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Abstract. We present a quantitative characterization of an op-
tical limiting device based on nonlinear light scattering due
to a photoinduced refractive index mismatch in colloidal sus-
pensions of silica particles. We analyze the origin of the opti-
cal limiting process by direct measurements of the nonlinear
scattering at532 nmwith nanosecond laser pulses and we as-
sess the impact of the interface between the particles and the
surrounding liquid in the suspensions.

PACS: 42.20; 42.65; 42.70

The optical limitation is an important issue in several in-
stances of technological interest for protection purposes but
also for supressing undesirable laser intensity fluctuations and
for pulse and beam reshaping. Several schemes have been
proposed that invariably exploit a nonlinear regime either in
absorption, refraction, or scattering. The choice of the non-
linear material is an important issue, but the problems here
are quite different from those encountered in other nonlinear
optical processes.

In a recent paper [1], we demonstrated that a medium
consisting of two components (a cell containing small silica
particles uniformly dispersed in a surrounding liquid) could
exhibit a nonlinear scattering effect at high incident fluence.

Fig. 1. Limitation principle based on non-
linear light scattering

This property is especially attractive for optical limiting ap-
plications: at low energy, the medium is rendered homoge-
neous by a good refractive index matching between the two
components, whereas, at high energy, the intense laser light
propagating through this medium makes it a heterogeneous
scattering medium because of the photoinduced refractive in-
dex mismatch between the silica particles and the surround-
ing medium. Figure 1 shows the optical limiting principle
based on this nonlinear scattering effect. Even though the
nonlinear scattering was clearly evidenced in [1] and well
separated from other possible mechanisms, a precise charac-
terization of this scattering effect has not been performed yet.
The purpose of this paper is to present complementary experi-
ments that allow a full description of this effect and a precise
determination of the laser-induced index mismatch.

In the next section, two characterization experiments are
described: the measurement of the angular distribution of the
scattered light generated in the limiting process and an es-
timation of the total scattered energy. Numerical modelling
of these results within the Debye–Rayleigh–Gans model per-
mits an evaluation of the induced phase mismatch. Previous
studies by a pump-probe technique indicated that the phys-
ical mechanism responsible for the nonlinear scattering was
related to photoinduced modifications taking place at the
particle/liquid interface rather than with a photoinduced in-
dex modification (Kerr effect) in either of the constituents. To



106

gain some insight in this problem, we have synthetized a new
material with a different interface and studied its optical lim-
itation properties. The results and the comparison of the two
samples are given in Sect. 2. From these results, it is possible
to get a better understanding of the microscopic phenomena
that occur in these materials, as presented in Sect. 4.

1 Characterization of the nonlinear scattering

1.1 Introduction

Let us first recall the main results of [1]. The sample
under study was made of small silica particles embedded in
a toluene/hexane mixing. Each parameter was chosen with
particular attention and controlled during the fabrication pro-
cess. The silica particles were synthetized with the Stöber
method [2] so as to obtain homogeneous spherical particles.
These particles were then grafted on their surface with alco-
hol chains to prevent aggregation and to allow their mixing in
a non-polar solvent such as toluene. This solvent was chosen
because its refractive index, very close to that of silica, per-
mits us to get easily the index matching between these two
components. Precise index matching was obtained by adding
hexane in the solution. The final mixing in toluene/hexane
was 1/0.8. With this fabrication process, one gets a very uni-
form distribution of spherical particles. In this first sample,
the diameter of the silica particles was 0.11±0.03µm, the
volume fraction and the linear transmission approached5%
and80%, respectively.

After the sample preparation phase, different experimen-
tal investigations were carried out in the nonlinear regime
to evidence the presence of nonlinear scattering and op-
tical limitation. We used a frequency-doubled, injection-
seeded, Q-switchedNd:YAG laser delivering10-ns pulses
(λ= 532 nm). The first optical tests were made with a classi-
cal setup to perform optical limiting andZ-scan experiments
with different apertures. From these experiments, it was pos-
sible to discriminate among several nonlinear effects such as
nonlinear refraction, absorption, and scattering. Finally, the
nonlinear scattering was clearly evidenced as the dominant
mechanism responsible for the optical limiting behavior of

Fig. 2. Optical limiting curves for two different samples. The first sample
is made of grafted0.1-µm-diameter silica particles in a toluene and hexane
solution. The second one is constituted of ungrafted0.1-µm-diameter silica
particles in a glycerol and ethylene glycol solution

this sample. The dots in Fig. 2 represent a limitation curve
obtained with such a sample.

