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Optical path-length spectroscopy of wave
propagation in random media
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We propose optical path-length spectroscopy as a new approach to obtaining information from media that
exhibit multiple light scattering. By using a backscattering technique based on low-coherence interferometry,
we are able to determine the optical path-length distribution for light ref lected from a random medium and
to infer the value of the transport mean free path. We illustrate how a diffusion approximation model leads
to a satisfactory description of depth-resolved profiles of the backscattered intensity and discuss potential
applications of this technique.  1999 Optical Society of America
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Low-coherence inteferometry (LCI), which was devel-
oped initially in the field of fiber optics,1 has be-
come a widely used technique for various applications
that involve biomedical imaging.2,3 The use of light
sources with short temporal coherence produces the
depth resolution needed for optical imaging, and the
method is generally referred to as optical coherence
tomography. So far, LCI has been used as a filter
that suppresses multiple light scattering and preserves
the single-scattering component characterized by well-
defined scattering angles and polarization.3 In this
Letter we show, for the first time to our knowledge,
that LCI can also be used to investigate the multiple-
scattering regime of wave propagation, and we discuss
some characteristics that make this approach particu-
larly appealing for applications.

A multiple-scattering regime is usually associated
with wave propagation through optically dense ran-
dom systems and is commonly described in terms of
a diffusion equation. This is an approximation for en-
ergy transport in which isotropic elastic scattering and
wave propagation at a constant group velocity are con-
sidered and polarization and interference effects are
neglected.4 Diffusive wave propagation depends on
the specific scattering geometry and is characterized
by the probability density P ssd of optical path lengths
through the medium. In general, P ssd can be theoreti-
cally estimated for different experimental configura-
tions, but, so far, direct experimental studies of optical
path-length distribution have been limited to investi-
gations of temporal broadening of short light pulses
that propagate diffusively.5 – 9 The time t necessary
for the optical wave to propagate along a path of length
s is simply given by t  syv, where v is the average
velocity of energy transport. We can relate the steady-
state transport mean free path sltd to the dynamic dif-
fusion coefficient D by considering a constant energy
transport velocity v  3Dylt. In steady-state condi-
tions, lt depends on both the number density of the
scatterers and the size and shape of each individual
scatterer: lt  fnsss1 2 gdg21, where n is the number
density of scatterers, ss is the cross section of a single
scattering event, and g is the average cosine of the scat-
tering angle. Note that this definition is valid for ran-
dom media that are far from the localization condition,
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i.e., lt .. l. For media of finite thickness, the condi-
tion under which the diffusion theory is generally valid
is ltyL ,, 1, where L is the thickness of the random
medium. The accuracy of the diffusion approximation
has been questioned in the past, and experiments on
time-resolved diffuse transmission have shown that
it becomes increasingly less reliable when the thick-
ness of the sample decreases and the anisotropy factor
increases.8 However, it has been shown that, when
internal ref lections at the boundary and scattering
anisotropy are properly taken into account, the diffu-
sion predictions are accurate for samples as thin as
,5lt.10 Recently Lemieux et al. expanded the limits
of applicability of the diffusion approach by using a te-
legrapher equation that takes into account the ballistic
transport and by modeling the scattering anisotropy
in terms of a field concentration discontinuity at the
source point.11

Here we propose a novel approach to investigation
of wave propagation through random media. Based
on the LCI principle, the new technique, called opti-
cal path-length spectroscopy (OPS), directly infers the
path-length distribution P ssd of waves scattered by a
random medium. In this Letter we present OPS exper-
iments in a backscattering geometry that is appealing
for a variety of applications, but this is by no means a
restriction on the principle of the proposed method. It
is worth noting that the information provided by OPS is
somewhat similar to that obtained from time-resolved
ref lectance measurements, for which the diffusion ap-
proximation provides a reasonable description of the
experimental data.

