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Correlations among angular wave component amplitudes
in elastic multiple-scattering random media
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The propagation of scalar waves through random media that provide multiple elastic scattering is considered
by derivation of an expression for the angular correlation of the scattered wave amplitudes. Coherent wave
transmission is shown to occur through a mechanism similar to that responsible for coherent backscattering.
While the properties of the scattered wave are generally consistent with radiative-transfer theory for suffi-
ciently small incident and scattering angles, coherent transmission provides corrections to radiative-transfer
results at larger angles. The theoretical angular correlation curves are fit, by specifying the probability densities
of two random variables that correspond to material parameters, to measured data of laser light scattering from
various polymer microsphere suspensions.
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[. INTRODUCTION of waves(angular correlationin elastic multiple-scattering
random media when the periaotl is much larger than the
Wave propagation in multiple-scattering random media issize of the scattering structures. The theory is compared with
usually treated as an incoherent process. The predominaglata from laser light scattering experiments.
approach to the analysis of multiple scattering is the theory A familiar result of our analysis is the angular memory
of radiative transfef1], which assumes an incoherent pro- effect, which was initially predicted for light wave propaga-
cess by ignoring interference effects in the scattered wavdion in elastic multiple-scattering random media by Feng and
This approach is strictly correct only for inelastic scatteringtoWorkers[6,7], although it had been recognized earlier in
processes, such as phonon or Raman scattering. The convéager light reflgctgd by Slng|E-Scat'ter|ng random surffBés
tional assumption that a multiplicity of random elastic scat-and even earlier in light propagation through volume turbu-

tering events completely randomizes the phase of a wave ’gnce[g]. The angular correlation of optical wave amplitudes

. S . eflected from one-dimensional surface roughness distribu-
found to be invalid in situations where the wave can traverse. g

articular scattering paths bidirectionally or identically from ;> = that provide multiple elastic scattering has been studied
P ng p y y by simulation[10] and theoretical and experimental angular
more than one direction. These mechanisms lead to effects

. . . . rrelation results have been reported for laser light trans-
elastic multiple-scattering random media that cannot be der‘nission through random phase screéfis]. Recently the

scribed as incoherent processes. The mechanism of bidirefsie of plasmon polaritons in the angular correlation of light
tional propagation is responsible for strofnderson local-  gcattered from weakly rough metallic surfaces has been es-
ization [2] and coherent backscatteriigeak localizatioh  taplished[12]. The scattering theory presented in this paper
[3]. In these effects portions of the wave traverse particulagnifies many of the earlier results through a complete ana-
scattering paths in opposite directions and add coherentlyytical description of the mutual intensity of multiply scat-
which results in intensity enhancements. tered scalar waves in elastic media. We point out that while
Correlations can also be observed between differenprevious scattering model$§6,7] accurately predict the
points on a scattered wave. Under the quasimonochromatiemory effect in multiple elastic scattering, they provide an
condition of optical coherence theory these correlations arghcomplete description of the mutual intensity of the scat-
described by the mutual intensity of the wavéi;,r,) [4].  tered field.
Decomposition of an incident wave into its angulBourien
spectrum of plane wave components reveals that the mutual
intensity of the resulting scattered wave can be expressed ais ANGULAR CORRELATION AND MUTUAL INTENSITY
the weighted superposition of the mutual intensities resulting OF SCATTERED FIELD
from the scatterings of all possible pairs of Fourier compo- . . : . . R
nents of the incidgent wavgﬁ]. A Foﬂrier-component pai? The physical setting of interest is dep|_c_ted in Fig. 1. Two
forms a harmonically modulated wave with intensity modu-plane waves 9f equal amplitude specified by the wave-
lation of periodA. In this paper we present a scalar wave vectorski; andk;, that lie in thexzplane are incident on the
model that describes correlations among Fourier componeng$attering medium. The incident wave vectors are given by
ki=2m(X sin@+zcosé)/\. The medium is in the form of a
slab of surface area?, ands>| wherel is the scattering
*Present address: Applied Technology Associates, 1900 Randolpmean free path. Figurgd details an initial scattering event
Rd. SE, Albuquerque, NM 87106. occurring at a depttz, from the front of the slab. With
Email address: Hoover@engin.umich.edu 6;,=— 0;, for illustration, the total field incident on the
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or equivalently by the Fourier mutual intensity(Ks; ,Ks»),

where ks is the scattered wave vector. When the incident
wave consists only of the pair of correlated unit-amplitude

plane waves specified bI}(il and Riz, the Fourier mutual
intensity becomes a characteristic of the scattering medium

