•@on•@which•@the•@lens•@is•@focused•@is•@obtained•@when•@the•@size•@of•@its•@point

spread•@is•@small•@compared•@with•@the•@speckles•@illuminating•@the•@last•@screen•D•@However•C

the•@correlation•@time•@is•@also•@affected•@byŽµhe•@oŽµher•@phase•@screens•@which•@are•@out•@of•@focus

and•C•@hence•C•@it•@is•@dificult•@to•@extract•@separately•@the•@information•@about•@the•@motion•@of

each•@phase•@screen•@from•@the•@time•|varying•@intensity•@detected•@at•@a•@single•@point•D

•@•@•@The•@average•@velocity•@and•@the•@standard•@deviation•@of•@velocity•@are•@measured•@from

the•@correlation•@time•@by•@using•@a•@lens•@having•@a•@small•@and•@a•@large•@point•@spread•@at•@its

front•@focal•@plane•C•@respectively•D•@The•@absolute•@velocities•@of•@all•@phase•@screens•@determine

the•@correlation•@time•@in•@the•@case•@of•@a•@small•@point•@spread•@though•@the•@sensitivity•@to•@the

motion•@of•@each•@phase•@screen•@is•@different•@from•@each•@other•D•@This•@is•@one•@of•@the•@significant

features•@of•@image•@speckles•@arising•@from•@multiple•@scattering•D•@On•@the•@other•@hand•C•@as•@is

the•@case•@for•@speckles•@in•@the•@Fresnel•@diffraction•@region•C•@the•@correlation•@time•@is•@greatly

affected•@by•@the•@relative•@velocities•@between•@the•@phase•@screens•@when•@the•@lens•@has•@a

large•@point•@spread•D

•@•@•@Finally•C•@it•@should•@be•@noted•@that•C•@while•@statistics•@of•@image•@speckles•@are•@affected

by•@the•@point•@spread•@at•@the•@diffuser•@closest•@to•@the•@lens•C•@the•@relationship•@between•@the

velocities•@of•@the•@diffusers•@and•@the•@fluctuations•@of•@the•@speckle•@intensity•@depends•@on

the•@point•@spread•@at•@the•@front•@focal•@plane•@which•@is•@determined•@by•@the•@f•|number•@and

the•@magnification•@of•@the•@lens•D
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Chapter•@9

Multiple•@Light•@Scattering•@from•@Particle•@Suspensions

9el lntroduction

Dynamic•@light•|scattering•@techniques•@have•@been•@widely•@used•@to•@study•fdiffusion•@pro•|

cesses•@and•@fluid•@flows•@in•@colloidal•@and•@aerosol•@systems•@•i5j•D•@The•@intensity•@fiuctuations

of•@light•@scattered•@from•@small•@particles•@in•@a•@flow•@provide•@information•@about•@the•@Brow•|

nian•@motion•@of•@the•@particles•@as•@well•@as•@the•@motion•@of•@the•@flow•D•@These•@techniques

require•@a•@low•@concentration•@of•@the•@scattering•@particles•@to•@ensure•@that•@only•@the•@single

scattering•@occurs•D•@The•@dynamic•@properties•@of•@light•@scattered•@by•@the•@Brownian•@par•|

ticles•@in•@a•@uniform•@flow•@•m85•|88•n•@and•@in•@a•@shear•@flow•@•m89•C•@90•n•@have•@been•@studied•@in

the•@single•@scattering•@limit•@from•@the•@viewpoints•@of•@particle•@sizing•@and•@measurements

of•@velocities•@in•@laminar•@and•@turbulent•@flows•D•@The•@results•@of•@these•@studies•@show•@that

homodyne•@methods•@in•@which•@only•@the•@scattered•@light•@is•@detected•@are•@capab1e•@of•@mea•|

suring•@the•@diffusion•@coeflicient•@and•@the•@velocity•@gradient•@of•@the•@flow•D•@The•@uniform

motion•@of•@the•@particles•@hardly•@affects•@theŠŽuctuaŽµions•@of‚àhe•@light•@intensity•@in•@most

of•@the•@optical•@configurations•D

•@•@•@The•@contributions•@of•@diffusional•@and•@translational•@motions•@of•@the•@particles•@to•@the

temporal•@fluctuations•@of•@the•@scattered•@light•@intensity•@have•@recently•@been•@investigated

in•@the•@case•@of•@multip•Ie•@scattering•D•@Diffusing•|wave•@spectroscopy•@•m45j•@has•@extended

the•@application•@of•@the•@above•@techniques•@to•@systems•@in•@which•@the•@light•@is•@strongly

scattered•D•@This•@technique•@was•@also•@applied•@to•@measurements•@of•@the•@laminar•@shear

flow•@of•@dense•@colloidal•@particles•@•m51•n•D•@The•@study•@showed•@that•@two•@time•@scales•@of•@the

Brownian•@diffusion•@time•@and•@the•@shear•@relaxation•@time•@determine•@the•@decay•@of•@the

autocorre•Iation•@function•@of•@intensity•@fiuctuations•D•@For•@the•@Brownian•@particles•@in•@a

uniform•@fiow•C•@the•@influence•@of•@the•@translational•@motion•@of•@the•@particles•@is•@obscured

by•@their•@diffusional•@motion•@as•@in•@the•@case•@of•@single•@scattering•D
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•@•@•@All•@the•@above•@investigations•@demonstrate•@that•@homodyne•@techniques•@are•@sensitive

to•@the•@re•Iative•@motion•@of•@the•@scatterers•@but•@insensitive•@to•@their•@collective•@motion•D•@This

statement•@is•@true•@when•@the•@scattering•@volume•@in•@a•@flow•@is•@large•@enough•@to•@neglect

the•@intensity•@fiuctuations•@arising•@from•@transits•@of•@the•@particles•@through•@the•@volume•D

However•C•@if•@a•@small•@scattering•@volume•@is•@formed•@in•@a•@multiple•@scattering•@medium•C•@the

interplay•@is•@observed•@between•@the•@relaxation•@times•@for•@the•@relative•@and•@the•@collective

motions•@of•@the•@particles•D

•D•@ln•@this•@chapter•C•@the•@light•@multiply•@scattered•@from•@the•@particles•@conducting•@the

Brownian•@motion•@in•@a•@layer•@moving•@transversely•@at•@a•@constant•@velocity•@is•@investigated

experimentally•D•@There•@is•@no•@velocity•@gradient•@or•@shear•@in•@the•@layer•C•@and•@only•@two

forms•@of•@the•@particle•@motion•C•@diffusional•@and•@uniform•@motions•C•@are•@considered•@in•@the

system•D•@The•@effect•@of•@the•@scattering•@volume•@on•@the•@correlation•@time•@of•@intensity

fluctuations•@is•@analyzed•@by•@changing•@the•@illuminating•@form•@of•@a•@laser•@beam•@and•@the

f•|number•@of•@an•@optical•@imaging•@system•@used•@for•@the•@detection•@of•@scattered•@light•D

The•@properties•@of•@dynamic•@speckles•@in•@image•@space•@have•@already•@been•@analyzed•@for

the•@light•@scattered•@from•@a•@sing1e•@phase•@screen•@•m4•n•@or•@multiple•@phase•@screens•@•m44•n•D•@A

comparison•@is•@made•@between•@the•@time•|varying•@intensities•@of•@speckles•@resulting•@from•@a

translating•@phase•@screen•@and•@from•@particles•@undergoing•@the•@Brownian•@motion•@and•@the

uniform•@translation•C•@The•@concentration•@of•@particles•@changes•@the•@scattering•@volume

in•@the•@multiple•@scattering•@regime•C•@and•@its•@effect•@is•@also•@examined•D

9•D2 Experiments

Figure•@9•C1•@shows•@a•@schematic•@diagram•@of•@the•@experimental•@setup•@used•D•@Light•@from

an•@argon•|ion•@laser•@operating•@at•@the•@wavelength•@514•D5•@nm•@is•@focused•@on•@the•@side•@of•@a

sample•@cell•@via•@three•@lenses•@Li•C•@L2•@and•@L3•@and•@a•@linear•@polarizer•D•@The•@sample•@cell•C

which•@forms•@a•@layer•@of•@scattering•@media•C•@has•@the•@dimensions•@of•@65•@mm•@length•C•@20

mm•@height•@and•@1•@mm•@thickness•C•@and•@is•@mounted•@on•@a•@translation•@stage•@in•@order•@to

move•@the•@scattering•@particles•@in•@the•@cell•C•@uniformly•@in•@the•@direction•@perpendicular•@to

the•@incident•@beam•D•@The•@forward•@scattering•@light•@from•@the•@sample•@is•@collected•@by•@a

camera•@lens•@L•@with•@a•@focal•@length•@of•@135•@mm•@and•@is•@detected•@by•@a•@photomultiplier

PM•@through•@an•@analyzer•@the•@orientation•@of•@which•@is•@copolarized•@or•@cross•|polarized
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Figure•@9•C1•D•@Schematic•@diagram•@of•@the•@experimental•@setup•D•@Li•C•@L2•C•@L3•@and•@L•C•@lenses•G•@A•C

aperture•G•@P•C•@pinhole•G•@PM•C•@photomultiplier•D

with•@the•@incident•@light•D

•@•@•@The•@lens•@used•@images•@the•@surface•@of•@the•@sample•@at•@a•@magnification•@of•@5•@onto

the•@plane•@of•@a•@pinhole•@P•@which•@limits•@the•@light•@impinging•@upon•@the•@input•@face•@of

the•@photomultiplier•D•@The•@size•@of•@the•@detecting•@pinhole•@was•@chosen•@in•@such•@a•@way

that•@the•@average•@number•@of•@speckles•@•ior•@coherence•@area•j•@included•@in•@the•@area•@of•@the

pinhole•@becomes•@the•@same•@for•@different•@sizes•@of•@an•@aperture•@A•D•@The•@pinholes•@with•@the

diameters•@20•@pam•@and•@200•@pam•@were•@used•@for•@detection•@for•@the•@f•|numbers•@2•D8•@and•@32

0f•@the•@camera•@lens•C•@respectively•C•@with•@the•@number•@of•@speckles•@falling•@on•@the•@pinhole

being•@N3•@in•@both•@cases•D

•@•@•@The•@signal•@from•@the•@photomultiplier•@is•@fed•@to•@a•@FFT•@analyzer•@•iCF•|920•C•@Ono

