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This paper presents detailed experiments on persistent hole burning in photoreactive and multiple scattering
media. The dependence of the hole shape and width on the sample thickness, transport mean free path, and
absorption length was measured. The experimental results show good agreement with a previously reported
theoretical calculation on the basis of a diffusion approximation 关Phys. Rev. E 70, 046606 共2004兲兴.
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The light injected into a multiple scattering medium travels a fairly long path length, undergoing multiple scattering
关1兴. In general, interference effects produced by light that
traveled a long optical path would be highly sensitive to the
incident beam conditions. For this reason, the multiple scattering medium has potentially a high ability to select frequencies or wave vectors. This property has been wildely
utilized in optical measurements and applications 关2兴. Sharp
spectral structures in a random laser 关3–5兴 and high tunability of a speckle mirror 关6兴 can also be attributed to this selectivity of the multiple scattering medium.
Hole burning in a multiple scattering medium may be
another example that uses this property of the medium. In
hole burning, first, a strong writing beam with the incident
frequency W and wave vector kW is injected into the multiple scattering medium. The speckle pattern produced by the
writing beam is recorded inside the medium through a photoreactive process. After the pattern is recorded, the luminescence intensity from the sample excited by a reading beam
with frequency R and wave vector kR is measured as a
function of ⌬ = W − R or ⌬k = kW − kR. When the frequency
and the wave vector of the writing and reading beams are the
same, the spatial fluctuation patterns produced by the two
beams coincide with each other. The reading beam, then,
excites only the photobleached parts of the medium, where
the luminescence intensity is reduced. We observe a hole in
the luminescence intensity as a function of ⌬ or ⌬k 关7–10兴.
Although this phenomenon has great potential in a wide
range of photonic applications, the performance of hole
burning is complicated and depends on various characteristics of the medium. Here, we present an experimental study
of the form factor in persistent hole burning in a multiple
scattering medium. Specifically, we experimentally examined the dependence of hole shape and width on the sample
thickness L, transport mean free path l*, and absorption
length la in the ⌬k domain to map the contributions to the
hole from different paths.
In all samples, a spiropyran derivative photochromic
dye
1⬘ , 3⬘-dihydro-1⬘ , 2⬘ , 3⬘-trimethyl-6-nitrospiro关2H-1benzopyran-2 , 2⬘-共2H兲 indole兴 共SP1兲 was used as the photoreactive material. After ultraviolet 共uv兲 light irradiation, the
sample shows an absorption band at 570 nm 共colored state兲.
When visible laser light is used for irradiation, the luminescence intensity at 660 nm from the colored state decreases,
accompanied by the disappearance of the 570 nm absorption
band 共colorless state兲. We prepared an SP1-doped thin polymethyl methacrylate 共PMMA兲 film and ground it into a mi1539-3755/2006/73共6兲/066622共4兲

cro powder. The powder was compacted between two glass
plates and used as the samples. The transport mean free path
was determined from the total transmission measurement,
while the absorption length was calculated from the
cross section and the concentration of the photochromic
dye. We employed a sample of L = 1.0 mm, l* = 60 m,
la = 28 800 m; hence the diffusive absorption length
La = 冑l*la / 3 = 760 m for the standard sample, and the
sample parameters were varied around these values. In the
standard sample, the condition l* ⬍ L is satisfied; therefore
we can analyze the hole on the basis of a diffusion approximation. We can experimentally examine the confined
geometry effect, varying the sample thickness from
0.2 to 1.0 mm. To study the effect of absorption on the hole
shape, we controlled the concentration of the photochromic
dye in the PMMA powder, while to examine the effect of the
transport mean free path, we mixed TiO2 microparticles of
0.25 m average diameter into the PMMA powder.
The setup for the hole burning experiments was similar to
that used in a previous report 关9兴. We used an Ar+ laser of
514.5 nm for the writing and reading beams. The sample was
set on a stage and rotated by a stepping motor and the incident angle  between the beam and the sample was changed.
Before the hole burning experiments, samples were exposed
to uv light and prepared in the initial colored state. First, the

FIG. 1. Solid lines are experimental results for the persistent
hole as a function of angular shift  between the writing and reading
beams. The sample thickness is L = 共a兲 1.0, 共b兲 0.4, and 共c兲 0.2 mm.
The transport mean free path and the absorption length are
l* = 60 m and la = 28 800 m, respectively. Dashed lines are theoretical curves calculated on the basis of Eq. 共1兲, where a Gaussian
shaped function is convoluted as the experimental angular
resolution.
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FIG. 2. Solid lines are experimental results for the persistent
hole as a function of angular shift . The transport mean free path
and the absorption length are 共a兲 l* = 11 m, la = 28 800 m,
共b兲 l* = 17 m, la = 28 800 m, and 共c兲 l* = 60 m, la = 580 m. The
sample thickness is L = 1.0 mm in all samples. Dashed lines are
theoretical curves calculated on the basis of Eq. 共1兲, where the
experimental angular resolution is convoluted. Note that the horizontal scale is reduced; therefore the hole width is broad, compared
with Fig. 1.