\ and is denoted by(Ke; ,Ks»:Ki1,Ki»), Which is known as the
= /bo field or amplitude angular correlation. Together with the an-

<_‘ gular intensity distributiorZ(ks,k;) the field angular corre-

N—”

lation determines the mutual intensity on the exit surface
through the relation

) [— J(fl,m:zf [Z(Re:Kin) + T(ReiRin)]

X ex jKe: (F1— ) ]dKs+4 co$ AK; - (F1+T,)]

x f Ak K koexiTjke (F1—To)]dke, (1)

\\ where %k_i is the difference of the incident wave vectors

andk; 4 is the mean incident or scattered wave vector. Equa-
tion (1) is derived by starting with the fundamental relation
between)(f;,F,) and J(Ks; ,Ks,) [5], expressing7(Kq; ,Ke)
in terms of 7(Kg; K< :Ki1 ,Ki») [5], and changing to sum and
difference wave vector variables and applying the angular
memory effect, which is derived as part of the following
analysis. Note that Eq1) is the sum of the Fourier trans-
forms of the angular intensity and the angular correlation. On
the exit surface the pair of scattered plane waves generates a
fringe pattern given by

FIG. 1. (a) Schematic representation of a pair of plane waves
incident on a scattering structure near the front surface of a random
medium. The structure linear dimensidris much smaller than the L(F)=J(F,F)= Zf [Z(Ks;Ki1) + Z(Ks ; Kin) ]dKs
period A of the interference pattern formed by the plane wates.
Schematic of the paired trajectory model depicting two representa- . L
tive trajectories and the random variableg, 3, andb that deter- +4 cog 2Ak;- F]f J(AK; K, ks)dKs. 2
mine the coherent transmission properties.

(b) S cattering Medium

scattering structure is exjksin 6,)+exg —jkxsin 6] The fringe contrast is, therefore, determined by the integral
=2 coskxsin é,), which describes a normally incident plane of tﬁe angular correlation over the mean scattered wavevec-
wave with amplitude modulation of period\2=\/sin 6. If tor Ks.
the maximum linear dimension of the scattering structure is Equation (1) should be compared with the coherence
d<A then the initial scattering is essentially that of a planefunction derived from radiative-transfer thedi/4]
wave of intensity 4 cd¢kx,siné,), where &,,z,) are the
coordinates of the scatterer. Importantly, under the condition
d<<A it is impossible to distinguish the contributions of the JRT(FLFZ):J I(V_,RS)GXF[J'RS- (Fl—Fz)]dRs, (3)
waves specified bﬁil and Ri , to the angular scattering pro-
file. This assumption has been used previously, for instance,
in the fringe model of cross-beam laser velocimétt@]. It whereZ(r ko) is the angular intensity emanating from coor-
implies that the scattering trajectories indicated in Fig) 1  dinater= (¥, +F,)/2. Equation(3) is valid only for fields that
are traversed identically from the two directions specified byexhibit negligible intensity variations over their coherence
ki, andk;,. This hypothesis enables derivation of the mutualarea, which are also known as a quasihomogeneous fields.
intensity of the scattered field in terms of the scattering paEquation(3) can be clearly revealed as incorrect when ap-
rameters of the slab. plied to fields that exhibit harmonic intensity variatiptb,

The coherence of the scattered field can be described Byowever, Eq(1) is valid for all harmonic-intensity fields and
the mutual intensityl(7,,7,) on the exit surface of the slab, can be extended to describe fields of arbitrary intensity.
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lll. MULTIPLE-SCATTERING MODEL OF ANGULAR wave transmission. Hence all terms for whigktr in the
CORRELATION summation of Eq(7) are negligible if we restrict attention to
nonballistic transmission. Fog=r the phase contribution