In the present LCI geometry, light from a broad-
bandwidth source is first split into probe and ref-
erence beams, which are both retroref lected from a
targeted scattering medium and from a reference mir-
ror, respectively, and then subsequently recombined
to generate an interference signal. Assuming quasi-
monochromatic optical fields sDlyl ,, 1d, the de-
tected intensity has the simple form Id  Is 1 Iref 1

2
p

Is
p

Iref coss2pDsyld, where Id, Is, and Iref are the
detected, scattered, and reference intensities, respec-
tively. The optical path difference between the scat-
tered and the reference fields is denoted Ds, and l

is the central wavelength. Two conditions must be
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fulfilled to yield interference maxima: Ds must be a
multiple of the wavelength, and jDsj , lcoh, where lcoh
is the coherence length of the source. In the present
OPS configuration, Is corresponds to the ref lectance of
a multiple-scattering medium. In LCI, only the class
of waves that have traveled an optical distance that
corresponds to the length of the reference arm is able
to produce fringes and is, therefore, detected. In the
optical path-length domain, the interferometer acts as
a bandpass filter with a bandwidth given by the co-
herence length of the source. Accordingly, the shorter
the coherence length, the narrower the optical path-
length interval of backscattered light that will produce
detectable fringes. Now, if we let the reference mirror
sweep the reference arm, waves with different optical
path lengths through the medium are detected, and an
optical path-length distribution is reconstructed. As
the reference mirror is moved, the peak of the beat
signal produced is proportional to the squared root of
the optical ref lectance, the quantity of interest in our
backscattering geometry. The interference signal is
the dot product of the optical fields returning from
the reference and the test arms, and, although the
source sends an unpolarized signal into the random
medium, polarization effects still occur as a result of
the scattering processes. To achieve a polarization-
independent measurement we split the unpolarized
light coming from the medium into two orthogonally po-
larized components, which are directed to two photodi-
ode detectors; the reference field is maintained linearly
polarized and is equally divided between the two de-
tectors.12 The amplitude of the beat signal envelope
from each detector is measured, the squares of these
are added, and the interference signal obtained is in-
dependent of the polarization state returning from
the scattering medium. A dynamic range better than
90 dB is obtained in practice. We note that the OPS
approach is experimentally limited by the fact that
the signal that corresponds to long paths within the
medium is weak, and therefore a large dynamic range
is needed for accurate measurements in the tails of
the path-length distributions. However, unlike for dy-
namic techniques, there is no need for sophisticated
time-of-f light configurations, and the measurement
can be taken over longer periods of time to yield a better
average. The ref lectance signal is typically averaged
over 100 successive scans, which significantly improves
the signal-to-noise ratio.

In this Letter we present OPS data on suspensions
of polystyrene microspheres in water, with various vol-
ume concentrations. The low-coherence interferome-
ter used for our studies has a light-emitting diode
as a source with a coherence length of 10 mm and
a broad wavelength band centered at 1300 nm. The
same single-mode optical fiber is used to send and col-
lect the light from the random medium. Throughout
our experiments, the dimensions of the samples are
much larger than the transport mean free path, and
the illumination geometry is such that the scattering
system can be treated as a semi-infinite medium.

In this particular configuration of OPS, the source
and the detector physically overlap, and the inci-
dent beam is narrow, collimated, and normal to the
wall of the glass cuvette that holds the homogeneous
medium. We calculate the diffusively backscattered
energy f lux by applying a time-dependent diffusion
approach. In media with negligible absorption, the
diffuse energy density Csr, td satisfies the diffusion
equation ≠Csr, tdy≠t  D=2Csr, td 1 dsrddstd, where
dsrddstd is the impulse source at times t  0 and r  0
and D is the diffusion coefficient, given by D  svltdy3.
Setting an appropriate boundary condition such that
C vanishes on the plane z  2z0, we can solve the
diffusion equation by using the image source method
(see, for instance, Ref. 6), and the energy f lux is ob-
tained from Fick’s law.13 Assuming an average energy
transport velocity v, the path-length dependence of the
energy f lux detected in the particular OPS geometry
sr  0d can be evaluated to be

Jssd  s4plty3d23/2z0vs25/2 exp
µ

2
3z0

2

4slt

∂
, (1)

where the extrapolation length z0  2y3s1 1 Reff dys1 2

Reff dlt carries the information about the effective re-
f lectivity Reff at the boundaries. The extrapolation
length ratio z0ylt is critical for describing light diffu-
sion inside bounded media, and by study of the angular
dependence of diffusely transmitted light it has been
accurately measured for various interfaces. For our
particular case of air–glass–water interfaces, its value
is 1.77.14 It is worth mentioning that the s25/2 behav-
ior of the energy f lux corresponds to diffusive waves
with large optical path lengths.

