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Observation and analysis of nonlinear scattering using the scattered-light imaging method
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Optical phenomena like nonlinear absorption and nonlinear refraction are often determined through light
transmittance techniques. However, in turbid or resonant media, scattering may also significantly attenuate the
laser beam, such that absorptive losses may be overestimated. Thus, while transmittance techniques are suitable

to determine the power extinction, it is often difficult to characterize the contribution of nonlinear scattering in a
sample. In this work we applied the scattered-light imaging method to discriminate the nonlinear extinction
due to nonlinear absorption and nonlinear scattering contributions in a turbid medium constituted of TiO,
nanoparticles suspended in acetone. The single-shot method collects an image of the beam transverse profile
evolution along the propagation axis inside the sample. It was observed that while the results obtained by the
transmittance technique indicate the extinction coefficient (including scattering and absorption contributions),
the results obtained with the scattered-light imaging method discriminate the contribution of each phenomenon.
Therefore, the results of both approaches are complementary and allow a more complete characterization of

turbid media.

DOI: 10.1103/PhysRevA.105.063520

I. INTRODUCTION

Light scattering is a phenomenon frequently observed in
studies involving the propagation of electromagnetic waves
in nonhomogeneous materials and rough surfaces. However,
when light transmission based techniques are used to char-
acterize the optical response of various systems, scattering
is seldom the aspect of interest. Quite often, the scattering
contributions are considered to play a minor role in absorption
or extinction phenomena responsible for the intensity losses.
Nevertheless, understanding the physical properties of light
scattering can be used for example to characterize biological
materials [1-3], nanoparticles [1,4], and laser beam profiles
[5,6], or in techniques such as thermometry [7,8], random
laser generation [9—11], and spatial solitons [12—15] among
others.

In some applications, scattering can present nonlinear (NL)
behavior due to distinct optical phenomena. In 1965, for the
first time NL scattering was reported with the aim to study
molecular structures and their interactions in liquids [16]. NL
scattering is often considered as an inelastic process, where
the scattered light is emitted with a frequency different from
that of the incident light. A spectrum analyzer is often used as
a detector to collect light scattered along forward, backward,
or transverse directions. However, it is essential to note that
it is also possible to have elastic NL scattering processes.
NL scattering can occur in this regime when an intense laser

“kelly.sakamoto @unifesp.br

2469-9926/2022/105(6)/063520(8)

063520-1

beam propagates in inhomogeneous media, such as colloids
containing nanoparticles (NPs) suspended in a host medium,
with different refractive indices [17]. For instance, consider a
two-component colloid consisting of particles whose refrac-
tive index is 7paricte inside a solvent described by refractive
index ngovent in the Rayleigh-Gans regime [18,19]. Then, the
scattering cross section is proportional t0 (7particle — Hsolvent )
and, if at least one material has a relevant Kerr response,
then the scattering cross section becomes NL and may not
involve changes in the photon frequency. Notice that this
phenomenon can occur in general in samples where some
constituent presents large NL polarizability.

The intensity dependence of scattering can produce sub-
stantial intensity losses along with the beam propagation [20],
causing significant changes in other NL optical processes
that can appear simultaneously, such as NL absorption and
NL refraction. However, since the intensity losses by NL
scattering exhibit a behavior similar to that induced by NL
absorption, it is usual to observe the contributions of both
NL phenomena included in a single process, known as NL ex-
tinction. The reason for commonly considering the combined
effect of intensity losses lies in the simplicity of measuring the
NL extinction coefficient arnr, [20] directly in a transmittance
experiment using an optical detector. Nevertheless, although
the NL extinction is sufficient to model NL extinction effects
on propagating beams, the physical origins of the absorption
and scattering phenomena are fundamentally different.