Sokki•j•C•@in•@which•@calculations•@of•@the•@autocorrelation•@function•@are•@repeated•@32•@times

for•@different•@sets•@of•@1024•@sampled•@data•@to•@yield•@the•@ensemble•|averaged•@autocorrelation

function•D•@The•@correlation•@time•@is•@then•@obtained•@using•@a•@computer•@as•@the•@decay

time•@at•@the•@half•@maximum•@of•@average•@autocorrelation•@functions•C•@and•@its•@mean•@and

standard•@deviation•@are•@eva1uated•@from•@five•@correlation•@times•@measured•@for•@the•@same

sample•@at•@different•@times•@and•@positions•C

•@•@•@Colloidal•@emulsions•@and•@suspensions•@were•@employed•@as•@scattering•@samples•D•@A•@milk

solution•@was•@made•@by•@diluting•@milk•@on•@the•@market•@with•@water•@at•@a•@concentration•@of•@30

•“•D•@This•@solution•@contains•@two•@kinds•@of•@colloidal•@particles•D•@One•@is•@the•@casein•@micelles
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which•@are•@present•@in•@roughly•@spherical•@particles•@with•@their•@diameter•@ranging•@from

O•C02•@pam•@to•@O•D3•@pam•@and•@having•@tvO•D14•@pam•@on•@average•D•@The•@other•@is•@the•@fat•@globules

having•@the•@average•@diameter•@of•@tvO•D6•@pam•@and•@the•@maximum•@diameter•@2rv3•@pam•D•@The

size•@distribution•@of•@the•@fat•@globules•@depends•@on•@the•@process•@of•@homogenization•@and•@on

the•@time•@passed•@after•@that•@process•D•@The•@milk•@solution•@was•@employed•@as•@an•@example

of•@general•@polydisperse•@media•D•@ln•@order•@to•@control•@the•@concentration•@of•@scattering

particles•C•@a•@suspension•@of•@O•D426•|pam•|diameter•@polystyrene•@spheres•@dispersed•@in•@water

•Dwas•@used•@as•@another•@sample•C

9•D3 Results•@and•@Discussion

In•@this•@section•C•@experimenŽµal•@reslllts•@are•@presented•@for•@the•@efFects•@of•@various•@parame•|

ters•@of•@the•@system•@on•@the•@dynamic•@properties•@of•@light•@scattered•@from•@milk•@solutions

•iSubsections•@9•D3•D1•C•@9•D3•C2•@and•@9•D3•D3•j•@and•@particle•@suspensions•@•iSubsection•@9•D3•D4•j•C•@The

results•@are•@compared•@with•@the•@ones•@obtained•@by•@a•@phase•@screen•C•@and•@the•@difference

between•@them•@is•@discussed•D•@ln•@addition•C•@attention•@is•@paid•@to•@the•@relationship•@between

the•@scattering•@volume•@and•@the•@intensity•@fluctuations•@occurred•@by•@the•@translational

motion•@of•@the•@scatterers•D

9•D3•D1•@•ìuminating•@Form•@and•@State•@of•@Polarization

Three•@illuminating•@forms•@of•@a•@laser•@beam•@incident•@on•@the•@sample•@cell•@are•@illustrated

in•@Fig•D•@9•D2•D•@A•@spherical•@lens•@of•@the•@200•@mm•@focal•@length•@was•@used•@as•@lens•@L3•@for

spot•@illumination•C•@and•@a•@cylindrical•@lens•@of•@the•@same•@focal•@length•@for•@verticalˆê•@and

horizontal•|line•@illumination•D•@The•@diameter•@ofŽµhe•@spot•@illumination•@is•@set•@to•@be•@17

pam•D•@The•@line•@illumination•@takes•@a•@form•@of•@the•@width•@17•@pam•@with•@the•@length•@20•@mm•D

The•@camera•@lens•@with•@the•@f•|number•@2•D8•@was•@used•@for•@light•@detection•D

•@•@•@Figures•D•@9•D3•ia•j•@and•@9•D3•ib•j•@show•@the•@reciprocal•@of•@the•@correlation•@time•D•@of•@intensity

fluctuations•@for•@the•@copolarized•@and•@cross•|polarized•@scattered•@light•C•@respectively•C•@as

a•@function•@of•@the•@translational•@velocity•@of•@the•@sample•@cell•@for•@the•@three•@kinds•@of

illumination•C•@A•@ground•@glass•@plate•@•i•”600•j•@of•@roughness•@O•D61•@pam•@was•@employed•@as•@a

phase•@screen•@and•@was•@illuminated•@by•@a•@beam•@with•@the•@diameter•@rv20•@mm•C•@simulating

the•@divergence•@of•@the•@incident•@light•@at•@the•@exit•@face•@of•@the•@sample•@cell•@filled•@with•@a
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Figure•@9•D2•C•@Three•@illuminating•@forms•@of•@a•@laser•@beam•@incident•@on•@the•@sample•@cell•D

mi•Ik•@solution•D•@The•@correlation•@time•@measured•@by•@using•@that•@plate•@is•@also•@plotted•@in

Fig•D•@9•D3•ia•j•D

•@•@•@For•@the•@light•@scattered•@from•@the•@phase•@screen•C•@the•@correlation•@time•@of•@its•@intensity

is•@inversely•@proportional•@to•@the•@moving•@velocity•@of•@the•@screen•D•@This•@relationship•@is

modified•@in•@the•@case•@of•@Brownian•@particles•@whose•@motion•@is•@diffusive•D•@Owing•@to•@the

Brownian•@motion•C•@the•@intensity•@of•@light•@scattered•@by•@the•@milk•@solution•@fluctuates

in•@time•@even•@if•@the•@sample•@cell•@is•@at•@rest•D•@This•@fluctuation•@arises•@for•@any•@multiple•|

scattering•@media•@at•@any•@scattering•@angles•C•@independent•@of•@the•@form•@of•@the•@incident

beam•D

However•C•@the•@rate•@of•@intensity•@fluctuations•@due•@to•@the•@diffusional•@motion•@depends

on•@the•@illuminating•@form•@of•@the•@beam•D•@This•@observation•@stems•@from•@the•@fact•@that

the•@correlation•@time•@becomes•@shorter•@as•@the•@number•@of•@multiple•|scattering•@events

increases•@•m45•n•D•@The•@line•@forms•@of•@illumination•@cause•@the•@incident•@light•@to•@travel

longer•@scattering•@paths•@than•@those•@for•@the•@spot•@form•C•@leading•@to•@shorter•@correlation

times•D

•@•@•@The•@correlation•@times•@for•@the•@two•@kinds•@of•@line•@illumination•@are•@expected•@to

coincide•@with•@each•@other•@when•@the•@sample•@cell•@is•@fixed•C•@but•@disagreement•@is•@observed

between•@them•@in•@Fig•D•@9•D3•D•@This•@is•@because•@the•@samples•@prepared•@had•@some•@variations

in•@concentration•@and•@polydispersity•@of•@scattering•@particles•D•@Even•@so•C•@the•@difference

between•@the•@spot•@and•@line•@forms•@of•@illumination•@is•@obvious•D

•@•@•@As•@seen•@from•@Fig•D•@9•D3•ia•j•C•@the•@values•@of•@1•^T•C•@for•@the•@spot•@and•@vertical•|line•@i11umi•|

nations•@increase•@at•@the•@same•@rate•@with•@an•@increase•@of•@the•@trans•Iational•@velocity•@of•@the
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Figure•@9•D3•C•@Reciprocal•@of•@the•@correlation•@time•@Tc•@plotted•@against•@the•@translational•@velocity

of•@a•@milk•@solution•@for•@the•@spot•@•ie•j•C•@vertical•|line•@•iA•j•@and•@horizontal•|line•@•iˆê•j•@forms•@of

illumination•D•@The•@scattered•@light•@detected•@is•@copolarized•@•ia•j•@or•@cross•|polarized•@•ib•j•@with

the•@incident•@light•D•@Open•@circles•@indicate•@the•@result•@for•@a•@ground•@glass•@plate•D
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cell•C•@while•@the•@correlation•@time•@is•@almost•@constant•@for•@the•@horizontal•|line•@illumina•|

tion•D•@This•@result•@clearly•@demonstrates•@that•C•@even•@in•@the•@multiple•|scattering•@regime•C

the•@distance•@necessary•@for•@the•@particles•@to•@cross•@the•@scattering•@volume•@is•@one•@of•@the

main•@factors•@determining•@the•@fluctuating•@rate•@of•@the•@time•|varying•@intensity•@arising

from•@the•@uniform•@motion•@of•@scatterers•D•@lt•@is•@interesting•@to•@note•@that•@the•@extent•@of

the•@volume•@in•@the•@direction•@perpendicular•@to•@the•@direction•@of•@the•@uniform•@motion

only•@affects•@the•@temporal•@intensity•@fluctuations•@caused•@by•@the•@diffusional•@motion•@of

the•@particles•C

•@•@•@The•@discussion•@above•@can•@also•@be•@applied•@to•@the•@explanation•@for•@the•@difference

between•@the•@results•@of•@the•@copolarized•@and•@cross•|polarized•@light•@detections•D•@The

correlation•@times•@for•@the•@cross•|polarized•@case•@are•@much•@shorter•@than•@those•@for•@the

copolarized•@case•C•@and•@are•@almost•@independent•@of•@the•@velocity•@of•@the•@sample•@cell•D•@The

cross•|polarized•@light•@detected•@has•@experienced•@higher•@orders•@of•@scattering•@than•@the

copolarized•@one•@because•@the•@low•@orders•@of•@scattering•@hardly•@depolarize•@the•@incident

light•D•@Therefore•C•@the•@short•@correlation•@times•@for•@the•@cross•|polarized•@case•@are•@caused

by•@high•@degrees•@of•@multiple•@scattering•D•@ln•@addition•C•@a•@large•@number•@of•@successive

scattering•@events•@results•@in•@a•@long•@scattering•@path•C•@making•@the•@scattering•@volume

larger•@than•@that•@for•@the•@copolarized•@detection•D•@This•@is•@the•@reason•@why•@the•@correlation

time•@in•@Fig•D•@9•C3•ib•j•@is•@almost•@unchanged•@by•@the•@translational•@motion•@of•@the•@particles•D

9•D3•C2•@F•|number•@of•@the•@lmaging•@System

The•@f•|number•@of•@an•@imaging•@system•@for•@collecting•@the•@scattered•@light•@is•@another

important•@factor•@which•@determines•@the•@correlation•@time•@of•@its•@intensity•@fluctuations•C

Figure•@9•D4•@shows•@the•@relationship•@between•@the•@velocity•@of•@the•@sample•@cell•@and•@the

reciprocal•@of•@the•@correlation•@time•@for•@the•@f•|numbers•@2•D8•@and•@32•@of•@the•@imaging•@lens•C

The•@result•@in•@Fig•D•@9•D4•@was•@obtained•@under•@the•@spot•@illumination•@and•@the•@copolarized

light•@detection•D•@For•@the•@case•@of•@a•@phase•@screen•C•@the•@slope•@of•@the•@fitting•@lines•@in•@Fig•D

