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Time-resolved pulse propagation in a strongly scattering material
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Light transport in macroporous gallium phosphide, perhaps the strongest nonabsorbing scatterer of visible
light, is studied using phase-sensitive femtosecond pulse interferometry. Phase statistics are measured at optical
wavelengths in both reflection and transmission and compared with theory. The diffusion constant of light is
measured in both reflection and transmission as a function of thickness and compared with theories for
diffusive transport and localization. An unusually high energy velocity due to the bicontinuous structure of the
porous network is reported. For such strongly scattering samples, we show that surface properties and the
effective index of refraction need to be treated carefully.
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I. INTRODUCTION examined experimentally with microwav¢49], have not
been tested at optical wavelengths. Extending such measure-
The propagation of light in strongly scattering disorderedments to optical and infrared _Wavelengths is vital, sin(_:e at
systems continues to excite considerable interest for a nunflch wavelengths low absorbing samples may be fabricated
ber of reasons. Understanding diffusing multiply scattere"d Possible implications for laser, telecom, and biomedical
optical waves has allowed for probing biological tissuet€chnologies as well as for random lasg26] may be ex-
through imaging 1], and colloidal dynamics through diffus- Plored- . . .
ing wave spectroscopy2]. Disorder in photonic crystals If the scattering strength is mcrease_d, mterfer_ence terms
leads to new and interesting forms of light diffusiéal, may substantially change the propagation statistics. For ex-

while even weak disorder in a photonic band N lead tample, diffuse light shows nearly twice the intensity when
€ even weak disorder in a photonic band gap can 1€ad Q. ,areq directly backward due to constructive interference
localization[4]. Recently, anisotropic diffusion of light has

) - > of time-reversed paths. This effect, known as enhanced back-
been measured in both liquid crystals and porous galliumycattering, offers a way to measure the scattering strength in
phosphide[5-7]. In the regime of extremely strong scatter- {4 sample, 1Kl), wherek=2mn,/\ is the wave vector in
ing, such interference contributions can cause diffusivghe mediumyn, is the effective refractive index of the me-
propagation to break dowi8] leading to a number of fasci- gjym, \ is the wavelength, anid is the scattering mean free
nating effects such as intenSity ﬂUCtuatiom, universal path[21] As one progresses from weak to very strong scat-
conductance fluctuatior]40], and localizatior{11]. The re-  tering, there exists a transition from extended states, where
gime of localization is difficult to obtain experimentally, thus is sample size invariant, to localized states, whBrevi-

a host of experimental questions regarding localization redences exponential reduction with increasing sample thick-
main[12-14. ness [22]. For three-dimensional systems, this requires
In disordered systems, light transport can be described bstrongly scattering materials wit =1 [23]. This is a chal-

a statistical distribution of random paths through the matetenging experimental prerequisite, and consequently there
rial. These paths are characterized by a transport mean frege few reports of classical wave localization in three-

pathl, the distance required to randomize the direction ofdimensional systemfl2,13. The reports have been ques-
propagation. In most randomly scattering systems, the intetioned [14] because residual absorption can masquerade as
ference contribution to the statistical distribution is small.|ocalization as it too results in an exponential decay of the
The statistics of such systems can be described by the diffuotal transmission with sample thickness. More sensitive
sion equation in which the rate of propagation is characterprobes of the onset of localization may require either direct
ized by the diffusion constarlD =vegl/3, wherevg is the  access to the phase coherence, dynamic measurements, or
energy velocity. There remain a number of open questiongoth[24].

regarding diffusive light transport. For example, the effective Recently, our group reported the preparation of
index of refraction has yet to be explained in strongly scatmacroporous networks of gallium phosphid@aP fabri-
tering sampleq15]. Connections between the mesoscopiccated by electrochemical etchifig5,26. The single-crystal,
topology of the sample and propagation properties are also dficontinuous mesoscopic topology contrasts with that of
current interesf16,17. Much of the phase statistics of dif- commonly studied powders. While powders are a collection
fuse waves, while theoretically predicted in defdiB] and  of polydisperse, high-index particles, macroporous materials
have a spongelike geometry and can achieve low volume to
volume ratios of high index to low index material. The