For derivation of an expression for the field angular cor- . ) .
; . . due to the path length difference between trajectories van-
relation of the scattering slab we refer to Figb)l For each ishes, leaving

realizationp of the random process that describes the scat-
tering medium there arBl scattering trajectories, which are N

labeled with the indexq=1,2,...n,....N. q=0 denotes a J(Ke1 Kep 1 Kip Kin)= >, (Pg exp{j[()oqa(lzil)_l'@qb(lzsl)
phantom reference trajectory that lies along a perpendicular q=1

line from the front to the back surface, relative to which the S .

phase delays of the actual trajectories are expressed. The ~ ¢qa(Ki2) = @qn(Ks2) 1})

convention is adopted that the trajectary: 1 is that trajec- N

tory with scatterin.g centers at.the smallest .cumulative dis- =(> pg exdjq)q(lzilvlziZalzslesZ)] ,
tance from the trajectorg=0, with the scattering centers of q=1

q=2 being the next closest and so on. With,=0 denoting (8)
the pencil-beam amplitude-spread function, the total field

scattered with wave vectd, that derives from the incident With the indexp hereafter made implicit. It will be shown
wave vectoﬂ?i is that the phase functiof (i, ,Kiz,Ks1,Ks2) can in fact vary
by less than z over the ensemble, which provides for angu-
. . N .. lar correlation and coherent wave transmission according to
Ep( Ks:ki)= E qu exfd j (qu(ki Ks)] (4) Eq. (1)
a=1 In order to express the phase functidg in terms of the

for the pth realization of the ensemblex (R R) is the parameters of the scattering slab we introduce the vectors
palRiRs

phase delay relative to the reference of the wave traversinaq:_(xqa'yqaizqa) andbq=(Xqp,Yqb.Zqp), Which, as drawn
the qth trajectory and consists of three parts: the phase dela? Fig- 1(b), point from the initial and terminal points of the

by : o . __feference trajectory, respectively, to the initial and terminal
®pqa(ki) incurred due to the separation of the initial points

. . scattering centers of theth trajectory, respectively. By
of the trajectoriegg=0 andq, the phase delay,q, due to .
the different path lengths of the trajectorigs 0 andg, and simple geometry the phase delays are then

the phase dela;oqu(lzs) due to the separation of the termi- (an(Ri):Ri.gq, 9)
nal points of the two trajectories. Therefore, E4). may be
written as @qn(Ks) = — ks By . (10

N
b . > > From Egs.(8)—(10
Ep(kSaki):z quexp{1[¢pqa(ki)+@pqv+¢qu(ks)]}' 9s48)~10
q=1 > 5 s o > > > - >
(5) Dy (Kip,Kiz,Ks1,Ks2) = (Kig—Ki2) - 8g+ (Ko —Ksy) - by -(11)
The field angular correlation is then calculable as ) ) )
Choosing scattered wavevectors in ¥zglane and introduc-

ﬂRslaEsz;RilaEiz):<Ep(Rsl;|2il)E;(ks2al2i2)>' (6)  Ing the variable

where(---) denotes the ensemble average. Inserting(&Q. AXq=Xgb™ Xqa (12)
into Eq. (6) and changing the order of operations leads to Eq. (11) can be expanded as

N N
\7(|_()Sl’|252 ; Eil’RiZ) = qzl Zl <quppr eXp{j [Qqua(Izil) CDq(kil YkiZIkS]. kaZ)

2T ) ) )

+ @pgu T ‘qub(l_()sl) - ‘Ppra(lziz) ~ Ppro - T[(Sm 0i1=SinBia + Sin 6= in Oy )

_‘Pprb(RSZ)]D- (7) qua+(5in052_5in esl)AXq
With the possible exception of terms with the smallest values + (€086, €0S;5) 244+ (COSOsp, — COSOs1) Zgp ]
of g andr, all terms for whichg#r in the summation of Eq. (13

