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1. INTRODUCTION

In recent years, there has been increasing interest in im-
aging through scattering media. The optical characteriza-
tion of materials where there is significant scatter, or op-
tical imaging within or through such highly scattering
media, has applications as varied as soft tissue imaging,
the study of polymer composites, and the evaluation of
sea ice constituents. In particular, there has been recent
activity related to biomedical optical imaging, where im-
ages based on a diffusion equation model, optical diffusion
tomography (ODT), have been determined using optimi-
zation methods,l’2 and fluorescence contrast®® and
targeting5 have been utilized. The coherence of the light
is also important when trying to image in scattering me-
dia using speckle techniques.®

Polarization information provides opportunities when
the total scatter is modest.”® Polarized light incident on a
scattering medium becomes depolarized due to multiple
scattering events, ultimately resulting in no memory of
the initial state of polarization in the case of strong scat-
ter. In this strong scatter limit, the scalar diffusion equa-
tion applies,”!* and this model can be used to obtain an
estimate of the photon path length distribution or tempo-
ral response for the scattering medium.'! However, in the
case of lesser amounts of scatter, there will be some
memory of the initial polarization of the incident light. In
this regime, multiple polarization state measurements
can provide additional information about the medium.
Hence, use of multiple incident and detected polarization
configurations may provide data which could allow en-
hanced imaging of scattering media and information on
the scatterers. There have been a number of studies of po-
larization memory with multiply scattered light.lzf17 Im-
aging based on polarization information,’® such as
polarization-difference imaging,19 has been suggested.
Improvement of image resolution through the use of po-
larized light, where the more weakly scattered photons
are selected, has been proposed.20 Also, there have been
empirical studies of the relationship between depolariza-
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tion and particle size or concentration, 21?2 which have

used depolarization parameter14 and depolarization
length!? descriptions.

The study of the field and intensity statistics and their
various correlations is fundamental to the description of
scattering media. The statistical properties of the speckle
intensity contains information about the optical proper-
ties of the scattering medium and the coherence of the
source.® The second-order speckle intensity correlation
has proven to be a powerful tool. For example, Genack
used the autocorrelation of the intensity fluctuation, as
the laser frequency was tuned, in the study of disordered
media.?® Third-order correlations and bispectral tech-
niques have also been used to retrieve information from
scattering media. For example, Shirley and Lo used this
technique in remote sensing of a scattering object’s size,
shape, and surface property.z4 Webster et al. also discov-
ered that the use of third-order correlations of speckle in-
tensity patterns in frequency, in conjunction with bispec-
tral techniques, allows for the reconstruction of the
temporal response of a scattering medium.?

Recently, the statistics of the scattered field were di-
rectly measured using an interferometer setup, and the
zero-mean complex Gaussian statistics for the polarized
field from weakly scattering media were verified.?®?" This
result indicates that the work of Webster et al.?® can be
extended to multiple polarization states and to studies of
materials in a sufficiently weakly scattering regime such
that polarization information becomes important. Here
we describe the polarization-dependent results of the
second- and third-order speckle intensity correlations of
measured data for samples having relatively weak scat-
ter.

2. THEORY

A. Scattered Field
When coherent light is scattered from a rough surface or
the volume of a scattering medium, the total field at a
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particular point in space with particular polarization can
be viewed as the superposition of many scattered partial
waves, each of which has a random magnitude and a ran-
dom phase. This allows for the total field E,(v) to be ex-
pressed as a random phasor sum by28

1 N
E,(v)= —=2 Ay exp[-jd(v)], (1)
VIV k=1

where A, is the random magnitude, and ¢,(v) is the ran-
dom phase of the kth elementary partial wave. The num-
ber of elementary partial waves is given by N, which is
assumed to be large such that the limit of N—x can be
used. The model is valid when the so-called weakly scat-
tering assumption is satisfied, which requires that the
mean free path length (average distance between two suc-
cessive scattering events) is much larger than the wave-
length of the light in the medium. Under this assumption,
the output field E,(v), measured at a single frequency v
and modeled by the random phasor sum in Eq. (1), has
first-order statistics that are zero-mean circular complex
Gaussian. Because of this, the Gaussian moment theorem
of Reed can be used to express high-order moments as a
product of second-order moments.”