*Email address: P.M.Johnson@phys.uu.nl samples are strongly scattering in the red, due to the large
"Present address: Instituf Ftfalbleitertechnik, RWTH Aachen, refractive index of GaR3.2—3.3, but show an extremely
Sommerfeldstr. 24, 52074 Aachen, Germany. low degree of absorption at this frequency. The samples
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sample thickness, consistent with the classical diffusion !

theory. However, the enhanced backscattering cones sh0\f1’_°"‘ +
. . i-Saph.

anomalous rounding for the most strongly scattering GaP. I /__(]__I_“} ‘l - N1 . .|—>_

Unlike total transmission measurements, which average ove R4

all light paths, enhanced backscatter cones probe the pat --

length distribution and may, therefore, be more sensitive to

certain statistical features of localization. Thus it was hy-

pothesized that these samples show characteristics of bot 1 e N I —

show an inverse relationship between total transmission ant g — | . - \
i
1
1
1

T T T 1
localization and classical diffusiof27]. Both measurement A ﬁ ] ﬁ a
techniques are static, in that they average the transmitted c_._ V\“ d\
backscattered light over time. 2 ] v V 1
In this paper, we report time-resolved, phase-sensitiveS5 a0 ”‘l a2
measurements for these macroporous GaP samples usingg (| ® &

short-pulse interferometric techniq(i2g] in both transmis-
sion and reflection. Such measurements allow us to measur;
D as a function of thickness and thus test for renormalization¢y’
effects, measure, for a spongelike geometry, and resolve
the dynamic phase statistics at optical wavelengths. We finc
that even in the presence of enhanced backscatter con -1 — T T T T T T T T
rounding,D did not show the thickness-dependent renormal- 6 4 2 0 2 4 6
ization characteristic of localization. The samples do, how- t (ps)

ever, show an unusually high value fog when compared

with strongly scattering powders. The phase statistics in

transmission confirm predictions of the diffusion theory. In ) : X
reflection, the predicted functional form for the phase deriva_measured autocorrelatlon_ function for macroporous GaP described
tive distribution is confirmed while there seems to be a de—.by Eq. (1. The sample sits at the focal point of two lenses. The
viation with the predicted thickness-dependent width of thiS|nterferogram has one large central peak with a symmetric multi-

TR peak region on either side. The central peak, left peaks, and right
distribution. Also, we show that surface effects for such eaks correspond to the first, second, and third terms in(Eg.

strongly scattering samples must be carefully treated Wheﬁespectively. By deconvoluting the right peaks with the input pulse,
measuring bulk properties. the frequency-resolved amplitude and phase can be determined. The
inset to the bottom figure shows that single fringes can be resolved
with a time resolution of~0.25 fs.

FIG. 1. Cartoon of the experimental setup and an example of a

II. EXPERIMENT

The samples gonsisted of a porous layer of GaP on wafer(,;n ultrashort-pulse interferometry techniq(i28,29. We
of single-crystalline GaP. These are the same samples d

scribed in Ref[25], made by anodic etching-type single- fﬁsefd polanz_e;d bar:l_dW||dth-I|m|ted u_Itrashort pulﬁesl()o
crystalline GaP wafers. The porous region is about 5 mm i s) from a_Tl.sapp re ase(Tsunami, Spectra Physicat
39 nm, with a repetition rate of 82 MHz. The spectral band-

diameter. Etching begins at the surface of the wafer, an idth of th | bout 1% of th tral f A
proceeds in at a constant rate. Thus the thickness of thed@dth OT the pulses was about 170 of the central irequency.