Traditionally, the Z-scan technique is widely used to
characterize the effective NL absorption and refraction coef-
ficients [21]. The Z-scan technique is based on measuring the

©2022 American Physical Society


https://orcid.org/0000-0002-4962-2949
https://orcid.org/0000-0001-5706-9744
https://orcid.org/0000-0002-9025-5159
https://orcid.org/0000-0002-8654-1953
https://orcid.org/0000-0003-1205-9467
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevA.105.063520&domain=pdf&date_stamp=2022-06-29
https://doi.org/10.1103/PhysRevA.105.063520

KELLY C. JORGE et al.

PHYSICAL REVIEW A 105, 063520 (2022)

transmittance from the ratio between the output and input
focused beam power in the sample while it is moved along
the beam propagation direction (z axis), around the region
with the highest intensity (z = 0). An aperture in front of a
photodetector is used to define the closed-aperture (CA) and
open-aperture (OA) schemes, used to measure NL refractive
index and NL absorption coefficient, respectively [21,22].

In the OA Z-scan case, generally, it is assigned that the NL
attenuation mechanism suffered by laser propagation in a sam-
ple is exclusively due to absorption. However, since Z-scan
corresponds to a transmitted light detection technique, the NL
absorption coefficient can be overestimated when the sample
exhibits linear and/or NL scattering. Therefore, some strate-
gies are implemented to the Z-scan technique to distinguish
the contributions of NL absorption and NL scattering, such
as spectral analysis of the transmitted light and the addition
of new detectors to collect the output signal from different
observation angles [17,23,24]. An alternative approach is to
dilute the scattering material [25], therefore minimizing light
scattering. There is also another version of Z-scan, which re-
quires a more complex and expensive experimental setup [26].

The scattered-light imaging method (SLIM) is a versa-
tile technique which was developed initially for laser beam
characterization [5,6] in both continuous-wave and pulsed
regimes. It has been shown to be an excellent tool to un-
derstand matter-light interactions. We can mention some
applications of the SLIM, as the determination of the NL
refractive index n, of scattering media [27], the characteriza-
tion of solitons in cubic-quintc [14], quintic-septimal medium
[13], and in saturable optical medium [15].

In comparison with SLIM, the Z-scan method presents a
laborious experiment. It needs a large number of laser pulses
during sample translation, while the SLIM requires a single
image of a laser pulse to measure the same parameter with
the sample fixed in one position. As a consequence, SLIM
provides a measure that indicates the pulse-to-pulse beam
point stability and intensity fluctuations.

In this work we use the SLIM [6] to measure the NL effects
of turbid samples, discriminating the NL absorption and NL
scattering contributions. The images obtained by using the
SLIM allow us, in addition to visualizing the laser beam
intensity profile as a function of the propagation distance, to
measure the beam longitudinal power profile over the entire
sample length. The NL scattering coefficient of a colloid,
consisting of titania (TiO,) NPs in acetone, was determined by
fitting the beam longitudinal power profile with the theoretical
model reported in [28]. The SLIM images presented here orig-
inated the development of this theoretical model [28], which
discriminates between the responses due to NL scattering
from the NL absorption. In addition, the OA Z-scan technique
was used as a method to perform complementary extinction
measurements.

II. EXPERIMENTAL SETUP

The experiments were done with three samples having
different concentrations of TiO,-NPs suspended in acetone
(here indicated by A, B, and C). The samples were prepared
by adding acetone in a water colloid containing spherical
TiO,-NPs with (168 £ 28) nm in diameter. The NPs number

FIG. 1. SLIM experimental setup for characterizing turbid me-
dia. (a) Input laser beam irradiance control and focusing system.
(b) Ray diagram for scattered light with d; = 10.7 cm and d, =
21.3 cm. (a) and (b) Adapted from [27]. (c) SLIM image of the laser
beam propagation in sample B with I, = 2.5 GW/cm?.

per volume was estimated by using the Rayleigh approxima-
tion [29] given by N = % Zif%)z; considering the
linear extinction coefficients (asf)ve"for A = 532 nm that were
determined through the curves of lower incident intensity
using SLIM, shown in Table I in Sec. IV. r is the nanopar-
ticles’ radius (equal to 84 nm) and m = -, with nxp = 2.6
and ngovent = 1.36 being the refractive irfEi‘é?é of the TiO, and
acetone, respectively. The volume fractions were estimated by
multiplying N times the volume of a nanoparticle (~2.48 x
10~ cm?), resulting in 2.36 x 107 (A); 3.45 x 10~° (B);
and 5.23 x 107 (C), respectively.