9•D4•@is•@determined•@by•@a•@simple•@relation•@•m4•n

1•^‚¿••ƒÕ•C •i9•D1•j

where•@v•@is•@the•@translational•@velocity•@of•@the•@screen•@and•@p•@represents•@the•@extent•@of•@the

point•@spread•@function•@of•@the•@imaging•@system•@at•@its•@front•@focal•@plane•@in•@object•@space•D
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Figure•@9•D4•D•@Dependence•@of•@the•@correlation•@time•@Tc•@on•@the•@velocity•@of•@a•@ground•@glass•@plate

•iO•C•@A•j•@and•@of•@a•@milk•@solution•@•ie•CA•j•@for•@f•|numbers•@2•D8•@•icircles•j•@and•@32•@•itriangles•j•@of•@the

imaging•@lens•D

Equation•@•i9•D1•j•@holds•@as•@long•@as•@the•@value•@of•@p•@is•@much•@smaller•@than•@the•@extent•@of•@the

i11uminated•@area•@across•@the•@phase•@screen•D•@lf•@the•@imaging•@system•@used•@has•@a•@small

ƒm•[number•C•@a•@small•@point•@spread•@is•@obtained•@and•@rapid‰¾ctuations•@of•@the•@scattered

light•@intensity•@result•D

•@•@•@In•@Fig•C•@9•D4•C•@the•@result•@of•@milk•@solutions•@exhibits•@the•@same•@tendency•@as•@that•@of•@a

phase•@screen•D•@The•@effect•@of•@the•@uniform•@motion•@of•@the•@particles•@on•@the•@fiuctuations•@of

the•@scattered•@light•@intensity•@is•@emphasized•@by•@use•@of•@an•@imaging•@system•@with•@a•@small

f•|number•C•@and•@suppressed•@by•@a•@system•@of•@large•@f•|number•D•@This•@result•@has•@also•@been

confirmed•@by•@the•@multiple•@phase•@screen•@model•@presented•@in•@Chapter•@8•C•@and•@it•@may

be•@said•@that•@this•@is•@a•@general•@property•@of•@the•@scattered•@light•@detected•@through•@an

imaging•@system•C•@We•@avoid•@making•@a•@direct•@comparison•@between•@the•@rates•@of•@increase

in•@the•@value•@of•@1•^T•C•@for•@a•@ground•@glass•@plate•@and•@for•@milk•@solutions•@because•C•@as•@shown

in•@Fig•D•@9•D3•ia•j•C•@the•@rate•@varies•@in•@the•@latter•@case•@with•@the•@illuminating•@form•@of•@the

incident•@beam•D
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9•D3•D3•@Focal•@Position•@of•@the•@lmaging•@System

Equation•@9•D10btained•@for•@a•@phase•@screen•@holds•@irrespective•@of•@the•@focal•@position•@of•@the

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@

lmaglng•@system•@employedŽµ•Zcollect•@the•@scattered•@light•D•@However•C•@for•@volume•@media

through•@which•@the•@light•@propagates•@some•@distance•C•@the•@focal•@position•@in•@object•@space

is•@expected•@to•@have•@some•@effects•@on•@the•@formation•@of•@the•@scattering•@volume•@in•@the

media•@and•@on•@the•@resultant•@intensity•Dfiuctuations•@of•@light•@detected•@in•@image•@space•D

•@•@•@Figure•@9•E5•@illustrates•@a•@change•@in•@the•@correlation•@time•@obtained•@under•@the•@spot

illumination•@and•@the•@copolarized•@light•@detection•@for•@different•@positions•@of•@the•@front

focal•@plane•@of•@the•@imaging•@lens•@with•@f•^2•D8•D•@By•@adjusting•@the•@positions•@of•@the•@lens

L3•@and•@the•@sample•@ce11•C•@the•@front•@focal•@plane•@of•@the•@lens•@was•@set•@at•@the•@surface•@of

the•@sample•ithe•@sample•@was•@in•@focus•jor•C•@at•@the•@planes•@5•@mm•@apart•@from•@the•@surface

toward•@a•@laser•@source•@or•@toward•@a•@detector•ithe•@sample•@was•@out•@of•@focus•j•D•@The•@result
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•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@Velocity•@•imm•@s•|i•j

Figure•@9•D5•C•@Reciprocal•@of•@the•@correlation•@time•@T•C•@versus•@the•@velocity•@of•@a•@ground•@glass

plate•i•›•C•¢•CŒû•jand•@of•@a•@milk•@solution•i•œ•C•£•C•¡•j•D•@The•@imaging•@lens•@is•@focused•@on•@the

surface•@of•@the•@samples•@•icircles•j•C•@and•@on•@the•@planes•@5•@mm•@away•@from•@the•@surface•@toward•@a

laser•@source•@•itriangles•j•@and•@toward•@a•@detector•@•isquares•j•D
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of•@a•@ground•@glass•@plate•@demonstrates•@that•@the•@focal•@position•@of•@the•@detecting•@system

has•@little•@infiuence•@on•@the•@correlation•@time•C•@as•@expected•D

•@•@•@For•@the•@case•@of•@milk•@solutions•C•@however•C•@the•@correlation•@time•@becomes•@shorter

when•@the•@sample•@is•@out•@of•@focus•D•@The•@explanation•@similar•@to•@the•@one•@given•@in•@Sub•|

section•@9•D3•D1•@can•@be•@applied•@to•@this•@result•D•@lf•@the•@surface•@of•@the•@sample•@is•@located•@at

a•@defocused•@plane•C•@the•@point•@spread•@of•@the•@imaging•@system•@at•@that•@plane•@becomes

larger•@than•@that•@at•@the•@focal•@plane•D•@The•@imaging•@system•@then•@allows•@the•@scattered

light•@emerging•@from•@a•@larger•@area•@of•@the•@sample•@surface•@to•@reach•@the•@detector•D•@Since

the•@incident•@light•@diverges•@in•@the•@sample•@starting•@from•@a•@small•@spot•@formed•@on•@the

other•@side•@of•@the•@sample•C•@the•@contributions•@of•@light•@having•@longer•@scattering•@paths

increase•@and•C•@consequently•C•@the•@correlation•@time•@becomes•@shorter•D

•@•@•@Although•@the•@values•@of•@1•^T•C•@increase•@with•@an•@increase•@of•@the•@translational•@velocity

of•@the•@sample•@cell•@at•@all•@three•@positions•@of•@the•@focal•@plane•C•@the•@rate•@of•@the•@increase

is•@somewhat•@lower•@in•@the•@defocused•@case•D•@This•@also•@results•@from•@the•@extension•@of•@a

point•@spread•C•@or•@a•@probing•@area•C•@at•@the•@surface•@of•@the•@sample•@because•@of•@defocusing•D

The•@scattering•@volume•@is•@enlarged•@as•@the•@probing•@area•@becomes•@larger•C•@making•@less

significant•@the•@effect•@of•@uniform•@motion•@of•@the•@particles•@on•@the•@correlation•@time•D

9•C3•D4•@Concentrat•Gon•@of•@the•@Scattering•@Particles

As•@the•@last•@parameter•@to•@be•@examined•C•@the•@concentration•@of•@scatterers•@was•@varied•@•Efor

an•@aqueous•@suspension•@of•@polystyrene•@spheres•D•@The•@suspensions•@prepared•@contain

the•@particles•@with•@volume•@fractions•@of•@O•D1•C•@O•D2•C•@O•D35•@and•@O•D5•@•“•D•@The•@transport

mean•@free•@path•@1•g•@of•@the•@suspensions•@was•@calculated•@by•@the•@Mie•@solution•@and•@found

to•@be•@2•D02•C•@1•D01•C•@O•D576•@and•@O•D403•@mm•C•@respectively•C•@for•@O•D1•C•@O•D2•C•@O•D35•@and•@O•D5•@•“

volume•@fractions•D•@Since•@the•@values•@of•@1•f•@are•@comparable•@with•@the•@sample•@depth•C

the•@light•@is•@weakly•@multiple•|scattered•@in•@the•@sample•D•@Figure•@9•D6•@shows•@the•@plot•@of

correlation•@times•@measured•@again•@by•@the•@spot•@illumination•@and•@by•@the•@copolarized

light•@detection•@through•@the•@imaging•@system•@of•@f•^2•D8•@with•@the•@sample•@being•@in•@focus•D

In•@order•@to•@compare•@the•@result•@of•@the•@suspensions•@with•@that•@of•@a•@ground•@glass•@plate•C

a•@longitudinally•|expanded•@version•@of•@Fig•D•@9•D6•ia•j•@is•@shown•@in•@Fig•D•@9•D6•ib•j•C•@where•@a

fitting•@line•@is•@plotted•@for•@experimental•@data•@of•@the•@plate•D

•@•@•@From•@Fig•D•@9•D6•C•@we•@see•@that•@the•@correlation•@time•@becomes•@shorter•@as•@the•@particle

concentration•@increases•@for•@all•@velocities•@of•@the•@scatterers•D•@This•@result•@arises•@from
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Figure•@9•D6•D•@Reciprocal•@of•@the•@correlation•@timeƒÁc•@as•@a•@function•@of•@the•@translatlonal•@velocity

of•@suspensions•@for•@different•@volume•@fractions•@of•@the•@scattering•@particles•F•ia•j•G0•D1•“•i•›•j•C

0•D2•“•i•£•j•C0•D35•“•i•œ•jand•@O•D5•“•i•¡•j•D•@The•@result•@fbr•@a•@ground•@gla8s•@plate•@is•@plotted•@in

•ib•jfor•@comparison•C•@together•@with•@the•@data•@fbr•@volume•@fractions•@of•@O•D1•@and•@O•D2•“of•@the

•@•@•@•@•@•@•@suspenslons•E
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the•@fact•@that•@the•@amount•@of•@multiple•|scattering•@increases•@with•@an•@increase•@in•@the

concentration•@of•@the•@particles•D•@The•@effect•@of•@the•@uniform•@motion•@of•@the•@suspension•@is

hardly•@noticeable•@at•@the•@volume•@fraction•@O•D5•@•“•@because•@of•@a•@large•@scattering•@volume

formed•@in•@the•@sample•D

•@•@•@At•@a•@low•@concentration•@•ivolume•@fraction•@O•D1•@•“•j•C•@the•@scattering•@volume•@is•@small

and•@the•@power•@ratio•@of•@multiply•|scattered•@light•@to•@the•@total•@detected•@light•@is•@low•D