samples could be varied from 5 to 120n by varying the double-pL_JIsed signal was qbtained with a fixed_ Mach-
total etching time. This process produces a uniform porosityf-ennder interferometer in which the reference arm is empty
throughout the thickness of the wafer. After anodic etching@nd the sample arm contains the scattering sartip@ 1).
the pores were not of optimum breadth to optimize the scatThe time lagt, between the pulse and the signal from the
tering cross section. Some optical anisotropy was alsga@mple could be varied using a translatable retroreflector.
present due to the slightly oblong shape of the pores. Théhe beam waist at the sample surface wa80 um. In
anodic etch process also leaves a thinlQ0 nm) solid GaP transmission, diffuse light was collected in the forward di-
surface layer where the pores initiated. rection while in reflection, diffuse light was collected at sev-
To improve the scattering strength, the anodically etcheral degrees from the specular reflection angle allowing the
samples were further photoanodically etched. This increasedear-normal incident coherent pulse to be blocked. The out-
the porosity from 35% to 50% and decreased the anisotropyut from the Mach-Zehnder interferometer passed through an
Scanning electron microscopy images of the resulting strucaperture to isolate one speckle spot in the beam output. The
tures showed them to be nearly isotropic. The average ponesulting beam contained a pair of pulses: an undisturbed
size in these samples was estimated at+13@ nm [25]. pulse followed by a pulse scattered by the sample. The com-
Photoanodic etching also reduces the amount of surface mained beam was sent through a polarizer into a Fourier trans-
terial in the samples. This process was sufficient to comform infrared (FTIR) spectrometefBiorad FTS-60A. The
pletely remove the surface layer in the thicker samples. IFFTIR uses a scanning Michelson interferometer to obtain the
the thinnest sample, some of the surface layer remained. field autocorrelation function of the pulse pair by scanning
The time-resolved measurements were performed usinthe time delayt between two copies of the pair.
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determines how both the magnitude and the phase of eac
frequency component of the input pulse are changed by the

sample to produce the output pulse. l.e., if the frequency

spectrum of the pulse i&(f), then the output from a single b

speckle spot on the sampleHg f)A(f). The FTIR measures

the autocorrelate of the reference and the signal from th
c) * pre—
_d.)._‘._
e

The complex frequency dependent transfer funchigr)
a) *

sample given by

C(t)=f [|ACF) |2+ |A(FH(F)|2]e27 d f

+J |ACT)[PH(f)el2m (o) g f

+J |ACF)[2H(f)e'2m (1) dif. 1 '
This expression is described in more detail in R28].

C(t) (arb. units, offset)

A typical output signal for a single speckle spot from the
FTIR is given in Fig. 1. Note that the FTIR resolution is
sufficient to resolve single-wave oscillations as shown in the
inset, corresponding to a resolution in time of 0.25 fs. The
source pulse|lA(t)|?=[|A(f)|?e'?" df was obtained by 2 4 6 8 10
blocking the sample puld&ig. 2a)]. |A(f)|? was calculated
via Fourier transformation. The cross correlated portion of
C(t) given by the last two terms of E¢l) gives the convo-
lution of the square of the input intensity with the amplitude T T
for light to traverse a single-channel offset iy The mea- 6.00 6.02

T
6.04

sured values for the last term @(t) are given in Figs.
2(b)—2(h). In reflection[Figs. 2b)—2(d)], there is a large t (ps)

initial pulse, that is similar to the source, because most of the )

diffuse light leaves the sample after traveling just a few mean FIG. 2. Exan?ples'of the FTIR |nterferograms_f0r amacroporous
free paths. By contrast, in transmissidfigs. 2e)-2(g)] the GaP sample W|th2 different measurement conflguratlcia}s.The
signal may show a long rise time. In both cases, the lighfUrce Puls¢A(t)|* alone, measured by blocking the beam in the
amplitude passes through zero several times. Such a Zeﬁgmp_le leg(b)—(g) The cross correla_ltlon of the source pulse and
crossing is depicted in Fig.(). Each new speckle spot was th.e q'ﬁuse pulse exiting the Sampk? " reflect!(dp)—(d) and trans-

. . mission(e)—(g). The bottom plot(h) is a magnification of speckle
obtained by translating the sampie30 um. C(t) was mea- (e) showing that the intensity passes through zero a number of
sured for 15-120 speck_le spo_ts for each sample. times.

The average output intensity from the samplg,., (1),
can be calculated by averaging the squares of the cross cgs
relation functions presented in Fig. 2 over multiple speckl
spots,

ourier transformed. To obtaiH (f), the referencgA(f)|?