laser beam was irradiated onto the sample and the volume
speckle pattern was recorded through the photochromic process. Then, the beam intensity was attenuated by a factor of
100 and used as the reading beam. The luminescence excited
by the reading beam was collected in a reflection geometry
and measured as a function of the angle of the rotational
stage. The experimental angular resolution was 0.6 mrad,

FIG. 3. 共a兲 Calculated hole shapes for different sample thickness. From top to bottom, L = 0.2, 0.4, 0.6, 0.8, and 1.0 mm, where
l* = 60 m and la = 28 800 m. 共b兲 Hole width as a function of the
inverse of the sample thickness. The solid line is the calculated
curve for la = 28 800 m, while the three dashed curves are
la = 4000 and 8000 m and infinity, respectively. The transport
mean free path is l* = 60 m. The solid symbols are experimental
results shown in Fig. 1. The solid square is for the standard sample.
The open circles correspond to the simulation shown in Fig. 3共a兲.

FIG. 4. 共a兲 Hole width as a function of the inverse of the diffusive absorption length. The solid line is the calculated curve for
l* = 60 m. The dashed curves are, from top to bottom, l* = 45, 50,
and 80 m, respectively. The sample thickness is L = 1.0 mm. The
solid circles are experimental results including the data shown in
Fig. 2共c兲. The solid square is for the standard sample. 共b兲 Hole
width as a function of the inverse of the transport mean free path.
The solid line is calculated curve for la = 28 800 m. The dashed
curves are, from top to bottom, la = 20 000 and 60 000 m and infinity, respectively. L = 1.0 mm. The solid square is for the standard
sample. The solid circles are experimental results including the data
shown in Figs. 2共a兲 and 2共b兲.

which arose mainly from the beam divergence of the Ar+
laser used in the experiments. The photochromic reaction
from the colored to the colorless state and the reverse process
were stable and repeatable.
The hole shows a characteristic time development, reflecting the statistics of the intensity fluctuations in the speckle
inside the medium 关9兴. In the investigation of the hole shape,
it is very important to take this time development effect into
account. In the previous paper, we distinguished three types
of samples according to the photoreactive processes. In the
type II sample in the notation used in Ref. 关9兴, we consider a
photoreaction in which the absorption is unchanged, while
the luminescence intensity decreases. On the other hand, in
the type III sample, we consider a photoreaction in which the
absorption spectrum or the coefficient changes under the laser irradiation. The photochromic dye used in the present
experiments is classified as a type III sample. At the initial
stage of the time development, the hole can show shape and
width intrinsic to the sample, which is determined by the
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wave propagation in the multiple scattering medium. On the
other hand, at a later stage, the hole shape is determined by
the saturation effect in the writing process. In order to
examine the dependence of the hole on the sample parameters, we should observe the hole at the initial stage
ta pIW ⬅ IW Ⰶ 1, where t is the writing time, IW is the intensity of the writing beam inside the medium, a is the
absorption cross section, and  p is the efficiency of the photoreaction 关9兴. From the point of view of experiments, however, shallow holes at the initial stage are disadvantageous to
the signal-to-noise ratio. In the experiments reported here,
this tradeoff is taken into account and the hole shape and
width are analyzed at the initial stage of the hole burning
with a hole depth of 0.05–0.1 of the initial luminescence
intensity. In the present paper, we do not discuss the type I
sample in detail, because the photoreactive material is placed
outside the medium in this sample, and the hole does not
show the characteristic behavior relevant to the fluctuations
generated inside the multiple scattering medium.
Figure 1 shows experimental observation of the hole as a
function of  for different sample thicknesses. The transport
mean free path and the absorption length are l* = 60 m and
la = 28 800 m, respectively. In the luminescence intensity, a
dip as a function of  is clearly seen; hence, we can observe
a hole in the photoreactive and multiple scattering medium.
The sample thickness is varied from L = 0.2 to 1.0 mm, ranging from the La ⬍ L to the La ⬎ L region. As the sample thickness is decreased, the hole width increases. It is also seen
that the bottom of the hole in the thin sample 关Fig. 1共c兲兴 is

HR共⌬k,⌬兲 =

冕

L

dz

l*

− IW
⫻

冏

more rounded compared with the thick sample 关Fig. 1共a兲兴.
Figure 2 shows the experimental observation of the hole as a
function of  for different transport mean free paths l* and
absorption lengths la. Parameters are given in the figure caption. The hole width is summarized in Fig. 3共b兲 as a function
of the inverse of the sample thickness L−1, and in Figs. 4共a兲
and 4共b兲, as a function of the inverse of the diffusive absorp*−1
, respection length L−1
a and the transport mean free path l
tively. In our measurements, the experimental angular resolution is comparable to the minimum hole width observed;
therefore it is necessary to deal with the experimental resolution correctly. In the plots of the hole width, a Gaussian
shaped function of 0.6 mrad was deconvoluted from the experimental data as the experimental angular resolution. As is
seen in the results shown in Figs. 1 and 2, the effects of both
finite thickness and absorption on the hole width are similar.
These effects are readily explained as the effect of removal
of the contribution of the longer path in the writing process
to the hole formation 关8–10兴. Since the speckle pattern produced by light traveling along the long trajectories is more
sensitive to the changes in the frequency or wave vector, the
removal of these trajectories results in wide holes.
While the observed dependence of the hole shape and
width can readily be interpreted by the removal of the longer
trajectories in the medium, a quantitative analysis is also
possible on the basis of the diffusion approximation. For the
slab geometry, the dependence of the hole at the initial stage
of the time development is approximated as 关9兴