Then•@the•@uniform•@motion•@brings•@about•@the•@intensity•@fluctuations•@whose•@rate•@is•@much

faster•@than•@that•@caused•@by•@the•@Brownian•@motion•@of•@the•@particles•C•@resulting•@in•@the

linear•@relationship•@between•@1•^T•C•@and•@the•@velocity•@of•@the•@sample•D•@ln•@addition•C•@the

values•@of•@the•@correlation•@time•@in•@this•@case•@are•@close•@to•@those•@for•@the•@ground•@glass

plate•D•@This•@fact•@indicates•@that•@the•@point•@spread•@of•@the•@imaging•@system•@determines

the•@fluctuating•@rate•@of•@intensity•@for•@suspensions•@in•@which•@the•@weak•@scattering•@is

dominant•C•@Of•@course•C•@this•@may•@not•@be•@the•@case•@when•@different•@optical•@geometries•@are

employed•D•@For•@example•C•@the•@rate•@of•@intensity•@fluctuations•@caused•@by•@the•@diffusional

motion•@of•@the•@scatterers•@varies•@with•@different•@angles•@of•@detection•D

•@•@•@The•@transition•@from•@the•@uniform•|motion•@dominant•@regime•@to•@the•@diffusional•|

motion•@dominant•@regime•@is•@illustrated•@in•@Fig•D•@9•D7•C•@where•@the•@reciprocal•@of•@the•@cor•|

relation•@time•@is•@plotted•@in•@a•@logarithmic•@scale•@as•@a•@function•@of•@the•@concentration•@of

scattering•@particles•D•@When•@the•@sample•@cell•@is•@fixed•C•@the•@fluctuations•@of•@intensity•@arise

only•@from•@the•@Brownian•@motion•@of•@particles•D•@ln•@this•@case•C•@the•@rate•@of•@intensity•@fiuctu•|

ations•@increases•@exponentially•@with•@an•@increase•@of•@the•@particle•@concentration•C•@lf•@the

uniform•@motion•@•iO•D8•@mm•^s•j•@is•@added•@to•@the•@diffusional•@motion•C•@the•@correlation•@time

is•@almost•@constant•@at•@low•@volume•@fractions•@of•@the•@particles•@•i•@•q•@O•D1•@•“•j•C•@approaches

the•@value•@for•@the•@diffusional•@motion•@as•@the•@concentration•@rises•C•@and•@finally•@coincides

with•@the•@diffusion•@time•@at•@high•@volume•@fractions•@•i•@•r•@O•D5•@•“•j•D•@The•@transitional•@region

between•@these•@two•@limits•@is•@extended•@when•@the•@velocity•@of•@the•@uniform•@motion•@of

scatterers•@increases•D

9•C4•@Conclusion

The•@dynamic•@properties•@of•@light•@scattered•@by•@a•@translating•@layer•@of•@the•@Brownian

particles•@were•@investigated•@in•@the•@multiple•@scattering•@regime•D•@The•@rate•@of•@intensity
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•@•@•@•@•@•@•@Particle•@concentration•@•ivolume•@O•^o•j

Figure•@9•D7•C•@Dependence•@of•@the•@correlation•@time•@Tc•@on•@the•@partic1e•@concentration•D•@The

sample•@cell•@is•@at•@rest•@•ie•j•@or•@translates•@at•@O•D8•@mm•^s•@•iA•j•D

fiuctuations•@of•@the•@scattered•@light•@was•@quantified•@by•@the•@correlation•@time•C•@the•@value

of•@which•@reflects•@the•@motion•@of•@scatterers•D•@The•@correlation•@time•@measured•@with•@a

translating•@phase•@screen•@is•@simply•@determined•@by•@the•@velocity•@of•@the•@screen•@and•@the

point•@spread•@function•@of•@an•@imaging•@system•@used•@to•@collect•@the•@scattered•@light•D•@For

the•@case•@of•@a•@scattering•@layer•@with•@finite•@thickness•C•@however•C•@the•@scattering•@volume

formed•@in•@the•@layer•@also•@affects•@the•@temporal•@fluctuations•@of•@the•@light•@intensity•D•@The

effect•@of•@uniform•@motion•@of•@the•@particles•@becomes•@significant•@for•@optical•@systems

having•@a•@small•@area•@of•@illumination•@and•@a•@small•@point•@spread•@of•@the•@imaging•@lens

for•@collecting•@optics•C•@both•@of•@which•@limit•@the•@scattering•@volume•@and•@suppress•@the

fluctuations•@of•@light•@arising•@from•@the•@Brownian•@motion•@of•@the•@particles•D

•@•@•@For•@a•@layer•@of•@suspensions•@in•@which•@the•@light•@is•@multiply•@scattered•C•@an•@increase•@in

the•@concentration•@of•@particles•@leads•@to•@larger•@scattering•@volumes•@and•@shorter•@correla•|

tion•@times•@as•@a•@result•@of•@the•@cumulative•@effect•@of•@scattering•@events•@occurred•@succes•|

sively•D•@Therefore•C•@the•@uniform•@motion•@of•@the•@layer•@is•@less•@noticeable•@for•@higher•@particle
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concentrations•D•@However•C•@it•@should•@be•@kept•@in•@mind•@that•@the•@situation•@may•@arise•@in

which•@the•@collective•@motion•@of•@scatterers•@cannot•@be•@neglected•@when•@performing•@an

experiment•@on•@dynamic•@light•@scattering•D
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Chapter•@10

Application•@of•@Spectral•@Correlation•@Method•@to•@the
Study•@of•@Particle•@Suspensions

1•@0•D1 1ntroduction

Two•@speckle•@patterns•@produced•@by•@illuminating•@a•@rough•@surface•@with•@the•@laser•@light

of•@different•@wavelengŽµhs•@exhibit•@different•@illtensity•@variations•m91•z•D•@Since•@the•@degree

of•@decorrelation•@between•@the•@speckle•@patterns•@depends•@on•@the•@scattering•@properties

of•@the•@surface•C•@the•@spectral•@speckle•|correlation•@method•@has•@been•@applied•@to•@mea•|

surements•@of•@the•@surface•@roughness•@•m92•|102•n•D•@ln•@principle•C•@this•@decorrelation•@phe•|

nomenon•@can•@be•@observed•@for•@any•@kind•@of•@scattering•@materials•@giving•@rise•@to•@a•@speckle

pattern•C•@Thus•C•@the•@other•@information•@rather•@than•@the•@surface•@roughness•@is•@obtained

by•@applying•@this•@method•@to•@inhomogeneous•@volume•@media•@•m103•C•@104•n•D

•@•@•@In•@the•@study•@of•@colloidal•@systems•C•@the•@dynamic•@light•@scattering•@technique•@is•@widely

used•@to•@characterize•@colloidal•@particles•@•m5•n•D•@However•C•@the•@application•@of•@this•@technique

is•@limited•@to•@dilute•@suspensions•@in•@which•@only•@the•@single•@scattering•@of•@light•@occurs•D•@For

a•@concentrated•@particle•@suspension•C•@the•@scattered•@light•@from•@the•@sample•@experiences

multiple•@scattering•C•@which•@leads•@to•@a•@change•@in•@the•@shape•@of•@the•@autocorrelation

function•@of•@intensity•@fiuctuations•@and•@makes•@difficult•@the•@interpretation•@of•@measured

data•D•@To•@overcome•@this•@problem•C•@a•@cross•|spectral•@correlation•@technique•@was•@recently

proposed•@•m105•C•@106•n•@to•@reduce•@the•@multiple•@scattering•@effect•D•@Although•@this•@technique

employs•@two•@wavelengths•@of•@light•@for•@probing•@the•@Brownian•@particles•C•@it•@should•@not•@be

considered•@as•@an•@application•@of•@the•@speckle•@method•@mentioned•@above•D•@The•@correlation

properties•@of•@dual•@color•@speckles•@formed•@in•@an•@imaging•@geometry•@have•@not•@been•@ful•Iy

investigaŽµed•@yet•C•@andŽµhe•@specŽµral•@speckle•|correlation•@method•@has•@a•@potenŽµial•@for

offering•@a•@new•@measurement•@tool•@in•@the•@study•@of•@colloidal•@systems•D

•@•@•@In•@this•@chapter•C•@the•@cross•|spectral•@correlation•@properties•@of•@dynamic•@speckles•@proˆê
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ŒA•@•u

duced•@by•@particle•@suspensions•@are•@investigated•@experimentally•D•@A•@flowing•@Brownian

moŽµion•@sysŽµem•m87•C88•nis•@realized•@by•@translaŽµing•@a•@sample•@suspension•@wiŽµh•@a•@con•|

stant•@velocity•D•@The•@effects•@of•@the•@Brownian•@and•@uniform•@motions•@of•@the•@particles•@on

the•@temporal•@cross•|correlation•@of•@intensity•@fluctuations•@are•@examined•@and•@compared

withŽµhe•@case•@of•@the•@temporal•@auŽµ•Zcorrelation•@of•@intensity•@fluctuations•@produced•@by

the•@light•@of•@a•@single•@wavelength•D•@lt•@is•@shown•@that•@the•@effect•@of•@the•@Brownian•@motion

is•@suppressed•C•@independently•@of•@the•@amount•@of•@multiple•@scattering•C•@by•@taking•@the

two•|wavelength•@cross•|correlation•@of•@speckle•@intensity•@fluctuations•D

1•@0•D2 Experiments

Figure•@10•D1•@shows•@a•@schematic•@diagram•@of•@the•@experimental•@setup•@used•@to•@measure

the•@spectral•|correlation•@function•@of•@speckle•@intensity•@fiuctuations•@produced•@by•@the

particle•@suspension•D•@A•@polychromatic•@argon•|ion•@laser•@beam•@is•@collimated•@by•@the

achromatic•@lens•@system•@Li•|L2•@combined•@with•@the•@polarizer•@PL•@to•@illuminate•@a•@sample

cell•@wiŽµh•@the•@spot•@diameŽµer•@20•@mm•D•@The•@sample•@ce11•C•@which•@has•@the•@dimensions•@of

65•@mm•@length•C•@20•@mm•@height•@and•@1•@mm•@thickness•C•@contains•@an•@aqueous•@suspension

Ar
•@•@•@L•C•@PLLl

LASER
CE•@LL

3
L A P

•Ú”n7

FFT

ANALYZER

P•@M1

DP

2
ƒÉ

PM2

4L

Figure•@10•D1•D•@Schematic•@diagram•@of•@the•@experimental•@setup•D•@Li•C•@L2•C•@L3•@and•@L4•C•@achromatic

lenses•G•@PL•C•@polarizer•G•@A•C•@ana1yzer•G•@P•C•@pinhole•G•@DP•C•@dispersion•@prism•G•@PMI•@and•@PM2•C

photomultipliers•D
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of•@O•D426•|pam•|diameter•@polystyrene•@microspheres•C•@and•@is•@moved•@at•@a•@constant•@velocity

by•@aŽµranslation•@sŽµage•@inŽµhe•@direction•@perpendicular•@toŽµhe•@incident•@beam•D