Briefly, the SLIM setup is shown in Fig. 1(a), where the
second harmonic of a Q-switched and mode-locked Nd: YAG
laser, operating at 532 nm, with pulse duration of 100 ps and
repetition rate of 10 Hz, was focused on a 10 mm quartz
cell containing the sample. Five values of input beam irra-
diance (Ip) were used, varying from 2.5 to 12.5 GW/cm?.
Figure 1(b) shows an anamorphic imaging optical system,
constituted of two cylindrical lenses (80 mm focal lengths)
oriented perpendicularly to each other and a CCD camera,
arranged orthogonally along one of the cell’s side windows.

Figure 1(c) shows an image of the laser beam propa-
gation inside sample B with low input irradiance (Ip = 2.5
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FIG. 2. Laser beam propagation curve of sample B (red solid
squares) with input irradiance of 2.5 GW/cm?. The fitted curve
(black solid line) is given by w(z) = \/0.0342 +10.12(z — 2.6)% in
mm [30].

GW /cm?), i.e., where the sample nonlinearity is negligible.
Figure 2 shows the laser beam propagation curve fitted by
w(z)? = w3 + 6%(z — 20)* [30], where its propagation param-
eters obtained in sample B were: the beam waist of wy =
(34.1 £ 0.5) um; the divergence of 6y = (10.1 £ 0.2) mrad;
the Rayleigh range of zz = (3.4 £ 0.2) mm; and the quality
factor of M? =2.71 4 0.01. The beam waist position is lo-
cated at zop = (2.6 = 0.1) mm inside the cell that has 10 mm
of length. Further details on the SLIM experimental setup are
given in [6,27].

III. PROCESSING OF SLIM IMAGES

The optical axis of the imaging optical system is given on
the x direction as shown in Fig. 1(b). In the object plane, the
laser beam propagates along the zy axis, and the light of the
beam is scattered in the xpyo plane. Notice that the imaging
system cannot distinguish object features along xj, such the
image formed at the camera plane corresponds to the scattered
intensity integrated along xo or /(yo, 29) = f 1 (x0, Yo, 20)dxp.
The image formed at the camera’s plane, /(y, z), can therefore
be used to determine the evolution of the beam intensity
profile along the propagation direction. More details can be
found in [6].

In order to determine the power of the laser beam prop-
agating in the NL scattering medium as a function of the z
position P(z), the SLIM image I(y, z) was integrated along
the y direction:

P(z) = /I(y, 2)dy. (D

The natural logarithm of the beam power was calculated,
and its processed data were fitted by using the theoretical
model that describes the beam power evolution, within the
sample, along a transverse direction to the beam propagation
axis, which is detected by the SLIM scheme [28]:

In(P(z,1)) = C +1nly — a1z + InX;

I s\ 'y
+1n[1+“2’”< ¢ 2)—2}, @)
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where C indicates the maximum linear detection efficiency of
the system; Az = z — 79 is the distance relative to the beam
waist position (zg); zg is the Rayleigh length; and o and o,
are the linear and NL extinction coefficients, respectively. The

: _ Vo [FAQT — oo G+D) i
functlons. X = .Zi:o ] and X =) 2, \l/l'_+72[_A(.Z)]l
are associated with the time average of the scattered light

in SLIM, where A(z) = a2l [, %dﬂ (all details can

be found in [28]). The subscripts S and A correspond to the
scattering and absorption contributions for the extinction coef-
ficient. Therefore, the NL extinction coefficient can be written
asopy =05+ 24

