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Path-length-resolved dynamic light scattering in highly scattering random media:
The transition to diffusing wave spectroscopy
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We used low coherence interferometry to measure Brownian motion within highly scattering random media.
A coherence gate was applied to resolve the optical path-length distribution and to separate ballistic from
diffusive light. Our experimental analysis provides details on the transition from single scattering to light
diffusion and its dependence on the system parameters. We found that the transition to the light diffusion
regime occurs at shorter path lengths for media with higher scattering anisotropy or for larger numerical
aperture of the focusing opticES1063-651X98)11112-1]

PACS numbefs): 82.70.Dd, 87.64-t, 87.80:+s

Dynamic light scatteringDLS) has been used extensively the diffusing light regime occurs at shorter path lengths for
during the past few decades for characterization of the strueither higher scattering anisotropy or a larger numerical ap-
tural and dynamical properties of materials that weakly scaterture(NA) of the collection optics.
ter light[1,2]. DLS is based on measuring fluctuations in the A schematic of our LCI system is shown in Fig. 1. The
intensity of the scattered light arising from phase and/or amsingle-mode fiber optic interferometer is illuminated with an
plitude fluctuations induced by particle dynamics. This tech-850-nm superluminescent diod25-nm spectral bandwidth,
nique is applicable to media in which the detected light hasl.2-mW output power The optical properties of the sample
scattered no more than once. In highly scattering materialgenerate a distribution of optical path lengths in the sample
the scattering angle and the polarization of the scatteredrm, while the path length in the reference arm is determined
wave are not well defined due to multiple scattering eventsolely by the position of the retroreflector. Interference is
and details about the sample properties are lost. Howeveobserved only when the optical path-length difference be-
the intensity of the multiply scattered light is accurately pre-tween the reference and the sample arms is within the coher-
dicted by the photon diffusion equation and therefore theence length of the source. Thus a coherence gate is used to
theory of diffusing wave spectroscopWS) can be applied select specific path lengths within the sample. The amplitude
for quantitative analysis of the angle averaged dynamic propef the interference signal is therefore proportional to the
erties[3,4]. Although both DLS and DWS provide informa- path-length-dependent reflection/scattering properties of the
tion about the structural and dynamical properties of thesample. In the single scattering regime the axial resolution is
sample, they are only valid in the two extreme cases otletermined by the source coherence length, while the lateral
single scattered and diffusive light respectively. Durféh  resolution depends on the focusing optics. The position of
and Kaplanet al. [6] have studied conditions under which the reference mirrofretroreflectoy is adjusted in such a way
DWS is valid, but still little is known about the intermediate as to align the coherence gate with the beam waist, thus
regime between DLS and DWS. Since the detection of muloptimizing the rejection of multiply scattered ligf].
tiply scattered light causes degradation of image contrast and As demonstrated in our previous stud|€3, particle dy-
resolution in confocal7] and optical coherence microscopy namics of highly scattering media can be imaged and quan-
[8], a clear understanding of the transition from ballistic totified in the single scattering regime with dynamic LCI by
diffusive light will permit a quantitative analysis of scatter- examining the intensity fluctuations of the backscattered
ing media that do not satisfy the single scattering or lightlight and extracting information from the photocurrent power
diffusion criteria and can lead to the development of newspectrum. For a fixed position of the reference mirror of the
techniques for image quality improvement.

In this paper we show how low coherence interferometry
(LCI) can be used to make path-length-resolved measure-
ments of particle Brownian motion within highly scattering
media. LCl uses a coherence gate to select light that has
traveled a specific path length in the medium. Thus it is
possible to detect light that has scattered only once within a

Retroreflector

Collimating

turbid medium and to apply DLS for the determination of the Compu{eﬁzed Focu+sin
sample dynamical properties or to select only diffusive light S;;Z‘i;‘;‘:: stages " Objec,i‘,ﬂs
and apply DWS theory. We experimentally demonstrate o :

these two extremes in highly scattering samples of polysty- ; Computer

rene microspheres, as well as the smooth transition between
them. We show experimentally that this transition depends
on the scattering properties of the medium and the measure- FIG. 1. Dynamic low coherence interferometer. SLD denotes
ment geometry. In particular, we find that the transition tothe superluminescent diode and PD the photodetector.

Sample
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interferometer and a sample consisting of a monodisperse
suspension of scattering particles undergoing Brownian mo-
tion, the photocurrent power spectrum is a LorentZih2]

1
P(f)=5
1+

Toaf 2 (1)
7

whereA is the amplitude of the power spectrum ddds the
spectrum linewidth.