•@•@•@The•@interface•@between•@the•@suspension•@and•@the•@glass•@wall•@of•@the•@cell•@is•@imaged•@onto

a•@pinhole•@P•@located•@on•@the•@optical•@axis•@with•@the•@magnification•@•~2•D5•@by•@a•@camera

lens•@L3•@via•@the•@analyzer•@A•C•@which•@only•@allows•@the•@light•@copolarized•@with•@the•@incident

light•@to•@enter•@the•@pinhole•D•@The•@lens•@L3•@with•@a•@focal•@length•@of•@135•@mm•@and•@an•@f•|

number•@of•@2•D8•ithe•@pupil•@diameŽµer•@48•D2•@mm•jis•@locaŽµed•@189•@mm•@away•@fromŽµhe•@sample•C

collecting•@the•@light•@scattered•@at•@angles•@between•@ˆê•Z•D127•@and•@O•D127•@rad•@•i•}7•D270•j•D•@This

configuration•@makes•@many•@different•@scattering•@vectors•@be•@involved•@in•@the•@detected

light•C•@and•@reduces•@the•@phase•@fluctuations•@arising•@from•@the•@single•@scattering•D•@As•@will

be•@shown•@later•C•@the•@suppression•@of•@the•@phase•@fluctuaŽµions•@can•@be•@considered•@as•@an

advanŽµage•@for•@velociŽµy•@measuremenŽµs•D

•@•@•@A•@dispersion•@prism•@DP•@and•@an•@achromatic•@lens•@L4•@form•@the•@images•@of•@the•@pinhole

with•@several•@different•@colors•@at•@different•@positions•@in•@the•@entrance•@planes•@of•@the•@pho•|

tomultipliers•@PMI•@and•@PM2•D•@In•@the•@presenŽµexperiment•C•@two•@wavelengths•CƒÉi••488

nm•@and•@A2•@•••@514•D5•@nm•C•@of•@the•@light•@were•@chosen•@by•@suitably•@positioned•@entrance

aperŽµures•@overŽµhe•@photomultipliers•D•@TheŽµime•|varyillg•@signals•@are•@fed•@into•@a•@FF•f1•C

analyzer•@•iCF•|920•C•@Ono•@Sokki•j•C•@in•@which•C•@after•@the•@zero•|frequency•@component•@being

eliminated•C•@calculations•@of•@the•@cross•|correlation•@function•@are•@repeated•@64•@times•@for

differenŽµseŽµs•@of•@1024•@sampled•@dataŽµ•ZyieldŽµhe•@ensemble•|averaged•@cross•|correlation

function•D

1•@0•D3 Resutts•@and•@Discussion

In•@the•@present•@experiments•C•@the•@normalized•@cross•|spectral•@correlation•@function•@is

given•@by

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•qAii•iO•jAi2•iT•j•„
•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@7•iT•j•@•••@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•i10•D1•j
•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•m•i•qi21•„•@ˆê•@•qil•„2•j•i•qi22•„•@ˆê•@•qi2•„2•j•n1•^2•C

where•@Aii•it•j•@and•@Ai2•it•j•@are•@the•@fiuctuating•@components•@of•@photocurrents•@ii•it•j•@and

i2•it•j•@detected•@by•@the•@two•@photomultipliers•C•@respectively•C•@and•@•q•c•r•@denotes•@the•@en•|

semble•@average•D•@Note•@that•@the•@normalization•@is•@performed•@after•@elimination•@of•@the

dc•@components•@of•@the•@signals•D•@An•@example•@of•@the•@above•@functions•@obtained•@in•@the
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Figure•@10•D2•D•@Cross•|spectral•@correlation•@function•@of•@intensity•@fluctuations•D

present•@setup•@is•@shown•@in•@Fig•C•@10•D2•D•@From•@the•@definition•@of•@Eq•D•@•i10•D1•j•C•@the•@peak•@value

ofŽµhe•@normalized•@cross•|correlation•@function•@corresponds•@to•@the•@correlation•@coef•nltcient

of•@Aii•it•j•@and•@Ai2•it•j•C•@and•@is•@given•@by•@7•iO•j•@for•@in•|line•@optical•@configurations•@such•@as

the•@one•@in•@Fig•D•@10•D1•D•@The•@correlation•@coefficient•@is•@determined•@by•@the•@number•@density

of•@scatterers•@and•@the•@path•@length•@distribution•@of•@the•@scattered•@lighŽµpropagating•@in

the•@sample•@suspension•D•@Hence•C•@this•@quantity•@provides•@information•@about•@the•@scat•|

tering•@characteristics•@of•@the•@particles•@inŽµhe•@cell•D•@The•@correlaŽµion•@time•@T•C•@is•@measured

from•@the•@half•|width•@and•@half•|maximum•@of•@the•@cross•|correlation•@function•@given•@by

Eq•D•@•i10•D1•j•@as•@well•@as•@those•@of•@the•@autocorrelation•@function•@of•@Aii•it•j•@or•@Ai2•it•j•D•@The

correlation•@time•@is•@intimately•@related•@to•@the•@motion•@of•@scattering•@particles•D•@These

two•@quantities•@were•@measured•@under•@the•@different•@conditions•@of•@particle•@suspensions•D

10•D3•D1•@Correlation•@Coefficient•@of•@lntensity•@Fluctuations

•FFigure•@10•D3•@shows•@the•@correlation•@coeŒÞcient•@as•@a•@function•@of•@the•@volume•@concentraˆê

Žµion•@of•@particles•@obtained•@from•@the•@suspensions•@moving•@at•@O•B8•@mm•^s•D•@The•@transport

mean•@free•@path•@1•f•@of•@the•@samples•@was•@calculated•@with•@the•@wavelength•@488•@nm•@and

found•@to•@be•@19•D1•@mm•@for•@O•DOl•@•“•@and•@1•D37•@mm•@for•@O•D14•@•“•D•@The•@optical•@depth•C•@which

is•@defined•@by•@L•^1•f•C•@L•@being•@the•@thickness•@of•@the•@sample•C•@ranges•@from•@O•D0523•@to•@O•D732•C

corresponding•@to•@the•@transition•@region•@from•@the•@single•@scattering•@regime•@to•@the•@mulˆê
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O•D1•@5
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Figure•@10•D3•D•@Correlation•@coefficient•@of•@intensity•@fiuctuations•@as•@a•@function•@of•@the•@volume

concentration•@of•@particles•@for•@the•@detecting•@pinholes•@with•@the•@diameters•@20•@ptm•@•iA•j•@and

50•@ptm•@•ie•j•D•@The•@solid•@curves•@were•@computed•@using•@a•@least•@squares•@program•D

tiple•@scattering•@one•@•m107•n•D•@The•@number•@of•@speckles•@•ior•@coherence•@area•j•@falling•@on•@the

detecting•@pinhole•@are•@rv12•@and•@rv77•@for•@diameters•@20•@pam•@and•@50•@psm•@of•@the•@pinhole•C

respectively•D•@Thus•C•@the•@speckle•@intensity•@detected•@is•@spatially•@integrated•@in•@both

cases•D

•@•@•@The•@best•@fits•@to•@the•@experimental•@data•@were•@obtained•@by•@using•@the•@fit•@function

O•••Eƒ¿o•\ƒ¿i•@ln•@V•C•@where•@O•@and•@V•@are•@the•@correlation•@coeŒÞcient•@and•@the•@volume

fraction•@of•@particles•C•@respectively•D•@The•@fitted•@curves•@are•@drawn•@in•@Fig•D•@10•D3•@with

the•@fitting•@parameters•@•iao•C•@ai•j•@of•@•iˆêˆê1•D41•C•@ˆê•Z•D224•j•@and•@•iˆêˆê3•D26•C•@ˆê•Z•D505•j•@for•@20•@•”m

and•@50•@pam•@pinholes•C•@respectively•D•@As•@shown•@in•@the•@figure•C•@the•@correlation•@coeflicient

decreases•@with•@an•@increase•@of•@the•@particle•@concentration•@or•C•@with•@an•@increase•@of•@the

amount•@of•@multiple•@scattering•D•@To•@understand•@this•@result•C•@we•@consider•@two•@different

types•@of•@the•@scattering•@process•@responsible•@for•@the•@fluctuations•@of•@intensity•@1•@detected

by•@each•@of•@the•@photomultipliers•D•@The•@normalized•@autocorrelation•@function•@of•@intensity
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1•@may•@be•@written•@as•@•m108•|110•n

g•i2•j•iT•j•@•••@•q1•io•j1•iT•j•r•^•q1•„2•@•••@1•@•{•@•^3ig•ii•j•iT•j12•@•{•@ztiiliy•„•@gN•iT•j•C
•i10•D2•j

where

g•i•f•j•iT•j•@ˆê•@•qE•f•iO•jE•iT•j•r•^•q1•„
•i10•D3•j

and

gN•i7•j•@ˆê•@•q6N•iO•j6N•iT•j•r•^•qN•„ •i10•D4•j

areŽµhe•@autocorrelation•@functions•@of•@the•@optical•@field•@E•it•jaŽµthe•@deŽµecting•@Plane•@and

the•@fluctuations•@6N•it•j•@in•@the•@number•@of•@particles•@in•@the•@scattering•@volume•C•@respec•|

tively•D•@6•@is•@the•@parameter•@depending•@on•@the•@collecting•@optics•C•@and•@was•@computed•@as

AJO•D07•@and•@rvO•D02•@for•@20•@pam•@and•@50•@pam•@pinholes•C•@respectively•D•@The•@heterodyne•@com•|

ponent•@produced•@by•@the•@scattered•@light•@interfered•@with•@the•@unscattered•@one•@has•@been

omitted•@in•@Eq•D•i10•D2•j•C•@because•@its•@contribution•@toŽµhe•@intensity•@correlation•@is•@less

than•@that•@of•@the•@homodyne•@component•@•ithe•@second•@term•@of•@Eq•D•@•i10•D2•j•j•@for•@volume

concentrations•@of•@the•@samples•@we•@measured•D•@Moreover•C•@the•@cosine•@variations•@of•@the

heterodyne•@term•@that•@would•@result•@from•@uniform•@motion•@of•@the•@particles•@detected•@at

certain•@angles•@are•@averaged•@out•@owing•@to•@a•@wide•@angle•@of•@detection•@allowed•@by•@the

present•@system•D

•@•@•@The•@g•ii•j•@and•@gN•@terms•@in•@Eq•D•@•i10•D2•j•@represent•@the•@intensity•@decorrelations•@due

to•@the•@phase•@fluctuations•@of•@scattered•@light•@and•@the•@number•@fluctuations•@of•@particles•C

respectively•D•@Since•@the•@number•@fluctuations•@are•@considered•@to•@be•@an•@incoherent•@phe•|

nomenon•C•@no•@decorrelation•@is•@observed•@between•@the•@intensity•@fluctuations•@of•@light

with•@difFerenŽµwavelengths•D•@Thus•CŽµhe•@gN•@term•@contributes‚à•B•@the•@cross•|correlation

peak•@shown•@in•@Fig•D•@10•D2•D•@However•C•@the•@phase•@fluctuations•@are•@caused•@by•@the•@coherent

interference•@of•@light•C•@and•@the•@cross•|spectral•@intensity•@correlation•@only•@arises•@by•@the

wavelets•@that•@have•@taken•@path•@lengths•@which•@are•@not•@much•@different•@from•@the•@path

length•@of•@the•@unscattered•@beam•D•@As•@the•@concentration•@of•@particles•@increases•C•@the

distribution•@of•@path•@lengths•@becomes•@broad•@because•@of•@the•@multiple•@scattering•@pro•|

duced•@in•@the•@sample•D•@As•@a•@result•C•@the•@phase•@fluctuations•@due•@to•@the•@nearly•|forward

scaŽµtering•@light•@are•@completely•@obscured•@by•@those•@arising•@from•@the•@multiply•@scat•|

tered•@light•@which•@exhibits•@the•@spectral•@decorrelation•D•@ln•@addition•C•@the•@component•@of

