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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 ifQYEE3-18209)14701-5

Optical phenomena in strongly scattering media havepolarized 532 nm laser pulses from a frequency doubled
been attracting much interest. In such systems light unde@-switched Nd* YAG laser with a pulse width of 8 ns and
goes multiple scattering and travels a long path length in th@ pulse repetition rate of 5 Hz. The excitation pulse energy
medium. The coherent backscattering peak which arisegas from 0.0001 to 4 mJ. We performed reflection- and
from a constructive interference of time-reversed paths ofransmission-type experiments. In the reflection-type experi-
multiply scattered light in the medium is a precursor of ment, the sample cell was cylindrical with a diameter of 11
Anderson localization? Ahmedet al 3 reported the lumines- mm and the luminescence spectrum from the same surface
cence from dyes in a scattering medium showed strong speen which the excitation light incidents was measured. For the
tral shift owing to the reabsorption of luminescence lighttransmission-type experiment, the sample cell was a thin
because the path length for the luminescence light increas¢.1 mmx10* mn?) one and the luminescence spectrum
considerably in strongly scattering medium. from the opposite surface was studied. The excitation spot

Nonlinear optics in strongly scattering media is a chal-size on sample surface was 1@t and 2 mm for reflection-
lenging and potential field. The long path length for the lightand transmission-type experiments, respectively. The emitted
resulting from multiple scattering leads to strong couplingluminescence from the sample was led to a 25 cm polychro-
between the light and material and results in nonlinear phemater and detected by a CCD camera. The spectral resolution
nomena. Absorption is always a negative factor to observa&vas 0.14 nm.
the multiple-scattering effect because it terminates the long The reflectivity of the incident 532 nm excitation light
paths while amplification could enhance the multiple-was also measured in the reflection-type experiment. For the
scattering effect. Wiersmat al. reported the narrowing of reflectivity measurements, colloidal solutions containing
the coherent backscattering peak in Ti:sapphire powder withhodamine 640 dye in methanol and TiQarticles were
a large gairf. Another interesting phenomenon in a strongly used. The diameter of the Tj@article was 0.28:m and the
scattering medium may be the laser acfidrawandyet al.  particle density was %102 cm ™3, To obtain the reflectiv-
succeeded in observing such a laser action in dyes embeddiy, the reflected excitation light intensity from the sample
in TiO, microparticles solution in methanblSubsequently with dye was normalized by the reflected excitation light
the spectral;® temporal’® and spatid® properties of this intensity from the sample without dye.

emission, coinciding with some theoretical  Figure 1 shows the luminescence spectra for different ex-
investigation§' '3 on the laser action in the scattering me- citation pulse energies in reflection-type experiments. The
dium also have been reported. observed spectrum is redshifted with excitation pulse energy.

In this paper, we investigate the nonlinear excitation pro+igure 2 shows the wavelength of luminescence peak with
cess in dyes in strongly scattering media from the photoluthe excitation pulse energy for four different dye concentra-
minescence and the reflectivity measurements. With increasions. At the concentration ofX210™® M the wavelength of
ing excitation pulse energy, we observed the nonlineathe luminescence peak is almost constant. When the concen-
reflectivity of the incident light as well as the spectral red-tration is increased to %10 2 M the luminescence peak
and blueshifts for reflection- and transmission-type experistarts to shift toward the long-wavelength region at the pulse
ments, respectively. We explain our results with a combinaenergy around 0.01 mJ. Figure 3 shows the luminescence
tion of saturation absorption in the excitation process andpectra for the transmission-type experiment. In this case, the
reabsorption in the luminescence process. wavelength of luminescence peak is blueshifted with increas-

For the spectral measurements, colloidal solutions coning excitation pulse energy. Figure 4 shows the reflectivity of
taining sulforhodamine 640 dye in water and polystyrenethe incident excitation light of 532 nm with excitation pulse
spheres were used. The concentration of dye was frorenergy for two different dye concentration. It is seen that the
1x10 % M to 1x10 ® M. Polystyrene spheres with a di- reflectivity is almost constant at a concentration of
ameter of 0.45um were purchased from Sekisui Kougyou 1x10°°> M. When the concentration is increased to
Kagaku!* In all cases of experiments, the density of poly-1x 103 M the reflectivity starts to increase at a pulse en-
styrene spheres was 6%. The sample was pumped by linearygy of about 0.4 mJ.
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Wavelength[nm] FIG. 3. Luminescence spectra in the transmission experiments
from the colloidal solution containing>210 2 M sulforhodamine
FIG. 1. Luminescence spectra in the reflection experiment from640 in water and polystyrene spheres for the excitation pulse ener-
a colloidal solution containing 10~* M sulforhodamine 640 in gy. (A) 0.001(mJ); (B) 0.1(mJ); (C) 1 (mJ), and(D) 4 (mJ. The
water and polystyrene spheres for different excitation pulse enersample used is the same as for Fig. 1.
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 inreflectivity in the presence of saturation absorption. We con-
water of molecular density>210~7 M. Arrows indicate the lumi-  gijder the two-level system consisting of the ground sSate
nescence peak. and the excited stat8; in the singlet levels for dyes. Since