€and the time lage'?7fo must be divided out. The resulting

complex functionH(f) contains both amplitude and phase
2 information as shown in Fig. 4.

Iconv(t)—<(f |A(f)|2H(f)ei2“f“t0)) > 2) In this paper, we will measure the phase statistics for

The variable delay, could be determined in transmission by ¢'(1)=(1/2m) o ¢l ot )

removing the sample, and in reflection by unblocking the,q

specularly reflected pulse and measuring its arrival time. An

example of a measurdd,,,(t) vst—tq curve in transmis- W(f)=|H()|?¢'(f) (4)

sion, given in Fig. 3, shows the exponential decay predicted

for diffuse propagation. By combining the known input pulsefor diffuse samples. The motivation for these measurements

with predictions from diffusion theory, the resulting fit yields is the recent paper from van Tiggelenal.[18]. They argue

the diffusion constant. that ¢’ can be thought of as a single-channel time delay for
To calculate the full complex spectrurh(f), the portion  a given speckle spot. This makes some intuitive sense, since

of C(t) containing the cross correlate, the average ofh’ over multiple speckle spots gives the av-

TIA(F)|?H(f)e'? (") df, must be separated from the rest erage transport time for light through the sample. The inter-

of C(t). The data array representi@t) is set to zero up to pretation loses some of its intuitive content when one con-

the point just before the cross correlate appears and thesiders that¢’ can be negative for certain frequenci@sg.
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FIG. 3. The diffusely transmitted pulse for a 20n thick
macroporous GaP sample obtained by summing the squares of the FIG. 5. The total transmission of lighT for all of the
FTIR interferograms of 70 different speckles. The narrow pulsemacroporous GaP samples as a function of wavelengtand
centered around the time origin is the incident pulse. The dashedample thicknesk. The transmission decreases monotonically with
line is Eq. (7), derived from the diffusion equation, witfD decreasing\, indicating that the samples scatter most strongly at
=23 nf/s andt,=. Inset: same data on a linear scale. the lowest wavelengths measured. The inset gives the valud of 1/
for different thicknesses at=739 nm, with a fit to Eq(5) from

4). In the same paper, the statistics 0(f), referred to as e diffusion theory.

the weighted time delay, are also calculated. This quantity is

considered fundamental because its sum over all specklEhe derivative¢’ was calculated from the slope of a local
spots in both reflection and transmission gives the density dfnear fit to several consecutive valueséf The value ofgp’
states for a given frequency. As seen from Fig. 4, both was checked as a function of the number of points in the

and W can be directly calculated from our measurementslinear fit, to check for unwanted smoothing effects. Such
effects began to become evident only for more than eight

points in the fit. We will compare the statistics ¢f andW

0.6 ' ' with the predictions of Ref.18]. Such a comparison has not
0.4 yet been shown for optical waves.
H I ] Measurements of the static total transmissionere done
0.2| ] with the sample mounted on the entrance opening of a gold-
: coated(infragold) integrating sphere. The porous side of the
0.0 ) ) sample was illuminated with a collimated halogen lamp. The
- sphere collected the light transmitted in all directions. An

40} ///""“" FTIR spectrometer was used to resolve the spectrum.
¢ 20} 1

/-"’"J lll. RESULTS

N . . A. Static measurements

0
S The static transport properties were determined from the
total transmissio as a function oL and\ (Fig. 5. There

dé/df 0 ‘ are no strongly resonant frequencies in the frequency range
probed and the total transmission decreases monotonically

with decreasing wavelength. Thus the sample scatters light

5L . . ]
13500 13550 13600 13650 more efficiently at shorter wavelengths, i.e., as the wave-
f - length approaches the pore size. The inverse of the total

(cm’) transmission vs thickness is plotted in Fig.(ilBse) at A

=739 nm. The linear behavior indicates that the data are
b=argH), and phase derivativeg/af of the transfer functio descrlb(_ad by .the classical diffusion theory with negligible
for one speckle spot from the 3om thick macroporous GaP absorptior{30]:

sample in reflection. The dashed lines mark frequencies for which 1 1

no light is emitted [H|=0), causing the phase to show a disconti-
nuity, and the phase derivative to show a strong peak.