In the following, some complementary experimental in-
vestigations are presented to characterize in detail the de-
tected nonlinear scattering, namely its angular distribution of
energy and an estimation of the total scattered energy. The-
oretical analyses of these investigations allow us to estimate
the light-induced index mismatch and corroborate the results
of [1].

1.2 Angular distribution of scattered light

The experimental setup used to study the angular distribu-
tion of scattered light is a classical one as depicted in the
work of K. Nashold et al. [3]. We use the same optical test-
bed as in [1], except for thef -number of the first focusing
lens (which is now300-mm focal length lens). We do not
use a cylindrical cell because of the strong astigmatism in-
troduced by the curved walls of this cell, and we have kept
the same rectangular cell as in [1]. The refraction arising
from the flat surfaces and the corners, limited by tilting of
the cell, is corrected for during the data acquisition. The scat-
tered energy is measured by a sensitive detector which rotates
around the sample, allowing measurement in the forward and
backward directions. By changing the incident energy (five
different values between 2 and300µJ), we are able to ob-
serve the onset of nonlinear scattering. Figure 3 presents the
ratio of scattered to input energy as a function of angleθ
for three values of the incident energy (2, 121, and300µJ).
A logarithm representation was necessary to make the sig-
nal observable, given that the laser energy is still very strong
along the optical axis (located here atθ = 0◦). On this graph
however, it is clear that the detected scattered light increases
with incident intensity, showing the presence of nonlinear
scattering effects at high energy. The data are relevant only
within a small angular area (20◦ < θ < 40◦). For small an-
gles, the influence of the transmitted beam is preponderant,
and for large angles, the signal-to-noise ratio becomes too
small. Note however that no backscattering has been detected

Fig. 3. Logarithmic representation of the ratio of scattered to input energy
as a function of angleθ (θ is the angle inside the cell) for three different
values of incident energy
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in a significant way to be represented on Fig. 3. It is clear that
the scattering occurs mainly in the forward direction. It can
nevertheless be efficient in an optical limiting device through
the use of an appropriate diaphragm.

1.3 Measurement of the scattered energy with an integrating
sphere

In the same way, the total scattered energy integrated over
all scattering angles can be estimated to complete the char-
acterization of the nonlinear scattering from our sample. To
perform this experiment, a25-cm-diameter integrating sphere
was used at the center at which the material was placed. The
interior of the sphere was coated with Spectralon, a Lamber-
tian scattering coating with an overall efficiency of 0.99 at
λ = 532 nm. The sphere has three ports: two ports through
which the laser beam is at first collimated by a300-mm-focal-
length lens into the sample and then exited from the sphere.
The last port is used to collect the scattered energy. After
complete calibration of this experimental setup and optimiza-
tion of the focusing lens position to ensure maximum fluence
in the sample, a measurement of the total scattered energy
is possible, even though the signal-versus-noise ratio is low
due to the weak effective efficiency of the integrating sphere
(2.3%). The results of this experiment are consistent with the
optical limiting curves as can be observed in Fig. 4, where
the scattered energy is represented as a function of the inci-
dent one. The curve is similar to a (reversed) classical limiting
curve and the total scattered energy (38µJ for an incident en-
ergy of 190µJ) estimated from this experiment is in good
agreement with the previous optical limiting experiments.

1.4 Theoretical interpretation

In this section, we want to analyze quantitatively the experi-
mental results presented above. The Debye–Rayleigh–Gans
regime was used throughout this theoretical section, as the
material parameters fulfill its specific requirement:ka|m−
1| � 1 (k is the wavevector,a the average radius of the spher-
ical particles,m the ratio between the refractive indices of
these particles and the surrounding medium). A complete nu-
merical calculation with the Mie formalism has proved to give
the same results.