Consider the vector electric field in Cartesian form,
with a linearly polarized (LP) basis set, as

E(v) =[XE,(v) + §E,(v)Jexp(-jkz) + c.c., (2)

where propagation in the z direction is implied, and X and
y are unit vectors. Alternatively, a circular polarized (CP)
basis can be used, giving

E(v) =[REg(v) + LE.(v)]exp(- jkz) + c.c., (3)

where L and R are unit vectors for right-hand and left-
hand circular polarization (RHCP, LHCP), respectively. In
the presence of scattering centers, the scattered field usu-
ally has both components even if the input contains only
one polarization. This can be shown in the simple case of
light scattering by a homogeneous dielectric sphere.
Considering scattering from a single scatterer presents
insight into the multiple-scatter regime using a simple
model. Figure 1 shows the geometry for scattering from a
homogeneous sphere with the incident field x polarized

y

Fig. 1. Incident field E; propagating along the z axis is scattered
by a homogeneous sphere at the origin, and the scattered field E,
with a scattering angle 6 is shown.
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Fig. 2. Intensity angular distribution for light scattered from a
small sphere. In the upper half, the incident field is x-polarized
(LP), incident in the z direction (#=0), and the x-, y-, and
z-polarized components of the ¢-integrated scattered light inten-
sity are plotted. The y and z components have a magnification of
3. In the lower half, the incident wave is z-directed RHCP, and
RHCP and LHCP components for the scattered light intensity
angular distribution are plotted.

and incident along the z direction (6=0). The scattered
wave E, at a certain scattering angle 0 is shown. The so-
lution to this type of scattering problem was formulated
by Mie.?® Figure 2 shows an example calculation from the
Mie field expansion assuming that the incident wave is
linearly polarized in the x direction, as in Fig. 1, an inci-
dent wave of wavelength 850 nm and a single spherical
TiO, particle of 50 nm diameter. A refractive index of 2.70
was used for TiOy, and the background was assumed to
have a refractive index of 1.49. As the size of the scatter-
ing sphere is much smaller than the wavelength of the in-
cident wave, the problem has the features of Rayleigh
scatter. The upper half of Fig. 2 gives the ¢-integrated
(the angle measured from x toward y in Fig. 1) power den-
sity as a function of scattering angle 6 for the three lin-
early polarized scattered field components. The scattered
intensities are normalized to the maximum of the x com-
ponent at =0, and the y and z components are scaled up
by a factor of 3 for clarity. The x component or copolarized
scattered light is dominant and contains most of the en-
ergy. The result in the lower half of Fig. 2 shows the case
for incident RHCP light, and the scattered RHCP and
LHCP light has been plotted as intensity angular distri-
butions. For RHCP incident light, roughly half the scat-
tered energy is backscattered into LHCP light and half is
forward scattered as RHCP light, i.e., approximately 50%
of the scattered power is in copolarized light. In contrast,
with LP input light, approximately 80% of the scattered
power is retained as copolarized light. This result sug-
gests that for a single spherical scatterer, LP light retains
its initial polarization state (in copolarization) better than
CP light. In both cases, the scattered light in the forward
direction is highly copolarized and has the same intensity
at 6=0. From Fig. 2, for LP incident light, 40% of the total
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scattered light is scattered as copolarized light in the for-
ward direction (0 [0,w/2]), while 5.0% is forward scat-
tered as y-polarized light, measured as cross-polarized
light. For CP, 43.7% of the total scattered light is forward
scattered as copolarized light and 6.3% as cross-polarized
light.