冉

sinh关共L + C − z兲␣l兴
sinh关共L + C − z兲␣兴
sinh关共L + 2C兲␣l兴 兵sinh关共L + 2C兲␣兴 + IW sinh关共L + C − z兲␣兴其
sin h2关共L + 2C兲␣兴
兵sinh关共L + 2C兲␣兴 + IW sinh关共L + C − z兲␣兴其2

sinh关共L + C − z兲␤兴
sinh关共L + 2C兲␤兴

冏 冊冒 冕
2

L

l*

for
the
reflection
geometry,
where
␤ = ␥ + i␦
= 冑⌬k2 + 共1 / a + i⌬兲 / D, a = la / c, c is the velocity of light
inside the medium, D is the diffusion constant, and ␣ and ␣l
are the absorption coefficients for the writing and reading
beams and for the luminescence light, respectively. The z
axis is taken to be perpendicular to the incident surface, and
we set the absorbing wall at z = −C and L + C, where
C = 共2l* / 3兲共1 + 兲 / 共1 − 兲 is the extrapolation length and  is
the internal reflection coefficient. Figure 3共a兲 shows the theoretically calculated hole shape on the basis of Eq. 共1兲 for
different sample thicknesses, where the background level of
the luminescence intensity has been scaled so that all curves
have the same intensity. When the sample thickness is decreased, the luminescence from deeper regions of the sample
is removed. This effect makes the absolute hole depth shal-

dz

sinh关共L + C − z兲␣兴sinh关共z + C兲␣l兴
sinh关共L + 2C兲␣兴sinh关共L + 2C兲␣l兴

共1兲

low and the bottom of the hole more rounded. In Figs. 1 and
2, we also plotted the calculated hole shape with dashed
lines, where a Gaussian shaped function is convoluted over
the calculated curves based on Eq. 共1兲 as the experimental
resolution. A similar calculation was performed for samples
of different transport mean free paths l* and absorption
lengths la, and the results are summarized in Figs. 3 and 4. In
Fig. 3, the hole width decreases as the sample thickness is
increased. The hole width asymptotically approaches the
value determined by the diffusive absorption length La, as
the sample thickness is increased as L−1 → 0. In Fig. 4共a兲, the
hole width decreases when La is increased. When the sample
thinness is finite, the hole width asymptotically approaches
the value determined by the sample thickness as the diffusive
absorption length is increased as L−1
a → 0. In the fitting pro-
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cess, when the condition l* Ⰶ L is not satisfied, we found that
the actual calculated hole shape, specifically in the hole tail
regions, is very sensitive to the lower boundary of the integration in Eq. 共1兲, which was set as l*. Since a welldeveloped speckle exists in the region of l* ⬍ z, this is reasonable. We can find a set of parameters, transport mean free
path l*, and absorption length la for the series of experiments; therefore it is concluded that the experiments recapture the theory.
The effects of finite thickness and absorption on the line
shape of the coherent backscattering peak from a disordered
medium have also been investigated 关11兴. The coherent backscattering peak arises from a constructive interference between two amplitudes of a coherent wave traveling the same
path in opposite directions, and is the manifestation of the
weak localization of light 关1,12,13兴. By the termination of
the coherent random walk of photons through confined geometry or absorption effects, the contribution of different
time-reversed paths to the line shape has been determined.
The most important parameter to determine the line shape of
the coherent backscattering peak is the transport mean free
path. On the other hand, in the present hole burning experi-

ment, the sample thickness is a crucial parameter. This difference appears most clearly in the limit that the absorption
becomes zero. The line shape of the hole in the ⌬k domain in
the reflection geometry does not depend on the transport
mean free path as long as l* Ⰶ L, while that of the coherent
backscattering peak does. This effect is seen in the bottom
dashed curve in Fig. 4共b兲, where the hole width approaches a
constant value when the transport mean free path is decreased as l* Ⰶ L. This difference arises because the coherent
backscattering peak is composed directly by the diffusively
reflected flux, while in hole burning the luminescence excited by the diffused intensity of the writing beam inside the
medium is observed.
In summary, we experimentally studied persistent hole
burning in photoreactive and multiple scattering media. The
shape and width depend on the various sample parameters,
such as the sample thickness, transport mean free path, and
absorption length. The experimental results show good accordance with the previously reported theoretical calculation.
In addition to the fundamental interest in wave propagation
in multiple scattering medium, this phenomenon is potentially useful in photonic applications.
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