180

•Dr•@•f•@•f•et•fˆê•f•@1•@•D

Šl•—–|i•u“åi“å“å“å1“å“åèi–Q



•¡ƒŒ•h

•hˆê

|•@Ž£

â³tƒS

“«•cŠI•“•@1•u•D•u‹h•u

•|–Ú‰T‡n
•@•@•`ƒ~

ˆê•|‘Ë

ˆê

number•@fluctuations•@a•Iso•@decreases•@by•@1•^•qN•„•C•@provided•@that•@the•@effective•@scattering

volume•@measured•@by•@the•@cross•|correlation•@remains•@the•@same•@•ithis•@is•@shown•@in•@the

nexŽµsecŽµion•j•D•@These•@facts•@expla•fin•@the•@change•@in•@the•@correlaŽµion•@coefHcienŽµshown•@in

Fig•D•@10•D3•D

•@•@•@It•@is•@also•@found•@that•@larger•@detecting•@pinholes•@bring•@about•@an•@increase•@in•@the•@cor•|

relation•@coeflicient•D•@This•@is•@explained•@by•@the•@difference•@in•@the•@value•@of•@fi•@in•@Eq•D•@•i10•D2•j•D

A•@large•@detecting•@aperture•@suppresses•@the•@effect•@of•@phase•@fluctuations•@and•@makes•@the

number•@fluctuations•@more•@dominant•@in•@the•@resulting•@intensity•@fiuctuations•D•@This•@is

true•@under•@the•@condition•@that•@the•@average•@number•@•qN•„•@of•@particles•@in•@the•@measure•|

menŽµvolume•@is•@noŽµaffected•@by•@the•@probing•@area•@on•@the•@sample•D•@This•@condition•@is

confirmed•@by•@the•@measurement•@of•@correlation•@time•@for•@the•@number•@fiuctuations•D

•@•@•@Discrepancies•@observed•@between•@the•@measured•@data•@and•@the•@fitting•@curves•@at

concentraŽµions•@of•@O•D01•“and•@O•C03•“are•@caused•@byŽµhe•@source•@and•@electronic•@noises

superposed•@on•@the•@two•@signals•@independently•@of•@each•@other•D•@The•@signal•|to•|noise•@ratio

of•@the•@present•@system•@is•@more•@than•@5•@for•@the•@O•C1•“•@volume•@fraction•@but•@reduces•@to•@rv2

ƒRŒûr•@concentraŽµions•@less•@than•@O•D03•“•D•@A•@decrease•@in•@the•@particle•@concentration•@brings

about•@an•@increase•@in•@the•@level•@of•@the•@dc•@component•@of•@light•@detected•C•@leading•@to•@a

decrease•@inŽµhe•@raŽµio•@of•@the‰¾ctuating•@componentŽµ•Zthe•@dc•@componenŽµ•D•@Thus•C•@the

reduction•@in•@the•@S•^N•@ratio•@results•@since•@the•@strong•@dc•@background•@accompanies•@the

noise•@of•@high•@levels•D

10•D3•D2•@Correlation•@T•Gme•@of•@lntensity•@Fluctuations

We•@next•@examine•@the•@dependence•@of•@the•@cross•|spectral•@correlation•@function•@of•@inten•|

sity•@fiuctuaŽµions•@on•@the•@motion•@of•@particles•@in•@the•@suspension•D•@Figure•@10•D4•@shows

the•@measured•@correlation•@functions•@forŽµhree•@differenŽµtranslaŽµing•@velocities•@of•@the

sample•D•@Comparison•@between•@curves•@B•@and•@C•@in•@the•@figure•@indicates•@that•@the•@cor•|

relation•@time•@becomes•@shorter•@as•@the•@velocity•@of•@the•@sample•@increases•D•@Hence•C•@rapid

fiuctuations•@of•@the•@intensity•@are•@obtained•@for•@fast•@translation•@of•@the•@particles•D•@The

interesting•@point•@to•@be•@mentioned•@is•@that•@no•@peak•@is•@observed•@in•@the•@cross•|correlation

function•@forŽµhe•@sample•@withouŽµthe•@translating•@motion•icurve•@A•j•D•@This•@is•@explained

by•@considering•@the•@scattering•@volume•@in•@the•@sample•@as•@well•@as•@the•@two•@different•@types

of•@particle•@motion•@giving•@rise•@to•@the•@temporal•@intensity•@fiuctuations•D

•@•@•@In•@the•@weak•@multiple•@scattering•@regime•C•@a•@large•@amount•@of•@light•@reaching•@the•@deˆê
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50

Figure•@10•D4•D•@Cross•|spectral•@correlation•@functions•@of•@intensity•@fluctuations•@for•@the•@trans•|

lating•@velocities•@v•@•••F•@O•@•iA•j•C•@v•@•••@O•D4•@mm•^s•@•iB•j•@and•@v•@•••••@O•D8•@mm•^s•@•iC•j•@of•@the•@sample•@cell•D

The•@concentration•@of•@the•@sample•@is•@O•D08•@90•@and•@the•@diameter•@of•@the•@pinhole•@is•@50•@pm•D

tecŽµ•Zr•@is•@unscattered•@or•@scatŽµered•@by•@the•@particles•@in•@the•@forward•@direction•i•`50

•“•@at•@the•@concentration•@O•D14•@•“•j•D•@The•@path•@length•@of•@multiply•@scattered•@light•@in•@the

sample•@becomes•@longer•@for•@higher•@orders•@of•@scattering•@and•@differs•@more•@from•@that

of•@the•@unscattered•@and•@forward•|scattered•@components•D•@Then•@the•@phase•@fiuctuations

arising•@from•@the•@interference•@of•@light•@with•@those•@different•@path•@lengths•@completely

decorrelaŽµe•@with•@each•@other•@by•@a•@small•@change•@ofŽµhe•@wavelengŽµh•D•@Consequently•C•@the

scattering•@volume•@measured•@by•@the•@cross•|correlation•@is•@confined•@to•@a•@very•@thin•@nar•|

row•@volume•@in•@the•@sample•C•@although•@the•@scattered•@light•@diverges•@due•@to•@the•@multiple

scattering•D•@By•@referring•@to•@Eq•D•@•i10•D2•j•C•@the•@translating•@motion•@of•@the•@particles•@pro•|

duces•@strong•@and•@rapid•@number•@fiuctuations•@in•@the•@detected•@light•@because•@of•@a•@small

cross•@sectioll•@of•@the•@scattering•@volume•@and•@a•@small•@average•@number•@of•@the•@parŽµicles

in•@it•D•@On•@the•@contrary•C•@the•@Brownian•@motion•@of•@the•@particles•@only•@gives•@rise•@to•@weak

intensity•@fluctuations•@with•@very•@low•@frequencies•C•@which•@are•@buried•@in•@the•@noise•@and

cannot•@be•@detected•D
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•@•@•@The•@relationship•@between•@the•@translating•@velocity•@•ivelocity•@of•@the•@sample•@cell•j

of•@scattering•@particles•@and•@the•@correlation•@time•@T•C•@is•@illustrated•@in•@Fig•D•@10•D5•D•@The

correlation•@time•@obtained•@from•@the•@autocorrelation•@function•@of•@a•@single•@wavelength

depends•@strongly•@on•@the•@Brownian•@motion•@of•@the•@particles•@as•@well•@as•@their•@translating

motion•D•@When•@the•@sample•@cell•@is•@at•@rest•C•@the•@decay•@time•@of•@gN•iT•j•C•@which•@is•@the•@time

taken•@by•@a•@particle•@to•@diffuse•@a•@characteristic•@distance•@of•@the•@scattering•@volume•C•@is

much•@longer•@than•@thaŽµ•Zf•@g•i1•j•i7•E•j•D•@Therefore•C•@the•@number•@fluctuations•@are•@eliminated

by•@a•@dc•@cut•@filter•@in•@the•@FFT•@analyzer•D•@The•@correlation•@time•@at•@the•@velocity•@zero•@is

thus•@only•@deŽµermined•@by•@the•@phase‰Nuctuations•@which•@mainly•@result•@from•@the•@multiple

scattering•D•@When•@the•@sample•@cell•@is•@moving•C•@the•@translation•@of•@the•@particles•@causes•@a

decrease•@in•@the•@fiuctuating•@rate•@of•@intensity•@detected•@by•@the•@autocorrelation•@method•C

O•D4

O•D3

2•@ƒ•0

•i—¹‚Ì•¸•j•Bƒh‚±

O•D1

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@o

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@O•@O•D2•@O•D4•@O•D6•@O•D8
•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@VELOCITY•@•imm•@s•|i•j

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@äø

Figure•@10•D5•D•@Reciprocal•@of•@the•@correlation•@time•@versus•@the•@translating•@velocity•@of•@particles•D

The•@correlation•@time•@is•@evaluated•@from•@the•@autocorrelation•@function•@of•@a•@single•@wavelength

A•@•••@488•@nm•@•ie•C•@A•j•@and•@the•@cross•|correlation•@function•@of•@two•@wavelengths•@Ai•@•••@488•@nm

and•@A2•@•••@514•D5•@nm•@•iO•C•@A•j•@for•@the•@volume•@concentrations•@of•@O•D02•@•“•@•icircles•j•@and•@O•D1•@90

•itriangles•j•D•@The•@diameter•@of•@the•@detecting•@pinhole•@is•@50•@pm•D
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even•@though•@their•@translating•@motion•@is•@superposed•@on•@the•@diffusive•@motion•D•@This

indicates•@that•@the•@number•@fluctuations•@are•@now•@in•@effect•C•@the•@decay•@time•@of•@which•@is

longer•@than•@that•@of•@the•@phase•@fiuctuations•@for•@velocities•@of•@the•@translating•@cell•@used•D