For our interest of multiple scattering, the scattered
field is the ensemble of light with different trajectories
undergoing a series of scattering events. As light propa-
gates through the scattering medium, memory of the ini-
tial polarization information is gradually lost, i.e., depo-
larization occurs. As Fig. 2 shows that more cross-
polarized light is generated per scattering event for a CP
input, we may anticipate that CP light will depolarize
more quickly (with scatter or sample thickness) than the
case of linearly polarized incident light. With a transmis-
sion measurement and a given amount of scatter, the fact
that Fig. 2 shows that more cross-polarized light for CP
input light is forward scattered indicates that the tempo-
ral response for multiple scatter may be more peaked at
early times, relative to the LP case. Our measured data
will prove to support these speculations. Furthermore,
with weak scatter, one can expect that polarization data
can provide information on the scatterers themselves.

B. Light Propagation in Scattering Media
Polarized light propagating in a medium with appropriate
scatter can be described by the radiative transfer equa-
tion (RTE) (see Chandrasekhar?’l), which is a model based
on the particle nature of light and thereby governed by
conservation of momentum, i.e., in its scalar form it is the
Boltzmann transport equation.?? There are many situa-
tions, notably in the regime where polarization informa-
tion could be valuable, where the diffusion equation is in-
adequate and where it is still impractical to solve
Maxwell’s equations. The transport equation may be of
importance in this regime. Typical solutions to the scalar
form of the transport equation use Monte Carlo tech-
niques with some simple model for the scattering,?’?’f?"r’
and a few have studied the more complex vector
solution.®17:3¢

In many cases involving stronger scatter, solving the
transport equation directly is not necessary, and the P;
approximation to the RTE, from a Legendre series
expansion,®? i.e., the diffusion equation, can be used. In
terms of the radiative flux density, ®(r,#) (in units of
W m~2), the diffusion equation is

J
22000 +vp,P(r,8) = V- [DVO(r,f)]=0So(r,t),  (4)

where v is the transport velocity, D=v/3(u,+u,) is the
diffusion coefficient (in units of m?s71), x/ (m™!) is the re-
duced scattering coefficient, u, (m~') is the absorption co-
efficient, and S(r,¢) is the source. The diffusion approxi-
mation does not hold near boundaries or sources or in
strongly absorbing media, but is valid for a wide range of
random media of interest. In practice, sample thicknesses
more than an order of magnitude greater than the trans-
port mean free path [“=3D/v are needed for the diffusion
approximation to be valid in a transmission geometry. For
the scattering samples we used, u,< u,, s0 u,=0 is as-
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sumed. The Green’s function for Eq. (4) with, for example,
a scattering slab of finite thickness, can be found from im-
age theory, assuming an interface with free space, which
can be represented as ®=0 on an extrapolated
boundary.37

The intensity temporal response of a random medium
is very important for characterization of the optical prop-
erties. It is equal to the time-of-flight distribution func-
tion for the scattered light when pulsed input light is used
and, assuming it applies, can be obtained from the
Green’s function for the diffusion equation. We use a
Dirac delta function source term, Sy(r,¢)=48(r',¢), where
r’ is the source location, to solve Eq. (4), and to obtain an
expression for the radiative flux density at a particular
observation point. From Fick’s law,?? the radiative cur-
rent density J(r,¢) (in units of W m~2), describing power
flow, can be found under the diffusion approximation, re-
sulting in

D
J(r,t) =— —Vd(r,7). (5)
v

The intensity at the observation point measured by a pho-
todetector is Ip(¢)=n-J, where n is the detector normal
unit vector. Normalizing this result gives the time of
flight distribution as

Ip(t)
Pplt) = ————. ©6)

0

—

Equation (6) can be interpreted as the ensemble average
temporal impulse response for regimes where the diffu-
sion model applies.25

C. Polarized Intensity Temporal Response

The polarization of light can be fully described by the four
elements of the Stokes vector, the measurement of which
is possible through standard procedures.38 Assuming
propagating in the z direction, light of the arbitrary polar-
izatigg state may be represented by a Stokes vector of the
form

E.E.+E,E,
E.E.-EE,
E.E,+E,E,
(E.E,-E,E,)

<N QT O~

where I represents the total light intensity, @ and U rep-
resent the LP components of the beam, V represents the
CP components, and the asterisk indicates complex con-
jugate. With this notation, the linear x- and y-polarized
intensities are given by (I+Q)/2 and (I-Q)/2, respec-
tively, while the LHCP and RHCP intensities are given by
I+V)/2 and (I-V)/2, respectively.

