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Nonlinear optical Kerr coefficients of disordered media
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The degenerate and nondegenerate nonlinear Kerr coefficigisdisordered media composed of submi-
crometer dioxide titania particles embedded in a dye solution were measured using an interferometric tech-
nique. The influence of the scattering particles on the valua,oére discussed in the light of stimulated
emission in these systems. The results obtained can be useful for applications in nonlinear ultrashort pulse
propagation in disordered med{&1050-294{@8)06402-9

PACS numbeis): 42.55.Mv, 42.70.Hj, 78.96:t

I. INTRODUCTION of the nonlinearity. Examples are four-wave mixing, inter-
ferometric methodsZ scans, self-focusing, and self-phase
Disordered medidDM) composed of dielectric particles modulation. For DM, because of the spatial scattering suf-
with characteristic size smaller than the wavelength of thdered by the beam, care must be taken and some of the tech-
incident radiation have been thoroughly exploited for the unniques mentioned above are not easily implemented. In Refs.
derstanding of photon propagation in disordered systems$i4, 15, self-focusing and four-wave mixing have been used
Multiple scattering of light studied in those media has im-tg obtain the values for the sign and magnitude of .

proved dramatically the understanding of fupdamental a$n both experiments, the particlés-um latex spheréswere
well as applied phenomena. Photon localization is perhapgissolved in water.

the most studied fundamental phenomenon in such media |, o, experiments, an interferometric technique based on
[1-3], whereas biomedical applications, such as identifica:

; . . e ! X X ) Twyman-Green interferometer h n empl follow-
tion of hidden objects in biological tissues using optical tech--a wyman-Gree erferometer has been employed follo

nigues, have also been exploitel5]. One of the most re- ing th_e work_ of Ref.[l?]: This technique, used ir_1 conjunc-
cent features reported was the observation of laser action fjion W'.th an incoherent light sourdéaser pl_Jlses with coher-
DM in a dye solution[6—10], which has led the way to a ence time much shorter than the pulsewjdtllows one to

different field: the propagation of light in disordered mediaM€asure nonlmear'effe.cts on the ballistic component, Wh'c.h

with optical gain[11,12. suffers less scattering, mdependent of the more scattered dif-
For an intense laser beam propagating through a DM{USE componenil18] propagating through the DM. The ex-

nonlinearities can substantially affect the scattering properPe€rimental scheme is shown in Fig(the dashed line repre-

ties of the medig13]. Two mechanisms are identified as Sents a change in the experimental setup used in Secs. Ill and

responsible for such alterations: topology variatiéeteanges V). A broadband, Nd:YAG pumped dye lasgrhere YAG

in the distribution of the scattering particjesr alteration in ~ denotes yttrium aluminum garnefpulsewidth 13 ns, band-

the refractive index of the components of the disordered mewidth 5 nm, center wavelength 618.5 nm, coherence time

dia. An important example of the exploitation of the first 250 fs, and repetition rate 5 Havas employed as the pump

mechanism can be found in Refd4, 15, where the radia- source. The disordered medium consisted of ,Ti@no-

tion pressure resulting from the optical field gradient inducespheres with 250 nm diametéR-900 Ti-pure from DuPont

a force that leads to motion of the scattering particles in thembedded in a 10" 3M solution of Rh640 in methanol.

medium. . o o The nanospheres concentration used here was 5.7
The second mechanism, variation in the refractive index,

can be described by=ny+n,l, whereny is the linear re-
fractive index,n, is the nonlinear Kerr coefficient, arldis

the light intensity. The physical origin of, can be, for in- . ]A=3320m

stance, electronical or thermal. The variation of the refractive Nd:YAG BS.2 _[i Dye Laser

index due to the nonlinear Kerr coefficient can lead to sup- : == Filter

pression of scatteringlL6]. A=618.5nm
In this work, the nonlinear Kerr coefficiemt, of a DM ;

consisting of TiQ submicrometer spheres embedded in an 4

optically active medium is experimentally determined. Both . l'B-S-l

degenerate and nondegeneraig were measured in the A ]

nanosecond regime. The influence of the presence of the Sa,ﬁhple Linear photodiodes

scatterers is analyzed in the light of stimulated emission. array

II. MEASUREMENTS OF DEGENERATE NONLINEAR ] )
KERR COEFFICIENTS FIG. 1. Experimental scheme used to measure the nonlinear

refraction index of the disordered media. For the nondegenesate
For homogeneous media, there are several techniqueseasurement a beam splitter BS-2, is introduced to divert the pump
available that can be used to measure the sign and magnitudeam.

