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Photoluminescence spectra and the reflectivity of incident light were examined in dye molecules in strongly
scattering media. With increasing incident light intensity, the spectra show red- and blueshifts depending on
the geometry of experiments, and the reflectivity increases nonlinearly. These excitation-power-dependent
spectral shifts and nonlinear reflectivity are well explained when we consider saturation absorption in the
excitation process and the reabsorption in the luminescence process in dyes.@S0163-1829~99!14701-5#
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Optical phenomena in strongly scattering media ha
been attracting much interest. In such systems light un
goes multiple scattering and travels a long path length in
medium. The coherent backscattering peak which ar
from a constructive interference of time-reversed paths
multiply scattered light in the medium is a precursor
Anderson localization.1,2 Ahmedet al.3 reported the lumines
cence from dyes in a scattering medium showed strong s
tral shift owing to the reabsorption of luminescence lig
because the path length for the luminescence light incre
considerably in strongly scattering medium.

Nonlinear optics in strongly scattering media is a ch
lenging and potential field. The long path length for the lig
resulting from multiple scattering leads to strong coupli
between the light and material and results in nonlinear p
nomena. Absorption is always a negative factor to obse
the multiple-scattering effect because it terminates the l
paths while amplification could enhance the multip
scattering effect. Wiersmaet al. reported the narrowing o
the coherent backscattering peak in Ti:sapphire powder w
a large gain.4 Another interesting phenomenon in a strong
scattering medium may be the laser action.5 Lawandyet al.
succeeded in observing such a laser action in dyes embe
in TiO2 microparticles solution in methanol.6 Subsequently
the spectral,7,8 temporal,9 and spatial10 properties of this
emission, coinciding with some theoretic
investigations11–13 on the laser action in the scattering m
dium also have been reported.

In this paper, we investigate the nonlinear excitation p
cess in dyes in strongly scattering media from the photo
minescence and the reflectivity measurements. With incr
ing excitation pulse energy, we observed the nonlin
reflectivity of the incident light as well as the spectral re
and blueshifts for reflection- and transmission-type exp
ments, respectively. We explain our results with a combi
tion of saturation absorption in the excitation process a
reabsorption in the luminescence process.

For the spectral measurements, colloidal solutions c
taining sulforhodamine 640 dye in water and polystyre
spheres were used. The concentration of dye was f
131023 M to 131026 M. Polystyrene spheres with a d
ameter of 0.45mm were purchased from Sekisui Kougyo
Kagaku.14 In all cases of experiments, the density of po
styrene spheres was 6%. The sample was pumped by line
PRB 590163-1829/99/59~1!/50~4!/$15.00
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polarized 532 nm laser pulses from a frequency doub
Q-switched Nd31 YAG laser with a pulse width of 8 ns an
a pulse repetition rate of 5 Hz. The excitation pulse ene
was from 0.0001 to 4 mJ. We performed reflection- a
transmission-type experiments. In the reflection-type exp
ment, the sample cell was cylindrical with a diameter of
mm and the luminescence spectrum from the same sur
on which the excitation light incidents was measured. For
transmission-type experiment, the sample cell was a
(0.1 mm3102 mm2) one and the luminescence spectru
from the opposite surface was studied. The excitation s
size on sample surface was 100mm and 2 mm for reflection-
and transmission-type experiments, respectively. The em
luminescence from the sample was led to a 25 cm polych
mater and detected by a CCD camera. The spectral resolu
was 0.14 nm.

The reflectivity of the incident 532 nm excitation ligh
was also measured in the reflection-type experiment. For
reflectivity measurements, colloidal solutions containi
rhodamine 640 dye in methanol and TiO2 particles were
used. The diameter of the TiO2 particle was 0.28mm and the
particle density was 131012 cm23. To obtain the reflectiv-
ity, the reflected excitation light intensity from the samp
with dye was normalized by the reflected excitation lig
intensity from the sample without dye.