One can define a normalized ensemble average inten-
sity temporal response for a given input and output polar-
ization state, and based on Eq. (6), this is



3048 J. Opt. Soc. Am. A/Vol. 23, No. 12/December 2006
({€;(t)

= ; (8
f d (L;(£)

plj(t) =

where the subscripts i and j designate the input and out-
put polarizations, respectively: x and y for linear polariza-
tion, [ for LHCP, and r for RHCP. The quantities p;;(t) are
measurable and can be obtained from the Stokes vector
formalization of Eq. (7).

D. Speckle Intensity Correlations
Genack and Drake® give the second-order correlation be-
tween two fields at different frequencies as

(E(v+AvE"(v)) =(DP(Av), )

where P(Av) is the Fourier transform of the temporal re-
sponse p(¢) for a particular polarization, given by

P(Av) = f dtp(t)exp(-j2mAve). (10)

We drop the polarization subscripts i and j for simplicity,
with the assumption that they are implied. The measured
data we show was obtained for various input—output po-
larization states. From the uncertainty relation, E(v) be-
comes uncorrelated with E(v+Av) when the shift in fre-
quency Av satisfies the condition of AvAt~ 1, where At is
a measure of the width of p(¢), which can be seen from the
Fourier transform relation in Eq. (10).

In practice, it is usually difficult to measure the field
statistics of Eq. (9) directly at optical frequencies for scat-
tered light. Instead, it is more practical to measure the
second-order intensity correlation (I(v+Av)I(v)). This cor-
relation is fourth order in the electric field, and since the
field has circular complex Gaussian statistics, the Gauss-
ian moment theorem® can be applied along with Eq. (9)
to give25

d(v+ Av)I(v)) = |P(Av)|?, (11)

where I=(I-(I))/{I) is a normalized intensity for math-
ematical convenience.

The second-order intensity correlation contains infor-
mation about the Fourier magnitude of p(¢), but not the
Fourier phase, as seen from Eq. (11). It is therefore not
possible to reconstruct the temporal response p(¢) from
the sole measurement of second-order intensity correla-
tions without using a priori information.

It was recently discovered?*° that third-order inten-
sity correlations do contain sufficient information about
the Fourier phase of p(¢), allowing for the reconstruction
of p(¢) from intensity-based measurements without any
assumed model for p(¢). The third-order intensity correla-
tion, which is a sixth-order field correlation, can again be
evaluated by the Gaussian moment theorem?® with the
use of Eq. (9) to give®>*0

AW I(v+ Av)I(v+ Avy + Avy))
=2 Re{P(Av))P(Ave)P (Avy + Avg)}.  (12)

Therefore, the third-order correlation is equal to twice the
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real part of the bispectrum of the temporal response func-
tion p(t).25’40 Bispectral techniques have been used in
other applications.‘u’42 The result in Eq. (12) allows for
the Fourier phase to be reconstructed from the bispectral
phase through the relation

W1, vg) = d(vy) + P(ve) — vy + 1), (13)

where ¢(v1) and ¢(vy) are the Fourier phase at optical fre-
quency v and vy, respectively, and (v;,v9) is the bispec-
tral phase obtained from third-order intensity correlation,
as in Eq. (12).