We consider that the spectral shifts and the nonlinear rethe nonradiative decay rate with andS, manifold is very
flectivity are caused by the change in the spatial distributiofSt, We assume that the population&fandS, are at its
of the excited-state population owing to saturation absorptiofPWest sublevel and higher sublevels are empty. Then, the
in the excitation process of dyes. The penetration depth ggxcited molecules emit light through spontan(_eous emission
the excitation light increases with the excitation pulse energyom the lowest sublevel 0§, to the S,. Considering the
and the dye molecules in the deeper region are excited. In tH#ye molecular density isl and the populations of dye mol-
reflection-type experiment, the luminescence coming fronfcule inSy andS, states aréNo and Ny, respectively, one
the deeper region is strongly reabsorbed before going out ¢fan write the rate equation for a two-level system as
the sample and the observed spectra show a large redshift. In
the transmission-type experiment, the traversed path length dN,(r,1) N, (F,t)

. . . . . . AR AR

for luminescence becomes shorter with increasing excitation ————=0,(A)Ng(r,H)l(r)— , 1)
pulse energy and the spectrum shows a blueshift. The in- dt T
crease in reflectivity of excitation light can also be explained
by the bleaching of dye for the excitation light owing to where N=Ng(r)+N;(r). Here,I¢(r) is the light intensity
saturation absorption. for the excitation lightg,(\ ) is the absorption cross section

To get quantitative information we developed a theoreti-
cal model which furnishes the study of luminescence and
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FIG. 2. Wavelength of the luminescence peak as a function of

the excitation pulse energy for four different dye concentrations, FIG. 4. Reflectivity of the excitation light as a function of the
(@) 1x1073M; (A) 1X10°*M; (W) 1x10°°M, and (O) 1 excitation pulse energy for two different dye concentratici@,)

%X 10~% M. Solid, dashed, dotted, and dot-dashed lines are calcuix 103 M; (O) 1x 10~ M. Solid and dashed lines are calculated
lated curves of the wavelength for the luminescence peak for kurves of the reflectivity in the absence and in the presence of
X103M, 1X10° %M, 1X10°M, and 1x10°® M, respec- stimulated emission, respectively, as a function of the excitation
tively. pulse energy.
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1F length of the luminescence peak is plotted in Fig. 2 as a
§ osl function of the excitation energy and shows good agreement
s with experimental results.

% 0.6 | ; The reflectivity of the excitation light could also be cal-

£ o4l / culated using Eq91) and(2). In Fig. 4 solid lines represent

Ei the calculated reflectivity for 10> M and 1x10 * M

g 0.2 samples. The parameters used in the simulation for reflectiv-
e ity measurement are as follows. is 7 um for TiO, particles

0 g 1 1 1
560 580 600 620 640 660 of 0.28 um in diameter with a particle density of 1
Wavelength(nm] X 102 cm 3, the absorpti ti
) ption cross sectian,(A) for 532
FIG. 5. Solid lines are calculated spectra for excitation pulse" radiation is 1.%10°2° m? and the excited-state lifetime
energies, 0.0001mJ, 0.01 (mJ, 0.1 (mJ, and 1(m) consecu- 7 is 1.9 ns. The saturation intensity is 4.4<10°® m 2s™*
tively from left to right for the colloidal solution of the 1 Which corresponds to 0.4 mJ of the excitation pulse energy
x 1073 M dye concentration. Dotted and dashed lines are the abwith the excitation light beam diameter of 2 mm. It starts to
sorption and the luminescence spectra in the absence of reabsoipcrease at the saturation intensity, and then converges to 1 at
tion, respectively. an excitation region far larger than the saturation intensity.
The experimental results shown in Fig. 4 for the 1
at excitation wavelengthn., and 7 is the lifetime of the X 10 ° M sample are in good agreement with the theoretical
excited state. We consider that the region0 is filled with  one, while the experimentally obtained reflectivity for the 1
scattering medium with dyes. The stationary diffusion equax 102 M sample is small compared with the theoretical
tions with absorption for excitation and luminescence lightcurve in the strong excitation region. We explain this differ-