Fig. 4. Representation of the total scattered light measured with the integrat-
ing sphere versus the incident energy

In the Debye–Rayleigh–Gans regime, the scattered inten-
sity can be expressed as a function of the incident one by:
Is= NL∆Ω dσsca/dΩ I (∗). In this equation,N is the par-
ticle concentration per volume,L the sample length,∆Ω
the solid angle under which the scattered light is meas-
ured. dσsca/dΩ is the differential scattering cross section,
also called the phase function, which can be expressed as:
dσsca/dΩ = | X2 |/k2 where X is the vector scattering am-
plitude, perfectly defined for a homogeneous sphere in the
simple scattering regime [4]. The parameterX is proportional
to the square of the difference in the effective refractive in-
dices of both components and is a function of the parameter
kaand of the solid angle∆Ω. It is therefore possible to obtain
dσsca/dΩ from the experiments and, knowing all the mate-
rial parameters, to calculate the index mismatch∆n for each
scattering angle. Equation(∗) can also be used to interpret
the measurements performed with the integrating sphere, pro-
vided one uses its integrated form:Is/I = nLσsca. From the
measurement ofσsca, it is also possible to obtain∆n. For both
sets of experiments, the∆n obtained following this procedure
depends on the incident intensity, as observed experimentally.
Figure 5 shows an example of the∆n variation as a func-
tion of the incident energyEin obtained with the integrating
sphere. In this case, as in all the other measurements, we get
a linear dependence between∆n and I which we can write:
∆n=∆nL+∆n2 I . A simple linear regression gives both the
linear and nonlinear index differences.

The experimental data displayed in [1] have also been
analyzed to evaluate the nonlinearity responsible for the op-
tical limitation. A flux theory of light scattering also based on
the Debye–Rayleigh–Gans approximation was used to model
the nonlinear propagation in a medium with a spatially ran-
dom refractive index allowing us to estimate the∆nL and
∆n2 necessary to explain the observed limitation effect [1].

The values of∆nL and∆n2 obtained from the three ex-
periments (optical limitation, distribution of the angular scat-
tering, and integrated scattered energy) are summarized and
compared in Table 1. The agreement between the three inde-
pendent sets of experiments is very good; complementary ex-
periments and their quantitative analysis support thus the pre-
vious optical limiting simulation. We can therefore give confi-
dently the values of the index mismatches:∆nL ≈ 1.4×10−2

and∆n2≈ 1.7×10−15 m2/W.

Fig. 5. Representation of the∆n variation as a function of the incident
energyEin
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Table 1. Summary of simulation results for∆nL and ∆n2 from optical
limiting, angular scattering, and integrating sphere experiments

Experiments ∆nL ∆n2 /m2/W

limiting curve 1.24×10−2 2.2×10−15

angular scattering 1.54×10−2 1.6×10−15

integrating sphere 1.33×10−2 1.3×10−15

The value obtained for∆n2 is very strong compared to the
bibliographic data for the electronic nonlinearity of silica [5]
or those of the surrounding medium [6]. Nonlocal processes
such as thermal [6, 7] or electrostrictive [8] ones or whis-
pering gallery modes phenomena [9] can be ruled out after
appropriate calculations. Further work seems to be required
to assess more precisely the contribution of each parameter of
the material to the final effect (such as the solvent, the par-
ticles, and the surfactant molecules contribution).

2 New sample and experiments

In order to gain insight into the origin of the strong nonlin-
earity that exists in our samples, we proceeded to fabricate
a new sample in which some of the material parameters are
changed. In this new sample, we have chosen to modify the
interface between the particles and the surrounding medium
by using a solution where no alcohol chains are grafted on
the particle surface. However, it is not possible to change
only this parameter as these alcohol chains were necessary
to maintain the particle in suspension and avoid sedimenta-
tion problems. Due to the fact that the silica particles are
polar, it is impossible to have the same surrounding medium
as in the first sample (toluene and hexane mixing) and a direct
transfer of particles without grafted chains in such a medium
would induce a rapid particle aggregation, as nothing pre-
vents them from sticking together. One way to avoid this is
to use a polar surrounding medium, and we chose a mixing
of glycerol and ethylene glycol, on account of their respec-
tive polarity, their strong viscosity (maintaining the particles
in suspension), and their weak nonlinearities (which are simi-
lar to those of toluene and hexane). Furthermore, to permit
an easier comparison, the size and the concentration of silica
particles are the same as for the previous sample.