1050-2947/98/5(B)/20374)/$15.00 57 2037 © 1998 The American Physical Society



2038 R. E. de ARAUJO AND A. S. L. GOMES 57

theory, andp is the scatterers’ density. The variation in the
_ optical path in the DM due to the intensity changjk leads
A At® to an effective nonlinear refractive index given by

o
l1-e o

B = g\
Moo= 2 m(ANT(1+ % )

: @

where L is the sample length\ is the wavelength of the
beam, and is the fraction of the intensity transmitted by the
cell’'s wall. The sign of the nonlinearity is determined by
comparing the fringe displacement due to the intensity varia-
tion with respect to the change in position due to one of the

INTENSITY (a.u.)

100 200 300 400 h X . .
NUMBER OF PIXELS interferometer’'s arm displacement. This system was tested

using a material with a known nonlinearigemiconductor-
doped glass, Corning filter 3-f@nd a value oh, similar to
that of Ref. [17] was obtained. For the system used

FIG. 2. Experimental result of the displaced fringes for two

different beam intensities. (Rh640+TiO, spheres the scattering depth fora

=618.5 nm was calculated to be 68.5cmFrom the mea-
surements and with the help of E@), the value ofn, o=
X 10'° cm™3. This is the same disordered system in which—(8=2)x10~ ! cnm?W was determined. We have also mea-
laser action has been observed previo(§l{2]. The double sured the value oh, . for the dye alone and a value of
collimated beams entering the Twyman-Green interferometer (7+2)x 10" ** cn?/W. The negative sign of the measured
are the signalwhich passed through the sampénd refer-  nonlinearity is expected from the Liouville equation assum-
ence beams. The signal beam was focused upon au880- ing a simple two-level system for the dye. Therefore, we can
thick cell containing the disordered medium to a beam diameonclude that for the scatterers density employgs (
eter of 120 um, yielding a maximum intensity of =10"cm ) the contribution for the nonlinearity is deter-
24 MW/cn?. The outcoming beams from the interferometersmined solely by the dye. This is understood due to the fact
formed double interference fringes pattern, spatially sepathat the nonlinear refractive index of Tj@s of the order of
rated, which were detected by a 1024 pixel linear photo410~13 cr?/W [19]. We will point out later the role played by
diodes array and displayed on a digital oscilloscope linked tehe scatterers.
a personal computer for analysis. As the intensity of the sig-
nal beam through the sample was varied, the nonlinear index |; MEASUREMENTS OF THE NONDEGENERATE
ChangeAn:nzl Changed the phase wave front propagating NONLINEAR KERR COEFEICIENT
through the DM. This phase variatiah was determined by
the fringe displacement induced in the signal beam. To en- In order to measure the nondegenerate nonlinear Kerr co-
sure that acoustic vibrations or external thermal variations defficient, the only change required in the experimental setup
not contribute to the fringe displacement, the reference beayas the introduction of a second beam of different wave-
was used. Thus the phase change due to the nonlinear effedgfigth (dashed line in Fig. )l The second harmonic of the
was determined by Nd:YAG laser at 532 nm was used for this purpose, and the
signal beam was kept at the same waveler(tt8.5 nn).
The beams were overlapped at the front wall of the cell pro-

Agy A viding an interaction region determined by the penetration
¢=2m =+ (1) depth of the green beam. Again, a theoretical analysis was
Asig Aref performed, taking into account the penetration depth of the

beam at 532 nm and, more importantly, the gain effect that it

(in radiang, whereA 4 (A ) is the observed fringe shift and ¢an introduce. The resulting expression fgr is
Agig (Arey) is the separation between the maxima of the zeroth

and first fringe orders in the signéteferenceé beam. The , 1 g
phase variationp is known to be related directly to the op- n; eff:(l 2 )(1+T2e9L"2“L") ( )
tical path change through the DMpE 27wAx/\). Shown in o
Fig. 2 is a typical experimental result obtained for different
beam intensities. The displaced fringes represent the signal i@_ n2eﬂ(A|)Te9'-'(l+T2e*“'-")

beam, whereas the superimposed fringes are due to the ref- 27

erence beams. To obtain the value of the nonlinear refractive
index, several measurements were performed and the data 1—eel”

were averaged. A simple analysis of the beam propagation X ” €))
through the DM can be performed, taking into account that @

the intensity of the beam decreases exponentially through the

DM, according tol =1, exp(ax’), wherea=op is the scat- wheren, o is the effective nonlinear refractive index mea-
tering deptho is the cross section calculated through Mie sured in Sec. IIL’ is the penetration depth of the green

!
e 9t -1
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beam,L”"=L—-L’, and expgl’) is the amplification factor
of the signal beam. The value gfwas experimentally de- ]
termined by measuring independently the transmitted signal 0 (a)
intensity at 618.5 nm in the absence and in the presence ol
the strong green beam.