FIG. 4. The frequency dependence of the amplit{idlg phase

2,+2,

?:Ll(l+zl)+l+zl' ®
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Here z; andz, are the extrapolation length ratios on either distributions, an example of which is given in Fig. 3, were
side of the sample. In our measurememts always corre- compared with predictions for transmitted light through a
sponds to the air-porous GaP interfaéeample side” and  diffusing material32]:

Z, to the porous GaP-solid GaP interfgtsubstrate side].

A detailed study of the surface properties of porous GaP —27De 7 _ . 1(1+2)
was recently carried out by @mez Rivaset al.[15]. Follow- (= Tz ngl nsin 7Tn|_—e
ing the technique of Vera and DurigB1], they measured the €
normalized intensity? () of light exiting the samples at the L—1(1+2) 2n2Dt
angle #. The measured and polarization dependence of ><cos< wnL— exp — 2 . (D
P(6) was consistent with the model from RE81] in which € Le
the diffuse light follows Fresnel's law for internal reflection
at the interface as a function @f at the interface. This al- Here,D is the diffusion coefficientr, is the time required
lowed for the measurement af, for these materials. for light to be absorbed in the samples, ang=L +1(z;
Following Ref.[31], z; was calculated for each sample +z,). Recent measurements of much thickelL (
from the expression =350 um), somewhat less strongly scattering, porous GaP

samples gave, =590 ps, which is two orders of magnitude

1 larger than the relevant time scales for the experiments here
2+f 4uR(u)du [7]. Increasing the scattering strength should not substan-

0 ©) tially changer,. Also, the total transmission measurements
1, ' showed no evidence of absorption. Therefore, it is safe to
3- jo I R(u)du assume that, is effectively infinity for the time scales con-
sidered here. To obtain a fit, E(f) was convoluted with the
input pulse shape. A sample fit is given in Fig. 3 usiDg
where u=cos@) andR(u) is given by Fresnel's law in re- =23 nf/s. Good fits were obtained for samples of any thick-
flection at the internal sides of the sample-air interface. Asess.
expected, the thinnest sample showed a higher valug of At long times, Eq(7) predicts a single exponential decay
(z,=3.5£0.6 atL=7.3 um) due to the presence of the re- with a rate 1#, given by
sidual thin solid GaP layer, while the thicker samples gave
consistent values of;=2.1+0.3 andn.=1.45+0.15. 1 1 2

The transport mean free pathat 739 nm was obtained Bl 77_, (8)

from the slope of the linear fit in the inset of Fig. 5, yielding T4 Ta L2
[=0.28+0.05 um. From the same spectruinwas also ob-

tained at 685 nm and 822 nm yielding values of 0.21\hich allows for a measurement of the diffusion constant
+0.04um and 0.38:0.06 um, respectively. Thud in-  fom the slope of the long tail in the log-linear plot. Repeated
creases with wavelength. The value measured at 685 NM §easurements showed that diffusion coefficients measured
consistent with that measured by Schuurmenal. on the  rom the decay of the tail of the transmitted pulse were re-
same samplef25,27. , producible to within 6%.

The extrapolation lengtl, does not influence the mea- ~ | yeflection, the expression for intensity as a function of

1=

surement of the mean free path, but is required to describgme given by diffusion theory is

the time-resolved measurements presented below. In a static

experiment its value is determined, not just by the reflectivity - -

at the interface between porous GaP and solid GaP, but also R(1) = —ex% Y |ex;{ _ D7'n t)

by that of the wafer-air interface, which also reflects light ILg Ta)h=1 Lg

back into the sample. The treatment of such a dual interface

boundary conditiodue to a substrate or a sample gelhs 42z,

given in Ref.[31] for the static case. In a dynamic experi- X 1—005( 3 277”) - 9

ment, however, the reflection from the second interface is N

separated in time by twice the interval needed for light to

travel the distance between the interfaces; in our case aboutfr short timegt<L2/(7?D)], Eq.(9) reduces to a simple

ps. It, therefore, does not significantly contribute to the pri-power law decay withR(t)=t~ %2 At long times, Eq.(9)

mary transmitted pulse. Including only the reflectivity from predicts the same single exponential decay as in transmission

the first surface and the effective index=1.45 gives the with the exponent given by E@8).