(7) are negligible, because the phase difference between two

trajectories will vary by more than72 over the ensemble The ensemble variation of each term within the square brack-
unless both differ from the reference trajectory by less than &ts must be limited to less tharfor correlation to exist. Two
wavelength. If all of the scattering centers on certain trajecforms of correlation can occur, which differ in the ranges of
tories are at distances from the reference much less thanthe trajectory indexq that contribute to the effect.
wavelength, then the corresponding terms in &y may not 1. Local correlation If the differences between both the
average to zero. Such trajectories correspond to ballistixcident and the scattered wave vectors are sufficiently small,
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then local correlation may arise within subsets of the paired N —
trajectories, that is, within subsets of the indgxThere are COSfs; — COSOg; = — -tanbs (17)
various combinations of conditions that can lead to this form

of correlation. As an illustrative example consider a smglefor sufficiently small @ — ), whereﬁs=(052+ 0.,)/12 is

incident plane wave, i.ekj;=ki,. Equation(3) then be-  the mean scattering angle. Substituting E) into Eq. 16

comes and assuming that the incident wave vectors are symmetri-
5 cally oriented about the normal to the front surface of the
5 e s T . ; i
D (ki ki Ksp ,Ks2) = == [(SiN Osp = SiN O51)Xqp slab reduces Eq16) to the simple expression

+(COS€52_C05051)qu]. (14) (I)(kil!ki21ksl!k52)_K(AX thanes)r (18)
with K=2#/A. The function of Eq(18) must vary by less
than 27 over the ensemble for angular correlation to exist. In
contrast to local correlatiofEg. (14)] for which the scatter-

ing parameters must vary by less than the wavelengtq.

(18) implies that angular correlation occurs for scattering and
associated material parameters that vary by less than the spa-

Again the bracketed quantity must vary by less thafor
correlation to exist. This cannot occur for arbitrarily large
values ofq because maxg)>\ for largeq, however due to
the angular coefficients the random variabtgsandz,, can
range over distances larger thanwhich implies that coher-
ence on the exit surface can occur through this mechanis

: e . . ial fringe periodA. Note from Eq.(18) that at zero mean
without the presence of a_balllstlc wave. This effect is r_ela_te cattering angle the angular correlation phase is determined
to the so-called snake light of optical wave transmission

[16]. Note that the ranges ofy, and zy, will also be re- exclusively by the range of the migration varial&. Since

stricted due to the convention for indexing the trajectoriesAX can, in principle, be described by a radiative-transfer

Local correlation arises around any reference trajector rea':nOdel this implies that radiative transfer is strictly correct
) . d any raj y only for small mear(incident and scatter¢@ngles, and that
ized by translation of the original reference in they)

plane and, therefore, the local correlation produces a mutu%?e term inz in Eq. (18) serves as a correction to radiative
! S o . ! - Ttransfer results due to coherent effects at larger angles.
intensity that is shift invariant. The scattered fields at points g g

ted by dist I than the local lati idt It is useful to recognize the correspondences of the local
separated by distances larger than the foca’ correiation widtgy, angular correlations to the mutual intensity terms given
remain uncorrelated under this effect, and the addition o

lated f diff £ vol q ~In Eq. (1). The local correlation generates a quasihomoge-
uncorrelated waves from difiérent volumes produces an N, i fia|q that contributes to the mutual intensity on the exit

coherent field in the angular domain or zero angular correla—urface but not in the angular domain; referring to B.it

tion. The Iocal_correlatlon, therefore, gener_ates on the exi ust then correspond to the Fourier transform of the angular
surface a quasihomogeneous field as described by the gener-

alized Van Cittert-Zernike theorem of optical coherenceMeNSity[Z(Ks:ki1) +Z(ks kiz) ], which implies that the lo-
theory[4]. cgl qorrglauon (_excluswely Qetgrm|nes the angular intensity