In an optically dilute suspension, light scatters only once
before detection; therefore, the scattering angle and polariza
tion are well defined. For the case of single scattered light,
assuming weak scattering and noninteracting particles, the
power spectrum linewidth is proportional to the particle self-
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where Dg=kgT/3mna, kg is the Boltzmann constant, is i 800 -
the temperaturey is the viscosity of the suspending liquid % 600
(in our case of HO, »=1.0 cp3, anda is the hydrodynamic =
diameter of the scattering particle. Hereenotes the photon 2 400 A
momentum transferg=2k sin (6/2), wherek is the wave  ~ 200 | - 4k,2Dy
vector in the scattering medium amlds the scattering angle. Lo
Note that Eq.(2) is valid for optical heterodyne detection, 0 . . . . . .
while in the case of homodyne measurement, the expressiol 0 500 1000 1500 2000 2500 3000
is multiplied by a factor of 2. Path length (um)

In an optically dense medium where light scatters mul-
tiple times before detection, the scattering angle, the polar- 1 ()
ization of the scattered wave, and consequently the momen ]
tum transferq change with each scattering event. In this case £ 0"
Eqg. (2) no longer describes the observed power spectrum. 5 102
According to the DWS theory, for the case of light diffusion £
through a turbid medium undergoing Brownian motion, the & 445
power spectrum of the detected diffuse light is also a Lorent- §
zian, but with a linewidth dependent on the scattering prop- E— 104
erties of the medium and the photon path length within it <
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10°® T T T T T
0 500 1000 1500 2000 2500

S
O =2k’Dg . 3
B* @ Path length  (m)

Heresis the path length traveled by the light in the medium, FIG. 2. () Power spectrum measured at depths ofufé and 2
I*=1,/(1—g) is the photon random walk length, is the MM below the sample surface. The solid curves indicate the Lorent-
photon scattering length, angs the scattering anisotropy of Zzian fits. (b) Lorentzian linewidth as a function of the path length
the medium defined as an average of the cosine of the scdfirough the scattering medium. The solid lines indicate the expected
tering angle. For polystyrene microspheres we were able tBr_1eW|dth behaylor in the smg_le scatte_rlng and light dl_ffusmn re-
calculatel* andl, using Mie theory and the Percus-Yevick gimes, respectively(c) Lorent2|§tn ampl{tude as a fu'nctllon.of .the
structure factors for hard spherissl]. path length through the_ scattenng medlu_m. The sohd_ line |n_d|cates
To explore the effect of multiply scattered light on the the expected exponential decay in the single scattering regime.
spectrum linewidth we measured the power spectrum as a
function of path length in a highly scattering, monodisperseof the sample, corresponding to path lengths ofy#6 and
suspension of 0.22:im polystyrene microspheres in water. 2.0 mm, respectively. The solid lines through the data points
The particle concentratio@% volume fractiopwas chosen represent the expected behavior according to Etjsand
to yield a photon scattering lengtk 100 um. The power (3), respectively. The spectra were normalized to facilitate
spectrum was measured in steps of¢38 inside the sample their comparison. Note that for the measurement at the
and the spectrum linewidth and amplitude were determinedbnger path length, it was necessary to account for tlie 1/
by fitting the experimental data with a Lorentzian function electronic noise that was significant at lower frequencies.
[Eq.(1)]. Figure Za) shows the power spectra measured withThis was done by directly measuring the Epectrum and
the focal point positioned 33 and 10@@n below the surface including it in the Lorentzian fit. As Fig. (@ shows, the
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power spectrum measured at a path length of 20 photon scat- 15007 5,
tering lengths(2.0 mm) through the sample is considerably
broader than the spectrum measured close to the suspension
surface, where the detected light is scattered only once. This
broadening of the power spectrum can result from changes in
either the particle diffusion coefficient or the total accumu-
lated momentum transfer or both. Since the sample was a
homogeneous, monodisperse suspension held at constant
temperature, the observed increase in the linewidth could
only be attributed to changes in the accumulated momentum 50{cognasflla ° m:g;g
transfer resulting from detection of multiply scattered light, A NA=055
as predicted by DWS theory. 0 : : , , : : : ,
To examine how well our measurements agreed with the o 2 4 6 8 10 12 14 16 18
predictions of the DWS theory we measured the Lorentzian Number of scattering lengths
linewidth as a function of path length in the sample. In Fig.
2(b) we plot the linewidth versus the path length in the me-
dium. As previously observef®], the spectrum linewidth i oK X ,
changed very littigwithin 5% of the value predicted by the [0CUSIng objective(a) sample scattering anisotropy-0.2 and(b)
DLS theory up to 6 scattering lengths through the suspen-sampIe scattering anisotrofgy=0.75.
sion. This indicated that dynamic LCI is detecting only o . .
single scattered light. In this region we measured a linewidtffOPy. A quantitative experimental analysis followed by a
of 122 Hz Corresponding to a Brownian diffusion coefficient theoretical model of this transition will set the basis for de-
Dg=1.98x 10 8 cm?s, which was in good agreement with velopin_g new computer algorithms that minimi;e the_ e_ffects
the expected value of 2.0010 8 cn?/s. For path lengths Of multiply scattered light. In order to characterize this inter-
greater than 20 scattering lengths, we observed a linedRediate regime we used a reflectance mode geometry with a
broadening of the Lorentzian linewidth with photon path Single fiber for emission and collection of light. In this case
length in the media as predicted by the DWS theoryWe €xpected the transitionormalized by the scattering
[Eq. (3)]. For a path length of 2.2 mm and random walk 'ength to depend only on the NA and the sample scattering
lengthI* of 0.133 mm we measured a linewidth of 986 Hz anisotropy. _
corresponding to a Brownian diffusion coefficient Bf To explore the dependence on the NA of the focusing
—1.99x 10”8 cné/s, which was in excellent agreement with OPtics, we performed measurements on the same sample with
the expected value of 2.00L0 8 cn#/s. In the transition three different microscope objectivésiA=0.12, 0.32, and
region for path lengths ranging from 6 to 20 scatteringo-55- The experimental results are shovyn in Fi(p)3These
lengths we observed a nonlinear broadening of the linewidtfesults clearly demonstrate that increasing the NA causes the