We obtained |P(Av)| from Eq. (11) and the Fourier
phase from Eq. (12) using an explicit iterative
scheme,?>*? thereby producing p(¢) with an arbitrary time
offset (i.e., the third-order correlation is insensitive to
time offset) using an inverse Fourier transform. This is
the procedure we used for speckle intensity measure-
ments with various incident and detected polarization
states [giving p;i(f)]. After retrieving the Fourier magni-
tude and Fourier phase from intensity correlations, we
applied a Hamming window? to determine the temporal
responses from measured data, giving py(t)=p (&) *wgl(t),
where pp(t) is the windowed result, p(¢) is the retrieved
temporal response without the Hamming window. wg(¢)
is the window function,*® and * is the convolution opera-
tor. This procedure is to prevent ripple artifacts due to the
finite measurement bandwidth. For the case of a Ham-
ming window applied to the data measured with a 80 GHz
bandwidth, the temporal resolution was approximately
12 ps, adequate for the scattering samples we used. In the
remainder of the paper, we do not differentiate between
p(t) and pg(?).

3. EXPERIMENT

The experimental setup used to study the polarization be-
havior of speckle patterns and the ensemble averaged
temporal impulse response is shown in Fig. 3. The tun-
able laser source used was an external cavity (Littman—
Metcalf design) laser diode (New Focus Vortex 6017),
which provided frequency scanning up to approximately
80 GHz. It has a single-mode output with a narrow line-
width of approximately 5 MHz, which gives a coherence
length of approximately 60 m, much greater than the av-
erage path lengths (of the order of centimeters) for pho-
tons propagating in the scattering media we studied.
Suitably high coherence is required to achieve Gaussian
field statistics (and negative exponential intensity
statistics).?® The light source had a center wavelength at
approximately 850 nm and an average power of 10 mW.
An optical isolator was used to prevent back reflections,
which may destabilize the laser output. A small portion of
the output power was coupled into a scanning Fabry—
Perot interferometer, using the half-wave plate (HWP) re-
tarder and polarization beam splitter (PBS) combination,
to monitor the laser diode center frequency, and most of
the output power was focused onto the front face of the
scattering random medium by the lens L1.

The scattering samples used in the experiment were
commercial white acrylics (Cyro Industries, Acrylite FF)
with the scatterers composed of small TiO4 particles of
average diameter approximately 50 nm. The reduced
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Fig. 3. (Color online) Experimental setup used to measure the

speckle intensity patterns as a function of the laser diode center
frequency. The Fabry-Perot interferometer is used to monitor
the change in the laser diode center frequency as it is tuned.
Lens L1 (f1,; =50 mm) focuses the laser output onto the front face
of the scattering random medium. The spatial structure of the
speckle pattern at plane P1 is controlled by the unity magnifica-
tion spatial filter. Lens L2 (f{,=75 mm) provides a magnification
factor of M'=10 from the plane P1 to the CCD image plane, where
the resultant frequency-dependent speckle pattern is obtained.
The combination of polarizer, half-wave plate (HWP) and
quarter-wave plate (QWP) before lens L1 is used to control the
polarization of the input beam and the polarizer plus QWP after
L2 is to select the desired output polarization.

scattering coefficient in a diffusion model was pu,=4 cm™,
corresponding to a transport mean free path of 0.25 cm,
the mean distance for the photon direction to be
randomized.*?

A small area from the back of the scattering medium
(approximately 0.90 mm X 0.67 mm) was imaged onto a
cooled CCD camera (CoolSNAP HQ from Roper Scientific,
Inc.) with 1392X 1040 pixels of size 6.45 um X 6.45 um.
The input beam and the detection spot were colinear.
Hence, the CCD camera captured the forward-scattered
light and quasi-ballistic light. The imaging optics con-
sisted of a spatial filter in a 4f telescope configuration
that gave unity magnification at the plane P1 and an-
other lens L2 that provided a magnification of 10 from the
plane P1 to the CCD image plane. The spatial filter was
formed by two identical achromatic lenses of focal length
f=50mm and an adjustable iris aperture, located at the
Fourier focal plane. The aperture was used to control the
spatial feature size of the speckle so that the CCD camera
adequately resolved each spot and so that there were ad-
equate independent samples in the image, i.e., enough
spots for good statistics. The feature size of speckle can be
approximated by the Airy pattern, which gives that the
central spot for light passing through a small circular ap-
erture has a spot size radius of approximately r
=1.22\z;/D, where \ is the wavelength, z; is the image
distance, and D is the diameter of the aperture.** In our
experiment, we used an aperture of radius 1 mm and the
resulting speckle spots had a radius of approximately
0.5 mm at the CCD camera plane.