To explicitly indicate the contribution of NL scattering
to the extinction coefficient, a parameter S can be added in
the form oy g = Say and ap 4 = (1 — S)az. The expression
allows defining if the NL extinction is entirely due to the
NL scattering (S = 1) or to the NL absorption (S = 0). If the
NL extinction is given only by NL absorption, oz s = 0, and
then the logarithm involving X, becomes zero. Thus, the term
involving X, is a characteristic signature of NL scattering and
can be used to distinguish between NL absorption and NL
scattering contributions in the SLIM.

IV. RESULTS AND DISCUSSION

To discriminate the contributions of NL scattering from
those of NL absorption, it is necessary to perform experimen-
tal measurements of the linear and NL extinction coefficients
(using the OA Z-scan technique), as well as to characterize
the laser parameters and beam longitudinal power profile by
using SLIM. The sequence of measurements and analysis of
the experimental results is described below.

A. Linear extinction coefficient

The samples provide a strong linear scattering at 532 nm
because both TiO, and acetone are very transparent at this
wavelength, and TiO,-NPs present a large refractive index
(e.g., nnp & 2.6 at A = 632.8 nm) compared with the acetone
refractive index (ngoivent = 1.36) [31]. Thus the linear extinc-
tion coefficient in the samples is essentially the scattering,
with negligible absorption contributions. This is evidenced
experimentally by the fact that the scattering signal detected
is quickly saturated by using the spectrometer. In this way, the
linear extinction coefficients («t;) for each sample (A, B, and
C) reported in Table I, were determined by fitting the curves
of lower incident intensity obtained by SLIM through Eq. (2).

B. Nonlinear refraction

As reported in [27], SLIM can be used to measure the non-
linear refractive index in scattering media (n,) by monitoring
the propagation of the incident laser beam within the sample.

TABLE 1. Linear extinction coefficient (c¢;) values of TiO,-NPs
suspended in acetone, obtained by SLIM at 532 nm, using Eq. (2).

Samples A B C

a; (em™) 0.41 0.60 0.91
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Since the measurement of n, depends on the sensitivity to
analyze the beam divergence, the NL medium is placed so
that its entrance face coincides with the focal plane of the
focusing lens [see Fig. 1(a)]. Such optical setup ensures that
the collected images show a clear contrast between the beam
size at focus and far from focus, optimizing sensitivity in
beam divergence analysis. However, under the experimental
conditions used here, with the beam waist located at zy =
(2.6 £0.1) mm within a 10-mm-thick cell, it was not possi-
ble to observe variations in beam divergence with increasing
intensity (up to 12.5 GW/cm?). Here the position of the beam
waist within the sample was strategically chosen to measure
the power variations of scattered light in regions around the
focus, where NL effects are predominant due to high inten-
sity and are not directly relevant for the NL scattering (as
discussed in [28]).

C. Nonlinear extinction coefficient

Figure 3 shows the NL extinction curves obtained by the
OA Z-scan technique for samples A, B and C, contained
in thin cuvettes (L = 1 mm). The effective NL extinction
coefficient can be found by fitting the expression 7(z) =