corresponds to detection of light that has scattered more thdfansition to occur at shorter path Iengths. Repeated measure-
once but is not yet diffuse. ments on monodisperse suspensions of particles with mean

Figure 20) illustrates the effect of the detection of multi- diameters 0.3, 0.55, and 1.g6n revealed that this behavior
ply scattered light on the Lorentzian amplitude. As expectedf the linewidth is typical for media with low scattering an-
in our practically nonabsorbing sample, in the single scatterlSOtropy (observed fora=0.22um with g=0.2 and a
ing regime the amplitude decayed exponentially with the=0-3xm with g=0.39. However, in suspensions with a
path length with an extinction coefficient equal to the scatarger scattering anisotropya=0.55um with g=0.75 and
tering coefficientu of the medium fis=11,). The solid a=1.06um with g=0.9) the effect of the NA on the line-
line through the data points represents the decay predicted
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FIG. 3. Linewidth as a function of the number of photon scat-
tering lengths f¢S) in the medium for three different NAs of the

from the single scattering theory. The agreement between the 117
experimentally determined scattering coefficient and the 104 = g=02 -
theoretically predicted value was within 10—15 %. The exis- 9 ° ¢=0.39
tence of a systematic deviation due to spatial coherence has he. 8 o 97075
been discussed by Schmét al. [12]. The deviation of the § 7] Du“
experimental data from the straight line for path lengths = . ¢4 a
. - T G .

through the suspension greater than 1.3 1@ scattering Q& 51 o
lengths has been observed previously and is generally attrib- 5 4- 5 .
uted to detection of multiply scattered ligf&]. E 3 o0 o

Figure 2b) clearly demonstrates that with dynamic LCI 2 24 °° o0
we can make measurements in the single scattering and dif- 1 Soononngeet™”
fusion regimes that agree well with the predictions of DLS 0 T
and DWS theories, respectively. Currently, the transition be- 0 2Nu‘r1n be6r of8ph<1)?on1?an1d40rr11?/va1ll§s %9 22

tween these two regimes is not yet well characterized. Dy-
namic LCI offers the opportunity to acquire detailed infor-
mation on this transition. This knowledge is important since FIG. 4. Normalized linewidth as a function of the number of
detection of multiply scattered light causes image degradaphoton random walks through the medium for NA.32 andg
tion in confocal microscopy and optical coherence micros—=0.2, 0.39, and 0.75.

through the sample
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width broadening was either very smélindetectable with focusing optics. On the other hand, in a medium with low
the used experimental methaat nonexistenfsee Fig. &)]. scattering anisotropy the lateral spread of the backscattered
The results of the NA experiments indicated that the tranphoton flux is much greater; therefore, better rejection of
sition depends on scattering anisotropy. To examine the denultiply scattered light is obtained by using a low NA ob-
pendence om, we performed measurements with three dif-jective. Since the NA determines also the image spatial reso-
ferent diameter microspheres, 0.22, 0.3, and 6% while  |ytion, selecting an objective for imaging in turbid media
keeping the NA of the focusing optics constant (NA with Jow scattering anisotropy will require a compromise

=0.32). The results from these experiments, presented ifetween image spatial resolution and depth penetration.
Fig. 4, clearly show a dependence on sample scattering an-

isotropy. Specifically, for smaller scattering anisotropy diffu- N summary, we have shown that dynamic LCI permits
sive light is detected after a greater number of photon ranPath-length-resolved measurements of particle dynamics in
dom walks in the sample. The results in Fig. 4 are graphe@ighly scattering media with the ability to separate singly

versus photon random walk steg4 ) rather than scattering Scattered, multiply scattered, and diffusive light. Our results
lengths (o) to utilize thes/I* scaling predicted by DWS showed excellent agreement with the predictions of the DLS

[Eqg. (3)]. and DWS theories in the single scattered and diffusion re-

One possible explanation for the observed trends in thg@imes, respectively. We also found that the transition from
results is that in a turbid medium with high scattering anisot-ballistic to diffusive light takes fewer scattering events for
ropy the lateral spread of the backscattered photon flux dusamples with high scattering anisotropy and for collection
to multiple scattering events is smaller than the acceptanceptics with a larger NA. We anticipate that the experimental
cone of the collection optics, even for small NA objectives.results presented in this paper will stimulate the development
Therefore, the detection of multiply scattered or diffusiveof a theoretical model describing the few-scattering-event
light in this case is practically independent of the NA of theregime.
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