2. Angular correlation Equation(8) indicates that angular distribution. Whlle the contribution of the angula'r correlation
correlation can exist only if the ensemble average over all of° the mutual intensity on the surface is not obvious from the
the paired trajectories is nonzero, because the summation Rf€ceding scattering analysis, the angular correlation obvi-
Eq. (8) may be interpreted as an average ouyefThis re-  ously corresponds to the transform gtAk; k; ks) in Eq.
quirement is consistent with the fact that points in the angu{1). Angular correlation, therefore, generally contributes to
lar domain receive wave contributions from every trajectory.the coherence both on the surface and in the angular domain,
In order to realize this effect the first term in the squarewhich implies that the scattered field is generally nonquasi-
brackets of Eq(13) must be eliminated, because if all values homogeneous under this effect.

of g are to be included then magj=s>\. This implies that Use of the continuum approximation in previous dgriva—
the condition tions of the memory effedi6,7] serves to omit the term in
in Eq. (18) and leads to what is essentially a radiative-
Ril_ |Zi2: Esl_ Rsz (15) transfer result. Omission of the termnn Eq. (18) leads to

an angular correlation that is independent of the mean scat-

is necessary for angular correlation. The condition of Eqtered angleks and neglects the second integral of Ed),
(15) is the angular memory effect. Assuming this conditionleading to a generally incomplete description of the mutual
and including the average ovarEq. (13) becomes intensity of the scattered field.

Interpretation of Eq(18) provides a classification of elas-
tic multiple-scattering processes by phasor diagrams as illus-
trated in Fig. 2. The diagrams schematically depict the
ranges of the random functions of E8) for large values of

+(COSOg— COSOyy) Zp ’ (16) s in representative cases of I_arge and small devigtiﬁps
A o, corresponds to the scattering mean free path in volume
media or to the surface variance in surface scattering. Coher-
where A=\/(sin6,—sing,) is the intensity fringe period. ent effects occur if the phasor diagram closes within the
Again due to the memory effect it can be shown that range of the random function iy in which case the second

L. s AX Y
cb(kil,kiz,ksl,ksz)zz’ﬂ T-i—(COSHil—COSGiZ)T
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Large o, Small o, eter of 15 cm, which is incident on the microsphere suspen-
sion held in a (9& 45x 3.75)-mn¥ glass tank. An electronic
shutter is used to ensure that the laser energy incident on the
tank per camera exposure is constant.

The modulus of the angular correlation is proportional to
the fringe contrast in the scattered light, which is measured

over a large mean scattering angk)( range by mounting

an imaging system on a rotary rail, which includes a spatial
filter to define a scattering angle bin siZe15° heré¢ over
which | J(AK; ,k; ,ko)| is averaged, a Glan-Thompson polar-
izer to eliminate vector-wave scattering effects, andE&
cooled 12-bit charge coupled devi@8CD) array with vari-
able exposure time. The angular intensity distribution is ob-
tained by adding the intensities arising from sequential illu-
mination with the waves from the two interferometer arms.
Ballistic wave transmission is excluded by a slight vertical
shift of the spatial filter bandpass. Measurements were taken
through 30° with this configuration for aqueous suspensions
of 2-um diameter acrylic latex spheres and L6 diameter
polystyrene-divinylbenzené”S-DVB) spheres. The relative
concentrations of the polymer suspensions were measured
volumetrically.

FIG. 2. Phasor diagrams that schematically classify elastic Fringe contrast as a function of anglgis determined as

multiple-scattering processes according to the coherence on the effi€ classical visibility
surface of the medium.

| COHERENT EFFECTS

OVER-BIASED

I max I min

V= ——— (19
term in Eqg. (1) contributes to the mutual intensity on the max | min
surface. The migration variablx may be interpreted as a oyer the single fringe period that coincides with the axis of
bias for the presence of coherent effects. Recalling®gin  rotation of the imaging rail. The recorded fringe visibility
this terminology the underbiased process exhibits highgecreases away from the rotary axis due to defocus. The
contrast interference fringes at all scattering anglgsthe  fidelity of the measurement system is verified with an inco-
coherent process exhibits fringes only over a lower range ofierent fringe pattern produced by collimated laser-beam in-
05, while the interference fringes are washed out at allcidence on a bar-pattern transparency affixed to a glass plate
ang|es in the overbiased process. coated with white Spray paint. The number of CCD pierS
per fringe period in the image is greater than 20 to avoid
contrast reduction by the modulation transfer function of the
IV. OPTICAL MEASUREMENT SYSTEM camera. The microsphere suspensions are kept agitated by