The values obtained werg, .= —11x 10" 1° cnm?/W for
the DM (2x 107 3M of Rh640 in methanol with a concentra-
tion of 5.7x 10 cm 3 of TiO,) and —8x 10~ 1° c?/W for
the dye alone(same solution These results took into ac-
count the values ofg=35cm ! for the DM and g
=50 cmi ! for the dye alone. As in the degenerate case, the .
value of the nonlinear Kerr coefficient is determined by the
dye alone. However, the presence of the green beam in-
creases the modulus of the nonlinear nondegenerate Kerr co -8 ——— T
efficient compared to the degenerate case by one order of 10 0 10 0 %0 4 50
magnitude. This is due to the cross phase modulation effect EXCITATION BEAM INTENSITY ( MW/cm’ )
induced by the green beam on the red beam, which can arise
physically from the electronic or thermal effect or a combi-
nation of both. As the sign of the measured nonlinearity was 0- (b)
negative and the pulse duration is lofi ng, thermal ef-
fects may be playing a major role even though a low repeti-
tion rate was employed. Experiments using shoftefew
picosecondspulses should be performed in order to clarify
the origin of the cross phase modulation effects.

PHASE SHIFT (rad)

IV. THE INFLUENCE OF THE SCATTERERS
AND CONCLUSIONS

PHASE SHIFT (rad)
S
1

One question then arises: What is the influence of the

scatterers on the nonlinearity of the DM? To answer this 8
question, another set of experimental data was collected, 0 10 20 30 20
where the intensity of the excitatiqgreer) beam was varied EXCITATION BEAM INTENSITY ( MW/em® )

and the signal beam intensity was kept constant at
23 MW/cn?. The phase variation versus intensity was then

plotted for both dye alone and the DM. The results A€t excitation beam intensities, when the signal beam crgsses

shown in Figs. &) and C{b).. In Fig. 3a), for dye alone, it dye solution andb) a disordered media. The solid lines are best fits
can be seen that the maximum phase shift is obtained at @ he experimental points.

maximum excitation beam intensity and it varies softly. On
the other hand, in the DM, there is an abrupt phase shift
reaching the maximum at a very small intensity. According
to Figs. 3a) and 3b), a phase shift of 6 rad can be achievedtively, one can argue that all the behavior already shown for
with 8 times less power in the DM than in the dye alone. the laser paint by several authors, regarding the particle pa-
The main reason for the abrupt phase shift change in theameters mentioned above, should lead to similar behavior in
DM is related to stimulated emission in the DM solution. In the threshold for the nonlinear response of the DM in the
an independent measurement we have observed that, for theesence of gain. Even issues such as critical sample size
concentration used here, laser emission occurred in the DMnay follow the same behavior as for the laser paint.
as in Ref.[7], with the same threshold value of Fig(b3 Several conclusions can be drawn from this work. First,
Therefore, above the threshold a strong alteration in the dythe value of the nonlinear optical susceptibility of disordered
population exists, inducing a drastic change in the material’snedium can be directly and conveniently measured using an
susceptibility, and this was transferred, through cross phasaterferometric technique. Second, the role of the particles in
modulation, to the signal beam. the nonlinearity can be identified, as well as the host me-
Although the results reported here were performed for alium, and artificial nonlinear media can be engineered for
single-particle size, optical density, and volume fraction, twofurther studies. Third, stimulated emission in DM can be of
values of titania concentration were employddferent by a  importance for lowering the threshold for the observation of
factor of 5. For the two concentrations used, the behavior ofnonlinear effects.
the energy value for which the phase shift changed abruptly As a further and important conclusion, the system studied
followed that of the lasing threshold in the laser pdi22]. here can be exploited for the studies of nonlinear ultrashort
Even though more experimental data are required using difpulse propagation. It is known that an ultrashort pulse propa-
ferent particle parameters, one could observe the effects @fating through a nonlinear medium can be described by the
the feedback due to the scatterers in lowering the “threshnonlinear Schrdinger equation. A similar equation for DM
old” power for the maximum phase shift to occur. Qualita- has already been analyz¢20,21]. From the data obtained

FIG. 3. Measured results of the phase-shift behavior for differ-
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