appropriate valug,=0.95+0.1. For the static experiment, The measured ., (t) in reflection for anL=35 um

z,=3.8£0.3. thick sample is given in Fig. 6. This plot shows the two
regions of decay. At long times, the decay is exponential, as

. ) seen by the linear behavior on the log-linear plot. In the
B. Dynamic intensity measurements inset, the same data are given on a log-log plot. In the inter-
The average intensity as a function of time was measuredal between~0.5 and 10 ps, power law behavior is ob-
for the samples first in transmission. The resulting intensityserved. The power law behavior breaks down at short times,
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FIG. 6. Intensity of reflected light as a function of time for the
35-um-thick macroporous GaP sample. The log-linear plot makes FIG. 7. Intensity of reflected light as a function of time in re-
clear the long time exponential decay. The narrow pulse—at, ~ flection for the 35um macroporous GaP sample, with the input
=0 is the source pulse. The inset is the same data on a log-log p|dpyulse deconvoluted from the signal. The solid line demonstrates the
showing the power law behavior at short times. The rounding at Power law behavior () o< (t—tg) ~+%*%%,
—1,<<0.3 ps occurs because the intensity is convoluted with the

input pulse. +4 n/s. The intercept is zero to within experimental un-
certainty, consistent with an unmeasurably large The
because the measured pulse is a convolution of the inpl@rge uncertainty for the thinnest sampl@shere 1L7 is
pulse with Eq.(9), and at long times where the exponential large occurs because of uncertainty in the measurement of
behavior sets in. the sample thickness and in the determinatiorz,0énd z,.

The exponent of the power law decay in reflection is ofFOr thin samples, the extrapolation lengths make a non-
particular importance in searching for clues of localization. Anegligible contribution td_.. This fact highlights the impor-
recent paper by Titov and Beenakker describes a transition dnce of careful characterization of the sample surface, espe-
the power law exponent from 3/2 to — 2 with the onset of ~ Cially in thin, strongly scattering samples. _
localization[33]. To resolve the intensity at the shortest pos- The energy velocity can be obtained from the relation
sible times and thus minimize the error on the power law fitve=3D/l. The resulting value.=(0.79+0.15)c is much
the signal in transmission was deconvoluted with the inci-nigher than that seen in other strongly scattering samples
dent pulse. This was achieved by first calculatigf) as  [16.35. This result is addressed in Sec. IV.
described above, and then inverse Fourier transforming and
squaring the result. The resiilt(t) ] extends the power law i ' ' ._§_f
behavior to~0.1 ps as seen in Fig. 7. This data can be fit to
a linear function of the log-log plot giving a slope efl.55 T
+0.1. This is consistent with the diffusion theory and thus | % ]
shows no evidence of localization within the uncertainty of < e
our experiment. Other thick samples gave the same result fo 21 $
the power law exponent, while thinner samples did not offer< ;:g::
enough of a time window to allow for meaningful fits. All of
the samples showed exponential behavior at long times as i
the transmission measurements. 1+ T

In both transmission and reflection, the decay timgele- g
pends on the diffusion constant and the absorption length @
Plotting 1/4 against ]JL(Z3 gives an indication of the depen- ) . . . . . .
dence ofD on thickness and the value bf,. A linear func- 0.000 0.005 0.010 0.015
tion is predicted by the diffusion theory while a function of L2 (um2)
increasing slope is predicted in the presence of localization. e
The inverse ofr, corresponds to the intercept of the linear kg 8. -1 vsL;2 in transmissior(filled circles and reflection
function with they axis. The resulting plotFig. 8, circles  (open circles as measured from the long time exponential tails of

shows a linear relationship betweenrd/and 1LZ as pre-  |(t) for the macroporous GaP samples. The slope of the linear fit
dicted by the diffusion theory. The fit giveD=22 vyieldsD=22+4 n¥/s.