We have measured the angular intensity and the modulu%timn_g and the camera exposure times are sufficiently long
of the angular correlation as functions of scattering angle fof® WiPe out speckle noise and approximate ensemble
laser light transmission through various suspensions of poly2V€rages.
mer microspheres. The experimental configuration is shown
in Fig. 3. A helium-neon laser beam € 633 nm) is split in
a Mach-Zehnder interferometer and expanded in a Keplerian Figure 4 presents representative data acquired with the
telescope to form a horizontal pattern of interference fringesystem of Fig. 3. The normalized angular intensity distribu-
with A=1.25 mm(6;,=0, 6,,=0.029° over a beam diam- tion (solid line) and the angular correlatidgdashed lingof a

V. COMPARISON WITH EXPERIMENTAL DATA

He-Ne = 1 D i
{ESJ SF ND
o
FIG. 3. Optical system for angular correlation
S cattering measurements. ES electronic shutter; SF, spatial
Miediti filter; ND, neutral density filterl_;, 35 mm lens;
_______ m N o » L,, 1500 mm lensl3, 100 mmf/2.3 lens;L,,
U ’ 50 mmf/2 lens; GT, Glan-Thompson polarizer,

~

~

Ls, 50 mmf/1.8 lens.

W

[
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’ E ®\ v § : g tered by a suspension of J0n diameter poly-
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suspension of 1@sm-diameter PS-DVB spheres are shown.compared to data at a particukdwithout knowledge op
The horizontal axis in Fig. 4 is the external scattering anglehrough incorporation of a multiplicative data-fitting param-
or the external mean scattering angle for the intensity andter.

angular correlation curves, respectively. These curves deter- Substituting from(18) into Eq. (8) and noting thatP?
mine the mutual intensity at the surface of the suspensios-p,, leads to the angular correlation expression
according to Eq(1).

The angular correlation data must be compared with the - . —
predictions of the scattering model. Model angular correla- J(Ak 'ks):j f exf jK(Ax—ztandy)]
tion curves are produced by substituting from ELg) into )
Eq. (8) with appropriate statistical models of the random X pax(AX)px(z)dAx dz (21)
variablesAx andz, . z, is assumed to be power-law distrib- ) o
uted in the form whereAx andz are assumed to be independently distributed.

In Eq. (21) the wave vector variablak; determinesK, ks
z+L/2 — determinesds, andk;=0. Consistent with previous deriva-
p(2)=N rec( 3 )(1—f )7/ costs, (200 tions of the memory effedt7] the integral overAx can be
expressed as the Fourier transfornpQf, which leads to the
expression

wheref is the volume fraction or the probability of a scatter-
ing particle occupying any infinitesimal volumejs the par- Lo _
ticle diameter, andN=—In(1—f)/dcosé,. The distribution J(AK; ,ks):A(K)J pA(z)exf —jKztanfs]dz. (22)
pz IS maximum atz,= 0, which corresponds to terminal scat-

tering at the exit surface, and is truncated;gt —L, where  The form of A(K) in the diffusion approximation is given in
L is the slab thickness, which is assumed to be much greatefie previous work7]. The integral in Eq(22) can be evalu-
than the particle diametet The distribution ofAx is not as  ated symbolically as

simply derived.p,y is essentially the average intensity dis-

tribution due to transmi.ssion of a pencil beam through the L In(1—f)[In(1—f )+ jKd sinﬁs]
slab, however, there exists no generally proven and express- J(Ak;,ks)=A(K) — .
ible radiative-transfer solution for transmission of a narrow [In2(1—f )+ K?d?sir? 6]