e [ Togll + qo(z, 0)e ™" 1d7 [22], where go(z, 1) =

% and L. = (1+::1]L) The decrease in transmittance
arougld the focal position, z = 0, indicates that the NL extinc-
tion coefficient increases with the TiO,-NPs concentration,
as displayed in Table II. On the other hand, the standard
deviation, obtained by five repeated measurements, decreased
with an increased concentration of NPs. This is observed
because the more intense the NL extinction effect, the better
is the Z-scan sensitivity. In contrast, the more concentrated
solutions exhibit larger fluctuations in the transmittance curve,
as can be seen in the region furthest from z = 0, owing to the
increase in the linear scattering strength due to a larger number
of scattering NPs. The inset of Fig. 3 shows the normalized
transmittance value in z = 0 (black solid circles) as a function
of the volume fraction. Its linear fit (red dashed line) endorses
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FIG. 3. OA Z-scan curves for samples A (red solid circles),
B (blue solid triangles), and C (green solid squares) for Iy = 9.4
GW /cm? showing the NL extinction effects. Inset: Normalized trans-
mittance values at z = 0 mm (black solid circles) for each sample and
with its linear fit (red dashed line) given by y = 0.99 — 4.27 x 10°x,
where x is the volume fraction.

TABLE II. NL extinction coefficients obtained by the OA Z-scan
technique.

Samples A B C

s (x10711 cm/W) 6.3+0.8 7.6+0.7 102+0.5

that the higher the TiO,-NPs concentration, the higher the
light NL extinction.

D. Nonlinear scattering characterization

1. Discrimination of the nonlinear scattering and nonlinear
absorption

Figure 4 shows the natural logarithm of the beam power
In[P(z)] as a function of the z position into samples A, B,
and C, for input irradiance between 2.5 and 12.5 GW /cm?.
The data obtained by using the SLIM were fitted by using
Eq. (2). Notice that with the previous measurements, only
C and S remain as free parameters for fitting, while the o
and ay coefficients were those presented in Tables I and II,
respectively.

Notice, however, that the power of the scattered light
contributing to the formation of the SLIM image should be
reduced for positions beyond the focal point in the cell, since
this contribution is spatially incoherent and diverges faster
than the laser beam. Therefore, the model should be valid after
the beam waist. Without loss of generality, it is possible to use
the second half of the cell, i.e., the region between positions
z =4 and z = 10 mm in the cell, to fit the model described in
Eq. (2).

The S parameter was studied by considering the previously
measured parameters (beam parameters and NL extinction
coefficient) and then determining the least average variance
between the model and the experimental data for all measure-
ments of a given sample. The average variance is the average
value of the variance calculation between experimental and
fitted data, for each corresponding z position. For all samples,
the average variances in the range of z =4 to 10 mm are
shown for each value of S in Fig. 5. The values of S used
in Eq. (2) to fit the experimental data of Fig. 4 correspond to
the minimum value average variance of the curves presented
in Fig. 5. Notice how the model adequately describes the
data, except for the region of excess scattering close to the
beam waist. Furthermore, since 0.7 < S < 0.9 minimizes the
average variance for all samples, it indicates that NL scatter-
ing is an important process that defines the nonlinear optical
response of these samples.

Notice that the variances shown in Fig. 5 have a parabolic
dependence on S. This is consistent with a Gaussian-like
statistical process where S is the only free parameter and can
be used to estimate the uncertainty over S. In particular, for
a Gaussian process it is known that the curvature gives the
inverse of the variance. Therefore, the curves shown in Fig. 5
were fitted by a parabolic function F(x) = ax® + bx + ¢, and
the uncertainty over S is given by AS = JLE This procedure
was accomplished for each curve and § value and its respec-
tive uncertainty for each sample is presented in Table III.
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FIG. 4. Laser beam power as a function of z-propagation position
(colored points) for samples (a) A, (b) B, and (c) C for five input
beam irradiances (/p) that vary from 2.5 (blue circles) to 12.5 (purple
squares) GW/cm?. The fitted curves (black dashed lines) were done
with S equal to (a) 0.75, (b) 0.95, and (c) 0.72.

The values determined for the fraction of scattered light
S are consistent among themselves (within the margin of
error) for all samples and indicate a strong contribution due
to NL scattering. In Fig. 5 and Table III one can see that the
average variance versus S for sample C has systematically

TABLE III. S parameter of the samples calculated by the
parabolic curve fitted in the results of Fig. 5.