Fig. 6a,b. Transmission time trace after one
laser pulse in both samples. A single exponen-
tial fit gives a relaxation time around3 ms for
the sample containing the grafted silica particles
(a), and around2 s for the other one containing
the ungrafted silica particles (b)

This new sample of glycerol, ethylene glycol, and0.1-µm
silica particles in suspension without grafted chains has been
tested in the same way as for the first sample. And here again,
optical limiting characteristics have been demonstrated, only
related to nonlinear scattering. This conclusion is reached
after having ruled out all the other possible nonlinear mech-
anisms (nonlinear absorption or refraction). Moreover, com-
paring the first sample and the new one, as it is shown in
Fig. 2, it is clear that the optical limiting effect is stronger in
the second one. The threshold, defined for a decreasing trans-
mission of20%, is near1 J/cm2 for the new material, versus
10 J/cm2 for the first one. It compares well with the threshold
of carbon-black suspension limiters (measured with the same
criterion to0.8 J/cm2 [10]).

Before discussing the possible origins, it is instructive to
study the time response of the optical nonlinearities of the
new sample with a dual-beam (pulsed-pump, cw probe) tech-
nique. The optical test-bed is described in [1], where it has
been used to study the dynamics of the phenomenon in the
first sample. The comparison between the fast and slow non-
linear mechanisms of both samples, which can be measured
and distinguished by continuous time resolution, allows us to
discern the most important parameters. Figure 6 shows an ex-
ample of typical curves with a millisecond time scale for the
first sample and a second time scale for the new one. In both
cases, a very strong and fast transmission change is induced
by the excitation pulse. However the recorded signals reveal
a strong difference in their relaxation times: the decay time
is much longer for the new sample (2 s) than for the first one
(close to3 ms).

3 Discussion

Let us first recall that the index mismatch cannot come from
the surrounding medium or the silica particles, nor from non-
local processes as we have shown before [1], and it seems
reasonable to attribute the origin of the nonlinear scattering
to the particle/solvent interface. This conjecture is also sup-
ported by the two pump-probe experiments which show that
the mechanism is quite complicated and that many processes
with different time scales are involved. Let us examine now
the difference between the two samples studied. The nature
of the interface between the particles and the solvent is very
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Fig. 7a,b. Microscopic representation of a silica particle when the alco-
hol chains are grafted with covalent bonds (a), or ungrafted with hydrogen
bonds (b)

different: in the first sample, some alcohol chains are grafted
on the particle surface with covalent bonds, whereas in the
second material, the solvent polar molecules are connected to
the silica particles only by hydrogen bonds. These two kinds
of interfaces can certainly explain the difference in the opti-
cal limiting behaviors of the two samples, especially in the
threshold estimation. Figure 7 shows schematically the par-
ticle interfaces in both cases, with an enlarged description of
each bond in insert. In the first case, the molecules are more
strongly tightened to the surface than in the second one and
it is more difficult to perturb the arrangement or to break the
bonds, leading to a higher threshold.

The short activation times (not shown in Fig. 6) could
therefore be connected in both cases to a photoinduced re-
arrangement of the molecule layer surrounding the particles
which is expected to perturb the pressure locally. This phe-
nomenon could be reversible, assuming that the molecules
can get bound again to the particles, or it could be irreversible
if there is a photodegradation of the particle surface. In the
latter case, the perturbation would last as long as the par-
ticles stay in the laser beam. As for the long decay times,
the stronger viscosity in the surrounding medium of the new
material can certainly explain the slower mechanism in com-
parison with the previous sample (the viscosity is close to 880
centipoises for the new sample, versus 0.48 for the first one).
These long decay times could be connected to the time re-

quired by a perturbed particle to get out of the probe beam or
come back to its initial equilibrium state through collisions.
These times would be proportional to the solvent viscosity, as
observed experimentally.

4 Conclusion

In this paper, we have shown that a heterogeneous medium
containing spherical silica particles in suspension in a liquid
surrounding medium displays nonlinear scattering at high flu-
ence, a property that can be useful for optical limitation pur-
poses. The photoinduced refractive index mismatch has been
measured to be very large and cannot be explained by the in-
trinsic properties of the silica spheres or of the solvent, but
originates most probably in the interface between the two
constituents. The study of two different samples allows us to
confirm this hypothesis and clearly shows that the nature of
the surrounding medium (more precisely, its polarity) plays
a very important role. The more polar the solvent, the stronger
the limitation effect. This feature seems to be connected to the
nature (and the strength) of the bonds between the silica par-
ticles and the surrounding molecules. Further work should be
undertaken to improve this nonlinear scattering effect, for ex-
ample by increasing the particles concentration to go to the
multiple scattering regime. A promising application could be
to associate this effect with other optical limiting mechan-
isms (such as reverse saturable absorption). This could lead
to improved behavior of existing devices, especially at high
intensity levels.
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