beam through anisotropically scattering particles. It has been (23

demonstrated that neither the diffusion nor the first-order

multiple-scattering approximation to the radiative-transferThus the scattering model predicts a complex angular corre-
equation can accurately describe scattering suspensions lasion with Hermitian symmetry as a function &f. Com-
those used for our measuremelitg]. Fortunately, as will be  plex angular correlation has been observed in simulations of
shown directly, the influence qf,, on the angular correla- light scattering from metallic surfac¢40], while measure-
tion curve at a particular wave numbiéris simply a multi-  ments with polymer microspheres have revealed Hermitian
plicative constant. Therefore, the scattering model can beymmetry[5].
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+ + + + + + + + +
0.9_ ..................... : -
Y e b R O OTOTOToToey L o
0.7l NG © .| x:10um PS-DVB concentration A| ield | lati
: N : 1« - 10um PS-DVB concentration B FIG. 5. Field angular correlation vs mean
f=.0027 | : © |o: 2um acrylic latex scattering angles for transmission through sev-
: : eral microsphere suspensions. The incident wave

vectors are fixed such that=1.25 mm. The pa-
rameterd andd used to generate the solid model
curves are given for each suspension. The relative
concentrations of the PS-DVB suspensions were
measured a§A]/[B]~0.8. The data along the
top of the plot(+) is obtained for an incoherent
fringe pattern of the same period.

Angular correlation

Mean scattering angle (degrees)

The modulus of the angular correlation given in E28)  with radiative-transfer theory and terms that increase with
is fit to the experimental data as shown in Fig. 5. The valueshe incident and scattered angles and appear as corrections to
of K andd are known andA(K) is chosen to match the data radiative-transfer results. The model angular correlation is

at 65=0. The remaining parameter of volume fractiomsed ~ complex with Hermitian symmetry in the mean scattering
to generate the solid model curves is indicated adjacent t8ngle. While the scattering theory is presented in the context
each curve. Deviations from the data at angles greater theff Scalar optical wavefields it is equally applicable to any
20° are possibly due to the correlation of the variables scalqr wave field propagating in an elastic multiple-scattering
andz at larger angles. Somewhat better fits to the PS-DvBMedium. o _

data are achieved with volume fraction values in ratios closer Several applications of the theory could arise through fur-
to unity than the concentration measurements would corther research. Expanded statistical modeling of the random
roborate. The smaller volume fraction of the acrylic latexVariables used to express the angular correlation phase func-
suspension follows from the smaller particle diameter andion in Eq.(18) could provide powerful new techniques for
the wider angular scattering profile of the single particle acnaterial chargcterlzatlon based on cpherence measurem'e_nts.
cording to the Mie theory. The data points along the top ofCharacterization efforts should be aided »by the separability
the plot indicate the angular correlation response of the sysf the angular correlation into functions ak; (or K) andkg

tem to an incoherent input with =1.25 mm. (or ) evident in Eq(23). In particular according to Eq23)
the angular correlation variation withs is independent of
VI. CONCLUSIONS the sample thickness whenL>d. If the material param-

We have described a model for the angular correlation Oﬁ:ers r?rel krnowrr;, Itht? Lh?r?ri/ iprowdﬁs ‘Z? atnalytlr?arl fr?trr\?v fsr
wave fields applicable to elastic multiple-scattering media € anguiar correiatio at Is applicable to conere ave

which is based on a paired-trajectory mechanism similar térans_port and _imaging ir_lto or through elastically scattering
@edla. Detection techniques based on angular correlation

that responsible for coherent backscattering. The model al -
accounts for the well-known local field correlation. Thesesh"’“/e already been reported in the radar flda,19.

correlations have been related to the spatial coherence in the
medium as given by the mutual intensity function. In addi-
tion to rederiving the well-known memory effect the angular  The authors would like to thank Jim Trolinger, Stephen
correlation model makes several predictions. Angular correRand, and Ted Norris for useful suggestions. Kurt Mills pro-
lation is predicted to occur for random trajectories that varyided laboratory support, and Zeev Zalevsky reviewed the
by less than the spatial fringe periddrather than the wave- draft manuscript. This research was supported by the Na-
length\ as in the case of local correlation. The presence ofional Institutes of Health under NLM Contract No. NO1-
angular correlation is also found to generally imply a non-LM-0-3511 and NCI Contract No. N01-C097111 and by the
guasihomogeneous field. An angular correlation phase fundd.S. Army Research Office under Contract No. DAAH-04-
tion is considered, which consists of a bias term consister®6-0254.
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