Figure 1 shows the luminescence spectra for different
citation pulse energies in reflection-type experiments. T
observed spectrum is redshifted with excitation pulse ene
Figure 2 shows the wavelength of luminescence peak w
the excitation pulse energy for four different dye concent
tions. At the concentration of 131026 M the wavelength of
the luminescence peak is almost constant. When the con
tration is increased to 131023 M the luminescence pea
starts to shift toward the long-wavelength region at the pu
energy around 0.01 mJ. Figure 3 shows the luminesce
spectra for the transmission-type experiment. In this case
wavelength of luminescence peak is blueshifted with incre
ing excitation pulse energy. Figure 4 shows the reflectivity
the incident excitation light of 532 nm with excitation puls
energy for two different dye concentration. It is seen that
reflectivity is almost constant at a concentration
131025 M. When the concentration is increased
131023 M the reflectivity starts to increase at a pulse e
ergy of about 0.4 mJ.
50 ©1999 The American Physical Society
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We consider that the spectral shifts and the nonlinear
flectivity are caused by the change in the spatial distribut
of the excited-state population owing to saturation absorp
in the excitation process of dyes. The penetration depth
the excitation light increases with the excitation pulse ene
and the dye molecules in the deeper region are excited. In
reflection-type experiment, the luminescence coming fr
the deeper region is strongly reabsorbed before going ou
the sample and the observed spectra show a large redsh
the transmission-type experiment, the traversed path le
for luminescence becomes shorter with increasing excita
pulse energy and the spectrum shows a blueshift. The
crease in reflectivity of excitation light can also be explain
by the bleaching of dye for the excitation light owing
saturation absorption.

To get quantitative information we developed a theore
cal model which furnishes the study of luminescence a

FIG. 1. Luminescence spectra in the reflection experiment fr
a colloidal solution containing 131023 M sulforhodamine 640 in
water and polystyrene spheres for different excitation pulse e
gy. ~B! 0.0001~mJ!; ~C! 0.001 ~mJ!; ~D! 0.01 ~mJ!, and ~E! 0.1
~mJ!. ~A! is the luminescence spectrum in a pure dye solution
water of molecular density 131027 M. Arrows indicate the lumi-
nescence peak.

FIG. 2. Wavelength of the luminescence peak as a function
the excitation pulse energy for four different dye concentratio
~d! 131023 M; ~n! 131024 M; ~j! 131025 M, and ~s! 1
31026 M. Solid, dashed, dotted, and dot-dashed lines are ca
lated curves of the wavelength for the luminescence peak fo
31023 M, 131024 M, 131025 M, and 131026 M, respec-
tively.
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reflectivity in the presence of saturation absorption. We c
sider the two-level system consisting of the ground stateS0
and the excited stateS1 in the singlet levels for dyes. Sinc
the nonradiative decay rate withinS0 andS1 manifold is very
fast, we assume that the population ofS0 and S1 are at its
lowest sublevel and higher sublevels are empty. Then,
excited molecules emit light through spontaneous emiss
from the lowest sublevel ofS1 to the S0 . Considering the
dye molecular density isN and the populations of dye mol
ecule inS0 and S1 states areN0 and N1 , respectively, one
can write the rate equation for a two-level system as

dN1~r ,t !

dt
5sa~le!N0~r ,t !I e~r !2

N1~r ,t !

t
, ~1!

where N5N0(r )1N1(r ). Here, I e(r ) is the light intensity
for the excitation light,sa(le) is the absorption cross sectio

r-

n

f
,

u-
1

FIG. 3. Luminescence spectra in the transmission experim
from the colloidal solution containing 131023 M sulforhodamine
640 in water and polystyrene spheres for the excitation pulse e
gy. ~A! 0.001~mJ!; ~B! 0.1 ~mJ!; ~C! 1 ~mJ!, and~D! 4 ~mJ!. The
sample used is the same as for Fig. 1.

FIG. 4. Reflectivity of the excitation light as a function of th
excitation pulse energy for two different dye concentrations,~d!
131023 M; ~s! 131025 M. Solid and dashed lines are calculate
curves of the reflectivity in the absence and in the presence
stimulated emission, respectively, as a function of the excita
pulse energy.
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at excitation wavelengthle, and t is the lifetime of the
excited state. We consider that the regionz.0 is filled with
scattering medium with dyes. The stationary diffusion eq
tions with absorption for excitation and luminescence lig
can be written as

05
l *

3
¹2I e~r !2sa~le!N0~r !I e~r !, ~2!