•@•@•@In•@contrast•C•@the•@values•@of•@1•^7•C•@for•@the•@cross•|correlation•@method•@is•@linearly•@pro•|

portional•@toŽµhe•@translating•@velocity•@of•@the•@particles•C•@indicating•@that•@the•@effect•@of‚àhe

Brownian•@motion•@is•@suŒÞciently•@suppressed•D•@Moreover•C•@its•@proportionality•@constant

is•@the•@same•@for•@different•@concentrations•@of•@the•@particles•D•@ln•@the•@multiple•@scattering

regime•C•@an•@increase•@in•@the•@concentration•@of•@scatterers•@results•@in•@shorter•@correlation

times•D•@The•@result•@of•@the•@autocorrelation•@method•@demonstrates•@this•@tendency•D•@How•|

ever•C•@this•@is•@only•@true•@whenŽµhe•@diffusive•@motion•@of•@the•@scatŽµerers•@is•@involved•@in

the•@intensity•@fiuctuations•@of•@detected•@light•D•@As•@mentioned•@in•@the•@previous•@section•C

the•@number•@fiuctuations•@mostly•@contribute•@to•@the•@spectral•@correlation•@of•@intensity

fluctuations•D•@Therefore•C•@the•@correlation•@time•@is•@given•@by•@the•@time•@necessary•@for•@a

particle•@to•@traverse•@the•@scattering•@volume•C•@and•@its•@reciprocal•@value•@is•@proportional

to•@the•@particle•@velocity•D•@lt•@is•@also•@shown•@that•@the•@effective•@scattering•@volume•@in•@the

cross•|correlation•@method•@is•@not•@affected•@by•@the•@concentration•@of•@particles•D

•@•@•@Fina•Ily•C•@the•@dependence•@of•@the•@correlation•@time•@on•@the•@optical•@depth•@is•@shown

in•@Fig•D•@10•D6•D•@As•@the•@optical•@depth•@increases•C•@the•@fluctuation•@rate•@of•@the•@intensity

detected•@by•@the•@autocorrelation•@method•@begins•@to•@go•@up•@in•@the•@multiple•@scattering

region•@•ioptical•@depth•@•r•@O•C3•j•C•@This•@tendency•@is•@observed•@irrespective•@of•@the•@translat•|

ing•@velocity•@of•@particles•D•@On•@the•@other•@hand•C•@the•@correlation•@time•@obtained•@by•@the

cross•|correlation•@method•@remains•@almost•@constant•@as•@long•@as•@the•@correlation•@peak•@is

detecŽµable•D•@For•@a•@diameŽµer•@ofŽµhe•@parŽµicles•@and•@wavelengths•@ofŽµhe•@laser•@we•@used•C•@the

width•@of•@the•@cross•@section•@of•@the•@scattering•@volume•@is•@found•@to•@be•@tvll•@pam•C•@smaller

than•@that•@of•@the•@probing•@area•@on•@the•@sample•@•i20•@pam•j•@and•@larger•@than•@that•@of•@the

point•@spread•@of•@the•@detecting•@lens•@measured•@in•@object•@space•@•itv2•D4•@ptm•j•D•@All•@these

features•@of•@the•@spectral•@speckle•|correlation•@method•@are•@beneficial•@to•@measurements

of•@the•@flowing•@velocity•@of•@colloidal•@systems•@which•@exhibit•@the•@multiple•@scattering•D
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Figure•@10•D6•D•@Reciprocal•@of•@the•@correlation•@time•@plotted•@against•@the•@optical•@depth•@for•@the

translating•@ve•pocities•@•ia•j•@v•@•••@O•@and•@•ib•j•@v•@•••@O•D8•@mm•^s•@of•@the•@particles•D•@The•@correlation•@time

is•@evaluated•@from•@the•@autocorrelation•@function•@of•@a•@single•@wavelength•@A•@•••••@488•@nm•@•iA•j•@and

the•@cross•|correlation•@function•@of•@two•@wavelengths•@Ai•@•••@488•@nm•@and•@A2•@•••@514•D5•@nm•@•ie•j•D

S•C•@D•@and•@M•@indicate•@the•@single•C•@double•@and•@multiple•@scattering•@regimes•C•@respectively•D
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10•D4•@Conclusion

In•@this•@chapter•C•@the•@spectral•@speckle•|correlation•@method•@was•@applied•@to•@the•@suspen•|

sions•@of•@Brownian•@particles•@fiowing•@uniformly•@at•@a•@constant•@velocity•D•@An•@experimental

investigaŽµion•@was•@performed•C•@and•@qualitative•@explanations•@were•@given•@forŽµhe•@results

obtained•D•@The•@degree•@of•@the•@cross•|spectral•@correlation•@of•@speckle•@intensity•@fiuctua•|

tions•@decreases•@with•@an•@increase•@in•@the•@concentration•@of•@the•@particles•D•@The•@spatial

averaging•@by•@a•@detecting•@pinhole•@also•@changesŽµhe•@correlation•@coeŒÞcient•@of•@two•D

wavelength•@speckle•@patterns•D•@The•@motion•@of•@co•Iloidal•@particles•@was•@investigated•@by

using•@the•@correlation•@times•@evaluated•@from•@the•@autocorrelation•@and•@cross•|correlation

functions•D•@The•@Brownian•@motion•@of•@particles•@greatly•@affects•@the•@correlation•@time

measured•@by•@the•@autocorrelation•@method•C•@whereas•@the•@effect•@of•@that•@diffusive•@motion

is•@sufficiently•@suppressed•@by•@the•@cross•|spectral•@correlation•@method•D•@As•@a•@result•C•@the

translating•@velocity•@of•@the•@particles•@can•@be•@measured•@in•@a•@wide•@range•@of•@the•@scattering

regime•@including•@the•@multiple•@scattering•D
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Chapter•@11

Concluding•@Remarks

The•@presenŽµdissertaŽµion•@has•@been•@concerned•@with•@the•@staŽµistical•@properties•@of•@dy•|

namic•@speckles•@produced•@by•@double•@and•@multiple•@scatterings•@of•@laser•@light•@from•@a

series•@of•@random•@phase•@screens•@and•@colloidal•@suspensions•D•@The•@studies•@were•@mainly

focused•@on•@the•@relationship•@between•@the•@motion•@of•@objects•@and•@the•@autocorrelation

and•@power•@spectrum•@of•@the•@resultant•@intensity•@fiuctuations•@of•@speckles•@detected•@at

asingle•@point•D•@The•@applicaŽµionŽµ•Zvelocity•@measuremenŽµs•@of•@the•@multiple•@scattering

objects•@was•@also•@discussed•D

•@•@•@In•@Chapter•@2•C•@the•@fundamental•@statistical•@properties•@of•@speckle•@patterns•@were

reviewed•@and•@the•@basic•@theory•@for•@singly•|scattered•@speckles•@was•@presented•D•@The

probability•@density•@functions•@of•@intensity•@and•@phase•@of•@the•@speckle•@fields•@derived

usingŽµhe•@concept•@of•@random•@walk•@inŽµhe•@complex•@plane•@were•@found•C•@respecŽµively•C•@to

follow•@a•@negative•@exponential•@law•@and•@a•@uniform•@law•@for•@strong•@diffusers•D•@The•@spatio•|

tempora1•@properties•@of•@time•|varying•@speckle•@patterns•@are•@described•@by•@the•@space•|

time•@correlation•@function•@of•@intensity•@variations•D•@The•@Fourier•@transform•@relationship

was•@obtained•@between•@the•@autocorrelation•@function•@of•@spatial•@intensity•@variations•@at

the•@observation•@plane•@andŽµhe•@macroscopic•@intensity•@distribution•@of•@light•@across•@the

object•@surface•@for•@the•@free•|space•@geometry•C•@or•@across•@the•@lens•@pupil•@for•@an•@imaging

geometry•D•@The•@most•@important•@result•@concerning•@the•@temporal•@behavior•@of•@speckle

patterns•@is•@that•@the•@fluctuating•@rate•@of•@speckle•@intensity•@and•@the•@translating•@speed

of•@a•@speckle•@pattern•@are•@proportional•@to•@the•@moving•@velocity•@of•@the•@object•@giving•@rise

toŽµhose•@speckles•D

•@•@•@Chapters•@3•|6•@were•@concerned•@with•@the•@statistical•@properties•@of•@speck1ed•@speckles

and•@doubly•|scattered•@speckles•D•@ln•@Chapter•@3•C•@a•@general•@expression•@was•@derived•@for

the•@power•@specŽµral•@disŽµribution•iPSD•jof•@the•@speckled•|speckle•@signal•@obtained•@wiŽµh
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1

the•@optical•|fiber•@probe•@which•@is•@used•@for•@the•@i•Ilumination•@of•@a•@moving•@diffuser•@as

well•@as•@for•@the•@detection•@of•@scattered•@light•D•@The•@spread•@of•@the•@PSD•@monotonically

decreases•@wiŽµh•@an•@increase•@in•@the•@core•@diameter•@of•@the•@detectingäwer•C•@whereas•@the

PSD•@once•@becomes•@narrower•@and•@then•@becomes•@boarder•@with•@an•@increase•@of•@the•@core

diameŽµer•@of•@the•@illuminating•@fiber•D•@The•@average•@size•@of•@speckles•@incidenŽµ•Zn•@the

diffuser•@decreases•@as•@the•@illuminating•@core•@becomes•@larger•C•@leading•@to•@a•@change•@in•@the

motion•@of•@speckles•@at•@the•@detecting•@plane•D•@The•@change•@of•@speckle•@motion•@together

with•@the•@spatial•|averaging•@effect•@of•@the•@detecting•@fiber•@cause•@the•@complex•@variation

in•@shape•@and•@spread•@of•@the•@PSD•C•@Although•@the•@PSD•@changes•@with•@the•@fiber•@probe

used•C•@the•@cutoff•@frequency•@of•@the•@speckle•@signal•@is•@proportional•@to•@the•@velocity•@of•@the

object•@for•@a•@given•@probe•D

•@•@•@In•@Chapter•@4•C•@the•@temporal•@properties•@of•@dynamic•@speckles•@produced•@in•@the

diffracŽµion•@field•@by•@a•@cascade•@of•@two•@moving•@diffusers•@were•@investigated•@theoreti•|

cally•@and•@experimentally•D•@The•@space•|time•@correlation•@function•@of•@doubly•|scattered

speckle•@intensity•@was•@derived•C•@and•@the•@correlation•@time•@was•@evaluated•@under•@various

conditions•@of•@illumination•@and•@detection•D•@lt•@was•@shown•@that•@the•@reciprocal•@of•@the

correlation•@time•@becomes•@proportional•@to•@the•@relative•@velocity•@of•@the•@two•@diffusers

by•@illuminaŽµing•@the•@firsŽµdiffuser•@with•@a•@suitable•@spot•@size•@of•@a•@Gaussian•@beam•@aŽµits