The combination of polarizer, HWP and quarter-wave
plate (QWP) was placed before the scattering sample to
control the input polarization state. The output polariza-
tion was selected by placing a QWP and a polarizer before
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the CCD camera. The whole data acquisition process was
controlled through a computer interface by a program
written in LABWINDOWS. As the light frequency was
scanned, a series of intensity speckle patterns were cap-
tured by the CCD camera and sent to the computer for
data processing.

4. RESULTS AND DISCUSSION

A. Intensity Speckle Pattern

An example speckle pattern from the samples studied is
shown in Fig. 4(a). This is a measured pattern for a case
where the input and output light are both RHCP, u,
=4 cm™!, and the sample thickness is 9 mm. The intensity
histogram calculated from the speckle image in Fig. 4(a)
is presented as a semilogarithmic plot in Fig. 4(b). The
speckle intensity statistics are therefore modeled well by
a negative exponential probability density function, given
by p;(I)=({I)t exp(-I/{I)), where (I) is the mean intensity.
This suggests that the fields are zero mean circular com-
plex Gaussian, allowing for the intensity correlations of
Subsection 2.D to be applied. Recently, Gerke et al., for
the first time, directly measured the polarized field statis-
tics for weakly scattering samples, including a sample
with the same scattering (a 9mm sample with g,
=4cm™1) and found the transmitted light to have zero
mean circular Gaussian field statistics.?” We have found
that the sample thickness should be greater than the
mean free path {* to obtain a negative exponential inten-
sity distribution. We can therefore proceed with confi-

X0

2 4 6
Intensity |/p,|

(b)

Fig. 4. (a) Typical intensity speckle pattern from the scattering
media studied, captured by a CCD camera, for a 9-mm-thick
sample having u/=4 cm™'. The input and output light are both
RHCP. (b) Intensity histogram obtained from the speckle pattern
given in (a) plotted on a semilogarithmic scale. The negative ex-
ponential intensity probability density function fit to the result
in (b) is indistinguishable.
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dence in using the second- and third-order intensity cor-
relations with frequency for the samples we present.

For even less scattering media, because of the strong
ballistic light, the field statistics deviate from zero mean,
resulting in the field being a constant phasor plus a ran-
dom phasor sum.*> Similar results for microwave field
transmission in a random medium were also obtained by
Chabanov and Genack*® and Garcia-Martin et al. ,47 in
both experiment and theory. Deviations from zero mean
circular Gaussian field statistics for optically thin random
media preclude the approach we present for the use of the
intensity frequency correlations as a means to determine
the ensemble average impulse response.

B. Degree of Polarization

Light loses its initial polarization state with increasing
scatter, i.e., with increasing distance into the scattering
medium. The samples we measured had thicknesses
ranging from 3 to 21 mm. The measured mean intensity
as a function of sample thickness is shown in Fig. 5, with
fixed input power. Notice that while the copolarized light
for both LP and CP input appear similar (on a linear
scale, it becomes clear that for thin samples, the mean for
the LP case is slightly higher), the cross-polarized CP
mean is appreciably higher for the thinner samples. From
the Mie scattering result for a single spherical scatterer,
shown in Fig. 2, for CP there is more forward-scattered
cross-polarized light generated per scattering event, sup-
porting our measurement result.