05
l *

3
¹2I l~r ,l l !2sa~l l !NIl~r ,l l !, ~3!

whereI l(r ,l l) is the light intensity for luminescence light a
the wavelengthl l , sa(l l) is the absorption cross section
luminescence wavelengthl l , and l * is the transport mean
free path. We assume thatl * is not dependent on the wave
length of light.

In the luminescence process, emitted light undergoes m
tiple scattering and travels in the sample with reabsorp
by dye molecules. The absorption cross section at a sho
wavelength region is larger than the longer wavelength
gion in the dye solution used in our experiment. This resu
in the spectral shift. Since the quantum efficiency for sulf
hodamine 640 in this sample is low, we neglect the lumin
cence emitted by the reabsorption. The incident excita
light from the region,z,0 excites the dye molecules in th
sample and the luminescence intensity going out from
plane,z50 is calculated in the reflection configuration. So
lines in Fig. 5 show the calculated spectra for four differe
pulse energies in the reflection configuration. The parame
used in the simulation for the spectral measurement ar
follows. l * is 31mm, the absorption cross sectionsa(le) for
532 nm radiation is 0.96310220 m2, and the excited-state
lifetime t is 0.145 ns. The saturation intensityI s
51/@sa(le)t# is calculated from the values ofsa(le) andt,
and is 7.231029 m22 s21, which corresponds to 0.017 mJ o
the excitation pulse energy.sa(l l) and the luminescenc
spectrum are plotted with dotted and dashed lines in Fig
respectively, which are extrapolated from absorptance
luminescence experiments in an aqueous solution of su
hodamine 640. From these spectra in Fig. 5, we obtained
wavelength of the luminescence peak. The calculated wa

FIG. 5. Solid lines are calculated spectra for excitation pu
energies, 0.0001~mJ!, 0.01 ~mJ!, 0.1 ~mJ!, and 1 ~mJ! consecu-
tively from left to right for the colloidal solution of the 1
31023 M dye concentration. Dotted and dashed lines are the
sorption and the luminescence spectra in the absence of reab
tion, respectively.
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length of the luminescence peak is plotted in Fig. 2 a
function of the excitation energy and shows good agreem
with experimental results.

The reflectivity of the excitation light could also be ca
culated using Eqs.~1! and~2!. In Fig. 4 solid lines represen
the calculated reflectivity for 131025 M and 131023 M
samples. The parameters used in the simulation for reflec
ity measurement are as follows.l * is 7 mm for TiO2 particles
of 0.28 mm in diameter with a particle density of 1
31012 cm23, the absorption cross sectionsa(le) for 532
nm radiation is 1.2310220 m2, and the excited-state lifetime
t is 1.9 ns. The saturation intensityI s is 4.431028 m22 s21

which corresponds to 0.4 mJ of the excitation pulse ene
with the excitation light beam diameter of 2 mm. It starts
increase at the saturation intensity, and then converges to
an excitation region far larger than the saturation intensit

The experimental results shown in Fig. 4 for the
31025 M sample are in good agreement with the theoreti
one, while the experimentally obtained reflectivity for the
31023 M sample is small compared with the theoretic
curve in the strong excitation region. We explain this diffe
ence in terms of the stimulated emission of the luminesce
light. In an excitation intensity more than the saturation
tensity, we observed the spectral collapse in the lumin
cence spectrum in the methanol sample like many other
periments carried out on scattering media.8–12 In the
presence of stimulated emission, the rate equation for
excited-state population of dyes can be written as Eq.~1!
with an additional term2ss(l l)N1(z,t)I l(z) on the right
side. Heress(l l) is the stimulated emission cross sectio
andI l(z) is the luminescence light intensity. We assumed
stimulated emission cross section for luminescence light
independent of the wavelength and estimated to be
310220 m2. The dashed line represents a similar calculat
but with taking the stimulated emission term into account
Eq. ~1!. In the strong excitation region, the reflectivity e
pressed by the solid line is larger than the experimental
sult, whereas the dashed line is in good agreement with
perimental result.