waist•@position•@and•@by•@detecting•@the•@scattered•@light•@from•@the•@second•@diffuser•@in•@the

far•@fi•@eld•D•@However•C•@the•@theoretical•@results•@revealed•@the•@diŒÞcu1Žµy•@in•@measuring•@the

velocity•@of•@the•@second•@diffuser•@alone•@under•@illumination•@of•@a•@time•|varying•@speckle

pattern•@arising•@from•@the•@first•@diffuser•D

•@•@•@In•@Chapter•@5•C•@an•@imaging•@geometry•@instead•@of•@the•@free•|space•@geometry•@was•@em•|

ployed•@in•@the•@double•|diffuser•@system•@to•@examine•@experimentally•@the•@infiuence•@of•@the

dynamic•@speckle•@illumination•@on•@the•@resultant•@intensity•@fluctuations•@arising•@at•@the

image•@plane•@of•@the•@second•@diffuser•D•@lf•@the•@speckle•@pattern•@incident•@on•@the•@diffuse

object•@is•@in•@boiling•@motion•@and•@if•@the•@light•@scattered•@from•@the•@object•@is•@detected

through•@an•@imaging•@system•@with•@a•@large•@pupil•@size•C•@the•@temporal•@variations•@of•@the

illuminating•@light•@are•@suppressed•C•@and•@the•@velocity•@of•@the•@object•@can•@be•@measured

from•@the•@correlation•@time•D•@ln•@contrast•C•@illumination•@with•@a•@translating•@speckle•@pat•|

tern•@and•@detection•@with•@a•@small•|pupil•@imaging•@system•@allow•@the•@relative•@velocity•@of

the•@diffusers•@to•@be•@measured•D

•@•@•@The•@above•@results•@were•@confirmed•@in•@Chapter•@6•C•@where•@the•@spaceˆêˆêtime•@correlation
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properties•@of•@speckle•@patterns•@formed•@in•@image•@space•@from•@the•@double•@diffusers•@were

formulated•C•@including•@the•@position•@of•@focus•@as•@a•@parameŽµer•D•@When•@the•@imaging

system•@is•@focused•@on•@the•@first•@diffuser•C•@the•@second•@diffuser•@is•@considered•@as•@a•@medium

which•@disturbs•@the•@phase•@of•@light•@waves•@coming•@from•@the•@object•D•@lt•@was•@found

that•@the•@infiuence•@of•@the•@second•@diffuser•@can•@be•@neglected•@if•@a•@small•@spot•@diameter

of•@the•@illuminating•@beam•@and•@a•@large•@pupil•@diameter•@of•@the•@imaging•@system•@are

employed•D•@ln•@this•@case•C•@the•@velocity•@of•@the•@second•@diffuser•@is•@also•@measured•@just•@by

focusing•@the•@imaging•@lens•@on•@the•@second•@diffuser•D•@Under•@the•@opposite•@conditions•C

the•@velocity•@difference•@is•@proportional•@to•@the•@fluctuating•@rate•@of•@the•@speckle•@intensity•C

independenŽµ1y•@of•@the•@focal•@position•D

•@•@•@Chapters•@7•@and•@8•@dealt•@with•@the•@statistical•@properties•@of•@multiply•|scattered•@speck•|

les•@from•@many•@diffusers•D•@ln•@Chapter•@7•C•@the•@space•|time•@correlation•@function•@was

calculated•@forŽµhe•@speckle•@patterns•@produced•@in•@the•@Fresnel•@diffraction•@region•@by•@a

series•@of•@random•|phase•@screens•@translating•@in•@their•@own•@planes•D•@The•@theoretical•@re•|

sults•@showed•@that•@even•@a•@small•@random•@variation•@in•@the•@velocities•@of•@the•@diffusers

brings•@about•@a•@fast•@boiling•@motion•@of•@the•@speckle•@pattern•D•@lt•@follows•@that•@no•@veloc•|

ity•@measurement•@technique•@by•@means•@of•@translating•@speckle•@patterns•@is•@applicable•@to

such•@multiple•|scattering•@objects•D•@Even•@in•@the•@case•@of•@boiling•@speckles•C•@the•@correlation

time•@is•@a•@measure•@for•@the•@average•@velocity•@of•@the•@diffusers•C•@providing•@that•@a•@regular

form•@of•@velocity•@gradients•@exists•@among•@the•@diffusers•D•@lf•@there•@is•@no•@ve•Iocity•@gradient

in•@the•@scattering•@volume•C•@the•@correlation•@time•@is•@determined•@mainly•@by•@the•@extent•@of

the•@statistical•@distribution•@of•@the•@velocity•@vectors•C•@rather•@than•@the•@absolute•@value•@of

the•@velocities•D

•@•@•@The•@effects•@of•@imaging•@properties•@on•@multiply•|scattered•@speckles•@were•@investigated

in•@Chapter•@8•D•@lt•@was•@found•@that•@the•@intensity•@fiuctuations•@of•@image•@speckles•@are

sensitive•@to•@the•@motion•@of•@a•@diffuser•@on•@which•@the•@imaging•@lens•@is•@focused•C•@under

the•@condition•@where•@the•@width•@of•@its•@point•@spread•@function•@in•@object•@space•@is•@small

compared•@with•@that•@of•@the•@speckles•@illuminating•@the•@last•@diffuser•D•@However•C•@unlike

the•@double•|diffuser•@system•C•@the•@other•@diffusers•@out•@of•@focus•@also•@affect•@the•@motion•@of

resultant•@speckle•@patterns•C•@One•@of•@the•@significant•@features•@of•@image•@speckles•@is•@that

the•@average•@of•@the•@diffuser•@velocities•@which•@are•@distributed•@randomly•@is•@measured

from•@the•@correlation•@time•@using•@an•@imaging•@system•@with•@a•@large•@pupil•@diameter•D•@For

a•@small•@diameter•@of•@the•@lens•@pupil•C•@the•@correlation•@time•@is•@determined•@by•@the•@velocity
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differences•@b•@etween•@the•@diffusers•D

•@•@•@•@Chapters•@9•@and•@10•@were•@devoted•@to•@the•@experimental•@study•@on•@the•@multiple•@light

scattering•@from•@particle•@suspensions•D•@ln•@the•@experiments•C•@the•@suspensions•@that•@con•|

tain•@the•@particles•@undergoing•@the•@Brownian•@motion•@were•@moved•@uniformly•@at•@a•@con•|

stanŽµvelocity•D•@In•@ChapŽµer•@9•C•@the•@intensity•@of•@light•@multiply•@scaŽµtered•@from•@the•@co1•|

loidal•@suspensions•@was•@measured•@and•@the•@correlation•@time•@was•@evaluated•@for•@different

parameters•@of•@the•@optical•@system•@and•@different•@properties•@of•@the•@sample•@suspensions•D

For•@multiple•@scattering•@media•@with•@finite•@thickness•C•@the•@shape•@and•@size•@of•@the•@scatter•|

ing•@volume•@formed•@in•@the•@media•@play•@an•@important•@role•@in•@determining•@the•@temporal

flucŽµuaŽµions•@of•@scattered•@light•D•@The•@effect•@of•@uniform•@motion•@of•@the•@partic1es•@becomes

significant•@when•@the•@width•@of•@the•@scattering•@volume•@measured•@in•@the•@direction•@of•@the

uniform•@motion•@decreases•D•@The•@Brownian•@motion•@dominates•@the•@intensity•@fluctua•|

tions•@of•@scattered•@light•@at•@high•@concentrations•@of•@the•@particles•@because•@of•@the•@high

orders•@of•@scattering•@which•@result•@in•@large•@scattering•@volumes•@and•@short•@correlation

times•D

•@•@•@In•@Chapter•@10•C•@the•@cross•|correlation•@properties•@of•@dynamic•@speckles•@produced•@by

different•@wavelengths•@of•@light•@were•@investigated•D•@The•@degree•@of•@the•@cross•|spectral

correlation•@of•@speckle•@intensities•@decreases•@with•@an•@increase•@of•@the•@concentration

of•@particles•D•@This•@is•@due•@to•@the•@broadening•@of•@the•@light•@path•@distributions•@inside

the•@sample•@suspensions•D•@As•@shown•@in•@Chapter•@9•C•@the•@correlation•@time•@evaluated

from•@the•@autocorrelation•@function•@of•@a•@single•@wavelength•@is•@greatly•@affected•@by•@the

Brownian•@motion•@of•@particles•D•@Experimental•@results•@showed•@that•@the•@effect•@of•@the

diffusive•@moŽµion•@is•@suppressed•@by•@measuring•@the•@correlation•@time•@evaluated•@from

the•@correlated•@component•@of•@two•@intensity•@fluctuations•@with•@different•@wavelengths•D

This•@feature•@enables•@the•@translating•@velocity•@of•@the•@particles•@to•@be•@measured•@in•@the

multiple•@scattering•@regime•D

•@•@•@Dynamic•@light•@scattering•@phenomena•@from•@multiple•@scaŽµtering•@media•@have•@re•|

cently•@been•@the•@center•@of•@attention•@in•@the•@fields•@of•@optical•@metrolqgy•@and•@medical

applications•@as•@well•@as•@in•@the•@field•@of•@basic•@research•D•@This•@dissertation•@provides

with•@the•@basic•@relationship•@between•@the•@motion•@of•@diffuse•@objects•@and•@the•@statistical

properties•@of•@resultant•@speckle•@fields•D•@The•@phase•|screen•@model•@combined•@with•@the

transmission•@geometry•@allowed•@the•@doublyˆê•@and•@multiply•|scattered•@speckles•@to•@be

studied•@theoretically•D•@Some•@of•@the•@theoretical•@results•@obtained•@by•@the•@model•@agreed
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with•@the•@experimental•@results•@of•@colloidal•@suspensions•D•@This•@fact•@indicates•@the•@valid•|

ity•@of•@app•Iying•@the•@diffuser•@model•@to•@discrete•@scatterers•@and•@the•@generality•@that•@the

multiply•|scattered•@light•@possesses•D

•@•@•@Finally•C•@it•@should•@be•@noted•@that•@the•@spatioˆêˆêtemporal•@properties•@of•@dynamic

speckle•@patterns•@formed•@by•@the•@backscattered•@light•@from•@disordered•@media•@are•@of

special•@importance•@in•@medical•@applications•C•@such•@as•@blood•@fiow•@monitoring•D•@The

theoretical•@analysis•@of•@multiple•@light•@scattering•@in•@the•@reflection•@geometry•@would•@be

much•@more•@cumbersome•@than•@the•@analysis•@in•@the•@transmission•@one•C•@but•@it•@will•@defi•|

nitely•@bring•@some•@new•@insights•@into•@the•@formation•@of•@dynamic•@speckles•@from•@complex

random•@media•D
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