can be written as ence in terms of the stimulated emission of the luminescence
light. In an excitation intensity more than the saturation in-
* tensity, we observed the spectral collapse in the lumines-
0= = V24(r)—oa(Ae)No(N)l(r), 2) cence spectrum in the methanol sample like many other ex-
3 periments carried out on scattering metfi¥ In the
presence of stimulated emission, the rate equation for the
|* excited-state population of dyes can be written as &g.
023 V21L(r,N) — oa(A\)ONL(r N, (3)  with an additional term— os(\)N;(zt)I,(z) on the right

side. Hereog(\)) is the stimulated emission cross section,

andl,(z) is the luminescence light intensity. We assumed the
wherel,(r,\) is the light intensity for luminescence light at stimulated emission cross section for luminescence light was
the wavelength\,, o,(\) is the absorption cross section at independent of the wavelength and estimated to be 0.6
luminescence wavelengthy, and|* is the transport mean x 10 2° m? The dashed line represents a similar calculation
free path. We assume thidt is not dependent on the wave- but with taking the stimulated emission term into account in
length of light. Eqg. (2). In the strong excitation region, the reflectivity ex-

In the luminescence process, emitted light undergoes mupressed by the solid line is larger than the experimental re-

tiple scattering and travels in the sample with reabsorptiosult, whereas the dashed line is in good agreement with ex-
by dye molecules. The absorption cross section at a shortgferimental result.
wavelength region is larger than the longer wavelength re- |n our analyses we assumed that the reabsorption coeffi-
gion in the dye solution used in our experiment. This resultients for the luminescence light from dyes are independent
in the spectral shift. Since the quantum efficiency for sulfor-of the excitation power. This assumption is, however, not
hodamine 640 in this sample is low, we neglect the luminesgood for use in the actual sample. We also performed pho-
cence emitted by the reabsorption. The incident excitationoluminescence measurement using the thin sample cell in
light from the regionz<0 excites the dye molecules in the the reflection configuration. In this measureméfigy. 3), a
sample and the luminescence intensity going out from theglight blueshift was observed with increasing the incident
plane,z=0 is calculated in the reflection configuration. Solid light intensity. This blueshift is in contrast to the redshift
lines in Fig. 5 show the calculated spectra for four differentobserved in the reflection configuration in a thick sample cell
pulse energies in the reflection configuration. The parametersl mm in diameter and suggests that bleaching is actually
used in the simulation for the spectral measurement are aaking place at the wavelength of the luminescence.
follows. I* is 31 um, the absorption cross sectiog(\) for The saturation absorption may be a very important
532 nm radiation is 0.96102° m? and the excited-state mechanism in the laser action in the strongly scattering me-
lifetime 7 is 0.145 ns. The saturation intensitys  dium. Bergeret all® simulated that the luminescence spectra
=1[o4(\e) 7] is calculated from the values of,(\.) andr, of rhodamine 640 in random scattering medium in the pres-
and is 7.4 10”° m~2 s, which corresponds to 0.017 mJ of ence of stimulated emission show the redshift followed by
the excitation pulse energyr,(\;) and the luminescence the blueshift in the very strong excitation region. They ex-
spectrum are plotted with dotted and dashed lines in Fig. Slained that these spectral features result from the interplay
respectively, which are extrapolated from absorptance andf amplification and reabsorption of the luminescence light.
luminescence experiments in an aqueous solution of sulforfhis blueshift could be the same effect as we observed for
hodamine 640. From these spectra in Fig. 5, we obtained thie thin sample in the reflection measurement. It may, how-
wavelength of the luminescence peak. The calculated wavesver, not appear clearly owing to the effect of stimulated
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emission. It should be noted that the main difference bespectral collapse with increasing excitation pulse energy be-
tween previous repofts® and the present one is that in our fore the systematic spectral shift occurred.

case dye molecules are dissolved in water. The radiative ef- \we observed the spectral red- and blueshifts in the lumi-
f'C'T”Cyl of gyes In water 'r? smalabout |7% because dye pegcence and the nonlinear reflectivity in the excitation light
molecules form a dimer that does not luminesce in watere strongly scattering media with dyes. These phenomena

This would be the reason why we were able 1o ohserve SYSire attributed to the change in the distribution of the popula-

tematic spectral red- and blueshifts in the luminescence SPEHoN of the excited state owing to the saturation absorption in
tra and explained it quantitatively. The laser action in 9 P

strongly scattering medium is a very complicated phenomgye molecules. Strong scatterers confine light in restricted

enon that is affected by many factors. In our sample, we cafiPatial regions and increase the interaction between light and
selectively examine the excitation process without the amplimaterials. This spatial confinement may be useful in observ-
fying process by the stimulated emission. When the solvening the nonlinear optical effect as well as in the design of

was replaced with methanol, we had easily observed theptical devices.
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