In our analyses we assumed that the reabsorption co
cients for the luminescence light from dyes are independ
of the excitation power. This assumption is, however, n
good for use in the actual sample. We also performed p
toluminescence measurement using the thin sample ce
the reflection configuration. In this measurement~Fig. 3!, a
slight blueshift was observed with increasing the incide
light intensity. This blueshift is in contrast to the redsh
observed in the reflection configuration in a thick sample c
11 mm in diameter and suggests that bleaching is actu
taking place at the wavelength of the luminescence.

The saturation absorption may be a very importa
mechanism in the laser action in the strongly scattering m
dium. Bergeret al.13 simulated that the luminescence spec
of rhodamine 640 in random scattering medium in the pr
ence of stimulated emission show the redshift followed
the blueshift in the very strong excitation region. They e
plained that these spectral features result from the interp
of amplification and reabsorption of the luminescence lig
This blueshift could be the same effect as we observed
the thin sample in the reflection measurement. It may, ho
ever, not appear clearly owing to the effect of stimulat
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emission. It should be noted that the main difference
tween previous reports6–8 and the present one is that in o
case dye molecules are dissolved in water. The radiative
ficiency of dyes in water is small~about 7%! because dye
molecules form a dimer that does not luminesce in wa
This would be the reason why we were able to observe
tematic spectral red- and blueshifts in the luminescence s
tra and explained it quantitatively. The laser action
strongly scattering medium is a very complicated pheno
enon that is affected by many factors. In our sample, we
selectively examine the excitation process without the am
fying process by the stimulated emission. When the solv
was replaced with methanol, we had easily observed
.
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n
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nt
e

spectral collapse with increasing excitation pulse energy
fore the systematic spectral shift occurred.

We observed the spectral red- and blueshifts in the lu
nescence and the nonlinear reflectivity in the excitation li
from strongly scattering media with dyes. These phenom
are attributed to the change in the distribution of the popu
tion of the excited state owing to the saturation absorption
dye molecules. Strong scatterers confine light in restric
spatial regions and increase the interaction between light
materials. This spatial confinement may be useful in obse
ing the nonlinear optical effect as well as in the design
optical devices.
.

re
-

tt.
1M. P. Van Albada and A. Lagendijk, Phys. Rev. Lett.55, 2692
~1985!.

2P.-E. Wolf and G. Maret, Phys. Rev. Lett.55, 2696~1985!.
3S. A. Ahmed, Z.-W. Zang, K. M. Yoo, M. A. Ali, and R. R

Alfano, Appl. Opt.33, 2746~1994!.
4D. S. Wiersma, M. P. van Albada, and A. Lagendijk, Phys. R

Lett. 75, 1739~1995!.
5R. V. Ambartsumyan, P. G. Kryukov, and V. S. Letkhov, So

Phys. JETP24, 1129~1967!.
6N. M. Lawandy, R. M. Balachandram, A. S. Gomes, and E. S

vain, Nature~London! 368, 436 ~1994!.
7W. Zhang, N. Cue, and K. M. Yoo, Opt. Lett.20, 961 ~1995!.
.

-

8G. Beckering, S. J. Zilker, and D. Haarer, Opt. Lett.22, 1427
~1997!.

9M. Siddique, R. R. Alfano, G. A. Berger, M. Kempe, and A. Z
Genack, Opt. Lett.21, 450 ~1996!.

10D. S. Wiersma, M. P. van Albada, and A. Lagendijk, Natu
~London! 373, 203~1995!; N. M. Lawandy and R. M. Balachan
dran, ibid. 373, 204 ~1995!.

11S. John and G. Pang, Phys. Rev. A54, 3642~1996!.
12R. M. Balachandran, N. M. Lawandy, and J. A. Moon, Opt. Le

22, 319 ~1997!.
13G. A. Berger, M. Kempe, and A. Z. Genack, Phys. Rev. E56,

6118 ~1997!.
14T. Kuge, Funct. Mater.2, 58 ~1983!.