(ps™)

Ty
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10%¢

FIG. 9. The probability distribution for the phase derivative ~ FIG. 10. P(W) for the same three samples as in Fig. 9. The
P(3') in transmission for macroporous GaP samples with thick-S0lid line is Eq.(11) with Q=0.4.
nessed. of 42 (circles, 20 (squares and 5(triangles um. The
5-um sample had not been photoanodically etched, thus it had &how excellent agreement with the predictions over three de-
higher porosity and mean free pathThe results show that this cades, confirming the theories of van Tiggelenal, and
distribution is independent df or |. The solid line is Eq(10) with showing that absorption is minimal in these samples. The

Q=0.4. The inset shows the quality of the fit at the peak. resulting distribution was found to be invariant with respect
to the histogram bin size. Similar excellent agreement be-
C. Dynamic phase measurements tween data and theory was obtained R{\W) assuming no

Two statistical properties were measured in transmissiorgbsorption as seen in Fig. 10. These results also demonstrate
the normalized probability distributions f(ﬁ)’=¢’/(¢’) that the form of the distributions are independent @i |, as

andW=W/(W). The bracketed quantities are averages ove redicted.

15-120 speckle spots and over the narrow frequency range Results forP(¢’) in reflection for two different thick-

of the pulse. These distributions are predicted to have thBeSSes are shown in Fig. 11. The predicted distribution given
following functional form[18]: in Eq. (12) again fits the data well, with agreement over 2.5

decades, allowin@d to be measured for different samples

R 1 Q of different thicknesses. The distribution for the thicker
P(¢')= 5 = ey (10)  sample (=47 um) is much wider than that for the thinner
[Q+(¢"=1)7] (L=8.5 um) as expected. The resulting fits to Ef0) give
- values of Qg=43 and Qr=4.3 for the thick and thin
- 1 p( —2|w| ) samples, respectively. Using the measured valuésiofz;,
P(W)= ex — . (11
VO+1 sgnW)++VQ+1

The parametef depends on the material properties of the _1
sample. In transmissio@=2/5 in the absence of absorp- 10 3
tion, and decreases monotonically with increasing absorp-
tion. Q7 is expected to be independent lof D, andl. In

reflection in the absence of absorpti@4#], —
<€ A2
2 1 a 107

Qr= Leg itz (12

Thus Qg is predicted to increase linearly with thickness.
Such a measurement should allow for the measurement ¢ 0-3 3
the mean free patlQg is also sensitive to surface properties
in reflection viaz,.

Results forP(¢’) in transmission for several samples of
different thickness are shown in Fig. 9. Also included is one
sample that had not been photoanodically etched, and there- F|G. 11. P(¢’) in reflection for macroporous GaP samples with
fore has a smaller pore size and roughly twice the mean fregicknesses. =47 um (circles and L=8.5 um (triangles. The
path. The distribution for all of these samples collapses ontgolid lines are fits to Eq(10) with the resultsQg=43 and Qg
one curve. Also plotted is Eq10) with Q;=0.4. Our data =4.3. The distribution width is strongly thickness dependent.
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TABLE I. |, D, andv, for different sample geometries.

Material Geometry n A (pm) I () D (m?/s) velC Ref.
Titania Powder 26 0633 0.5M.05 11.7#1 0.16£0.03 [16]
Germanium Powder 4.0 8 3.2 26 0.18 [35]

GaP Macroporous sponge 3.3 0.74 2805 23t3 0.79£0.15 Current paper

Eq. (10) predictsQg=21 andQg= 3.8 for the thick and thin of macroporous GaP. Thus, it is possible that the resonant
samples, respectively. Thus while the thinner sample showsffect on the scattering time is absent. It is interesting also to
reasonable agreement for the value @k, the thicker note that the effective phase velocity, given lgyn,
samples deviate from the predicted value. Measurements of¢/1.45, is also higher than expected from mean field ap-
the other samples show good agreement for the shape of tigoximations ofn, [15]. While this gives a qualitative expla-
distribution, but such a large scatter in the meas@gadhat  nation for the unique transport properties of these samples, a
no systematic dependence @k on thickness could be de- qguantitative explanation for the high value of measured
termined. here is needed.