The path-length-resolved backscattered intensities
that correspond to water suspensions of polystyrene
microspheres with particle diameters of 0.426 mm and
various volume fractions are shown in Fig. 1. The
data are normalized with the intensity of the incident
field. For clarity, the values of normalized backscat-
tered intensities have been scaled as indicated. To
account for instrumentation effects we use a twofold
fitting procedure. First, the trail of the distribution
is fitted with 25y2 dependence to yield an amplitude
normalization constant and, second, the whole distri-
bution is fitted with the prediction of Eq. (1) to infer
the value of lt. In the present experiments, absorp-
tion effects have been neglected because the absorption
lengths of the media are roughly 2 orders of magnitude
longer than the corresponding scattering lengths. As
we can see from Fig. 1, the diffusion theory, corrected
for the effective ref lectivity of the interface, makes a
good description of the experimental data that corre-
spond to various volume fractions. Applying the Mie
scattering theory, we also calculated the corresponding
values of the transport mean free paths for these me-
dia. Excellent agreement was obtained between the
conventional estimations of lt and the results of our fit-
ting procedure. For samples with volume fractions of
2.5%, 5%, and 10%, the measured lt values of 197, 101,
and 49.2 mm are to be compared with, respectively, 206,
103, and 51.5 mm obtained from Mie theory. These
results suggest that reliable measurements of photon
transport mean free path can be based on OPS.

Finally, we comment on the potential of OPS as an
investigation method and mention some of the areas



444 OPTICS LETTERS / Vol. 24, No. 7 / April 1, 1999
Fig. 1. Values of normalized backscattered intensity corre-
sponding to suspensions of polystyrene microspheres with
diameters of 0.426 mm and with volume fractions of 10%,
5%, and 2.5%. Continuous curves, the fit with the func-
tional form in Eq. (1). For clarity, the normalized intensi-
ties have been scaled as indicated.

for which this new technique can be relevant. One can
directly obtain the optical path-length probability den-
sity P ssd by normalizing the low-coherence ref lectivity
data; subsequently, one can infer characteristics such
as the average optical path length as well as higher-
order moments for any kind of random medium. A
detailed description of field penetration depth is impor-
tant in many light-delivery applications and becomes
crucial for medical techniques such as photodynamic
therapy. For brevity, in this Letter we have neglected
absorption, but incorporating its effects is straightfor-
ward. It is well known that the correlation function
measured in diffusive wave spectroscopy is merely the
Laplace transform of P ssd,15 and we anticipate that a di-
rect experimental evaluation of P ssd will permit a more
accurate analysis of diffusive wave spectroscopy data.
As we mentioned above, the parameter z0ylt is inti-
mately related to the boundary ref lection effects on the
wave transport within the medium. Although this pa-
rameter can be calculated when the refractive indices
at the interface are known, experimental access to it
for arbitrary samples has been limited, so far, to an-
gularly resolved diffuse transmission.14 OPS provides
a high-resolution P ssd distribution, and it can be used
for accurate measurements of the boundary ref lection
properties of unknown systems.

In conclusion, we have introduced a new approach
to measuring the optical path-length distribution of
light scattered from a random medium. The proposed
optical path-length spectroscopy is not limited to the
study of dynamic randomness or to backscattering
geometries. The results presented in this Letter show
that accurate data about the transport mean free
path can be obtained and that the less-demanding
instrumentation needed for recording OPS data makes
this approach appealing for a variety of applications.
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