We define the degree of polarization as

Iy -1

= (14)
Iy+0,)
where (-) is a spatial ensemble average over the intensity
speckle statistics for a specific polarization, /| is the inten-
sity in the copolarized state, i.e., the same polarization as
that incident, and I | is the cross-polarized light intensity.
For LP, I} is measured as I, and I, as I,,. Because the
scattering samples used were homogeneous and con-
tained spherical scatterers, we have I,,=1I,, and I,,=1,,.
Likewise for CP, I|=I;;=1,, and I, =I;,=1,;. Hence, we can
obtain P for LP and CP, respectively. The measured de-
gree of polarization as a function of thickness for the
samples is shown in Fig. 6. The input light, either CP or
LP, initially has P=1 or is perfectly polarized. With in-
creasing scatter, the degree of polarization decreases and
eventually goes to zero at a scatter level where polariza-
tion information is lost. From Fig. 6, the light is nearly
completely depolarized at a thickness of 18 mm, which is
approximately seven times the transport mean free path.
We can consider this as the characteristic length for de-
polarization for the scattering materials we used. The
data in Fig. 6 indicate that, indeed, LP light depolarizes
more slowly that CP light. This is again consistent with
the single-scatterer model of Fig. 2. In a previous work, it
was also found that for small scatterers, relative to the
wavelength, LP light maintains its polarization better
than CP light, whereas for moderate, or large-sized scat-
terers (comparable to or large with respect to the wave-
length), CP light was found to maintain its polarization
better than LP light.'®%® The 50 nm TiO, particles in the
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Fig. 5. Measured mean intensity for copolarized and cross-
polarized light for LP and CP input as a function of sample thick-
ness, with input power fixed. The sample has u/=4 cm™.
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Fig. 6. Degree of polarization as a function of sample thickness:
linear polarization (crosses), circular polarization (circles). The
sample has u/=4 cm™.

samples we tested at a wavelength of 850 nm are in the
small scatterer regime.

C. Polarized Intensity Frequency Correlations

By scanning the frequency of the laser diode, we obtained
a sequence of speckle patterns as a function of frequency
and performed speckle intensity correlations. Figure 7
shows the second-order correlation (autocorrelation) func-
tion of the measured speckle patterns for various polar-
izations and sample thicknesses. There are significant dif-
ferences between the copolarization and cross-
polarization results for the thinner samples. Where there
is polarization information, the copolarized light decorre-
lates more slowly with frequency than the cross-polarized
light for both LP and CP input light, a difference that di-
minishes with increasing sample thickness. The spectral
width of the second-order correlation is a measure of the
temporal features in p(#), where a more rapid temporal
response results in broader spectral content. The copolar-
ized light has significant quasi-ballistic content, and
hence the response decorrelates with frequency more
slowly. While the depolarization in Fig. 6 relates to the
temporal integral of the unnormalized p;i(t), i.e., the
mean intensity, the second-order correlation in Fig. 7 is a
measure of the temporal variation. The copolarized re-
sults for LP and CP are virtually identical. While the scat-
tered light from a single scatterer for the two cases has
significant differences (see Fig. 2), the copolarized light
features for the thinner samples in Fig. 7 are dominated
by the quasi-ballistic light, which is largely forward scat-
tered and hence effectively retains the incident polariza-
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Fig. 7. Second-order intensity correlations for copolarized and
cross-polarized light for scattering samples of various thickness
for samples thicknesses of (a) 6 mm, (b) 9 mm, (¢) 12mm, (d)
15 mm, and (e) 18 mm. The triangles show linear polarization
and the circles show circular polarization. The solid curves are
calculated from a diffusion model using u,=4 cm™.
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tion. The copolarized light is less sensitive to the initial
input polarization. For cross-polarized light, the intensity
in the forward direction after a single-scattering event is
very small, as shown in Fig. 2. Therefore, cross-polarized
light measured in the forward direction has more
multiple-scattering features and hence a more slowly
varying temporal response and a more rapid decorrela-
tion with frequency. We find it interesting that for the two
thinnest samples, the CP cross-polarized light decorre-
lates more slowly with frequency than the LP result.
From Fig. 2, more cross-polarized light is forward scat-
tered in the CP case, which suggests a more peaked tem-
poral response and a broader correlation bandwidth.
While a model that represents the multiple scatter in this
regime is necessary to completely understand the effect, it
appears that the single-scatterer result is consistent with
the cross-polarized intensity correlations of Fig. 7.