The agreement with diffusion theory measured in the time
domain is consistent with the results for total transmission
seen by Schuurmaret al. [25]. However, the subtle effects
our results for these samples agree with the diffusiorf®’ '0ng light paths seen in the previously measured back-
theory in the time domain. In both reflection and transmis-SCatter cones27] are not manifested in the time-resolved

measurements presented here. This does not rule out the pos-

sion, I (t) shows diffusionlike profiles. At short times, power " =% N
law d((ac)ay of [ (t) over two c?ecades with an exponrt)ent of sibility that the localization effects reported by Schuurmans
et al. exist at a level below our experimental uncertainty,

1.55+0.1 is observed in reflection. This also agrees with™. N
diffusion theory. The diffusion constant is independent of>nce the enhanced backscatter cone rounding is apparently

sample thickness and there is no measurable absorption. Tﬁgte sensitive o an_omalies_ in the path length distr_ibu';ion
phase statistics also show excellent agreement with the di 6. Thus we can neither verify nor disprove the localization

. o L~ A explanation given in Ref27].
fusion theory. In transmission, the distributionséf andW The measure@g showed some deviation from E(L2).
agree with the predictions of van Tiggelenal. in both the R

; . 99T ; While there was agreement for some samples, other samples
functional form and width of the distribution. As predicted,

IV. DISCUSSION

N < showed as much as a 50% difference between the measured
¢' andW were found to be independent bf I, andz; in and predicteddg. In reflection, much of the light exits the
sample within the first few scattering events. With
=0.28 um, much of the light is probing the porous region

transmission. In reflection, the functional form«bf also fits
the predictions of van Tiggeleet al. The distributions in

reflection were also found to be thickness dependent, as previthin less than 1um from the surface. While we made a

dicted.
It is interesting to compare the results @y, andv, for

considerable effort to characterize and optimize the surface
of these samples, the phase statistics could be a particularly

macroporous GaP with results from strongly scattering powsensitive test of the surface properties and sample dependent
ders. The dynamic and static scattering properties of botBurface anomalies. A second difference between measuring
titania and germanium have been previously measured. Tha reflection and in transmission is thigtis more difficult to
results, summarized in Table | along with the results for GaPmeasure in reflection. As mentioned above, much of the light
show that is roughly a factor of 5 times lower in strongly escapes the sample just aftgr Thus the importance of us-
scattering powders than in macroporous GaP. Thus, for exng the correct, is amplified in reflection. It is possible that
ample, the titania powders show a lower diffusion constantliffusion theory breaks down in reflection due to the close
than GaP even though the mean free path in titania is morproximity of the surface to much of the light intensity. Re-
than twice that measured for GaP. All of the samples show 8olving the problem of these anomalous reflection statistics
high-index contrast, and a mean free path of the order of theould lead to a better understanding of light propagation and
wavelength. The main difference between the samples is theurface properties of strongly scattering samples.
mesoscopic topology, which is a likely explanation for the Finally, we would like to highlight the importance of care-
large difference irv,. The low energy velocity in powders ful measurement of surface properties and the effective index
has been previously explain¢ti6] as arising from Mie-like of refraction when characterizing strongly scattering materi-
resonances. The grains of powder were treated as indepeals. A strong index contrast between the bulk material and
dent Mie scatterers. As such, the scatterers show strong resihie outside environment means that the extrapolation length
nances that cause the scattering time to increase dramaticalgan be several times the mean free path due to internal re-
However, a Mie sphere of air in a high-index material, whichflection of diffuse light. This can lead to anomalously long
is perhaps equally comparable to macroporous GaP, does ndé¢cay times in time-resolved measurements, where light is
show such strong resonances. In fact, it is difficult to defingrapped inside the material due to the high internal reflection.
independent scatters given the bicontinuous porous structures seen in Ref{15], the effective index of refraction of these
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materials, while measurable, cannot be calculaegriori the phase statistics to, for example, measure correlation in
using presently available effective medium theories. This ighe phase-sensitive quantities.

understandable, sinceis of the order of the internal length

scale of these samples. ACKNOWLEDGMENTS
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