The results from a diffusion model for the slab
problem®’ are given in Fig. 7. This model is appropriate
when the light is totally randomized in direction and po-
larization. In our experiment, the 18-mm-thick sample
appears to fall into this category, and that case, in Fig.
7(e), shows excellent agreement between the measured
data and the model. This regime allows u!=4 cm™! to be
extracted (u, is assumed to be zero). For sample thick-
nesses less than 18 mm, the second-order correlation
shows polarization dependence. In moderate scatter re-
gimes, it appears that the cross-polarized light is better
approximated by the diffusion model [see Figs. 7(c) and
7(d)], while the copolarized result deviates significantly
from this model. The cross-polarized light has more
multiple-scatter influence and is better represented by a
diffusion process. In the thinnest samples [see Figs. 7(a)
and 7(b)], both copolarization and cross-polarization re-
sults are quite different from the model, indicating the in-
applicability of the diffusion approximation in these
cases.

D. Polarized Temporal Response

Temporal responses for multiple polarizations can be ob-
tained from intensity frequency correlation data using the
third-order correlation technique described in Subsection
2.D. With the 80 GHz frequency scanning range of our la-
ser, we were able to effectively reconstruct the temporal
responses for samples having a thicknesses of 12 mm and
greater. These results for copolarized and cross-polarized
light are given in Figs. 8-10 for the 12, 15, and 18 mm
samples, respectively. A Hamming window was used to
smooth the reconstructed temporal response, as described
in Subsection 2.D. Because there is little difference be-
tween the LP and CP results for these samples, we do not
make a distinction. The temporal responses for copolar-
ized and cross-polarized light are clearly distinct for the
12- and 15-mm-thick samples, with the cross-polarized re-
sponse being broader and less peaked. The result sug-
gests that, on average, cross-polarized light is delayed
relative to copolarized light. The temporal responses are
in agreement with the second-order intensity correlation
results of Fig. 7, which show that the copolarized light
decorrelates slower with frequency than cross-polarized
light. The temporal responses calculated from the diffu-
sion model, assuming a reduced scattering coefficient of
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Fig. 9. Reconstructed temporal responses for the 15mm
sample. (a) Copolarized light (solid curve) compared with a diffu-
sion model (dashed curve). (b) Cross-polarized light (solid curve)
compared with a diffusion model (dashed curve).
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Fig. 10. Reconstructed temporal responses for the 18 mm
sample (solid curve), regardless of polarization, compared with
the diffusion model (dashed curve).

4 cm™!, are presented as dashed curves in Figs. 8—10. No-

tice that the cross-polarized temporal response is pre-
dicted quite well, particularly for the 15 mm sample. This
suggests that the cross-polarized light is more diffusive
and contains less ballistic light and thus is more accu-
rately approximated by the diffusion model. The 18 mm
sample result in Fig. 10 has indistinguishable copolarized
and cross-polarized temporal responses. The agreement
between the measured data and the diffusion model is ex-
cellent. We can conclude that the diffusion model is only
valid when the light is almost depolarized, as is the case
for the cross-polarized light for the samples of moderate
thickness.

5. SUMMARY

For scattering media where the fields are circular Gauss-
ian, use of second- and third-order frequency correlations
of speckle intensify patterns allows for the ensemble av-
eraged impulse response to be determined to within an
arbitrary time offset for multiple polarization states. The
samples measured had scatterers whose size was small
relative to the wavelength. Cross-polarized light was
found to decorrelate faster with frequency than copolar-
ized light and appears more diffusive. This is supported
by the temporal response reconstructed using the third-
order correlation technique. With less scatter, LP light
was found to retain its polarization state better than CP,
but in the transmission measurement, the CP cross-
polarized light had a broader second-order frequency cor-
relation. This difference diminishes with increasing scat-
ter, as does the difference between copolarized and cross-
polarized data. Comparison between the measured
results and the diffusion approximation shows that this
model is valid only in the regime where the light is almost
depolarized.
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