Samples A B C

S 0.7+0.2 09402 0.7£0.3

N N N
o [&)] o

10* Average variance

(¢)]

FIG. 5. Variance in the function of the S parameter for samples A
(red solid line), B (blue dashed line), and C (green dotted line). The
variance was calculated by SLIM experimental transmittance and fit
data presented in Fig. 4. Each curve is an average of the average
variance obtained for each one of five used I, values.

higher values and comprises a broader range of S values
(uncertainty equals to 0.3) than samples A and B (both with
0.2 of uncertainty). Such uncertainty is a consequence of
the o, coefficients that were determined from the Z-scan
measurements, which presented standard deviations of £10%
(Table II). Hence, it is possible that a more precise deter-
mination of the NL extinction will lead to calculations of S
with greater accuracy. It is worth mentioning that noise due to
linear scattering is more relevant in sample C, since it contains
more NPs. This situation requires an optical system with high
sensitivity for making SLIM images. For this work only an 8
bit depth camera was available in the laboratory. But a camera
with 10 bits or more should significantly improve the data
collected near the end of the cell.

The images collected by SLIM show that most of the scat-
tered power is observed in the first half of the cell, particularly
around the beam waist region. As mentioned, this may be due
to the contributions of the forward and backward scattered
light. These contributions still need to be investigated, being
the scope of future works. In addition, and reiterating, as the
theoretical model contemplates the second half of the cell,
where the beam has already diverged significantly, and the
signal-to-noise ratio has degraded.

Next, we will consider two situations to illustrate the im-
portance of SLIM and the model proposed in Sec. III to
determine the NL scattering parameters of the samples. In the
first case, it is assumed that the media exhibit linear extinction
(with negligible nonlinear contributions), while in the second
case, the contribution for NL extinction is considered to be
due to pure NL absorption, as described below:

a. Linear regime case, ay; = 0. To illustrate this case, let
us assume that the experimental results refer only to a linear
regime. Figure 6 shows our results modeled by Eq. (2) con-
sidering only the linear parameters (c; = 0). As can be seen,
only the curves obtained for samples A and B at low intensity
show agreement with the experimental results. This allows us
to infer that at high intensities, the samples exhibit significant
NL extinction behavior.
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FIG. 6. Laser beam power as a function of z-propagation position
(colored points) for samples (a) A, (b) B, and (c) C for five input
beam irradiances (/) that vary from 2.5 (blue circles) to 12.5 (purple
squares) GW /cm?. The fitted curves (black dashed lines) were done
with a; = 0, only linear regime.

b. NL regime case, only NL absorption (S = 0). Figure 7
shows the experimental data modeled from the theory de-
scribed in Sec. III, considering S = 0, i.e., assuming that the
NL scattering contribution is negligible. Notice that the the-
oretical curves are not consistent with the experimental data,
which implies that the model considering only NL absorption
is not adequate. This analysis also corroborates the variance
analysis performed results obtained in Fig. 5 and Table III.

The inconsistencies between the theoretical curves and the
experimental data shown in Figs. 6 and 7 reveal the impor-
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FIG. 7. Laser beam power as a function of z-propagation position
(colored points) for samples (a) A, (b) B, and (c) C for five input
beam irradiances (/) that vary from 2.5 (blue circles) to 12.5 (purple
squares) GW/cm?. The fitted curves (black dashed lines) were done
with § = 0, taking on ay = a, 4, only NL absorption.

tance of NL scattering contributions for the light extinction
behavior in samples containing TiO,-NPs suspended in ace-
tone.

2. Increased scattering near the waist

The behavior of the beam longitudinal power profile,
shown in Fig. 4, reveals some unusual characteristics that
need to be analyzed. Typically, in purely absorptive media,
the beam power decreases exponentially upon propagation
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through the sample. However, Fig. 4 displays an evident in-
crease in the scattered power collected in the beam waist
region (between z = 0.0 and 4.0 mm). Also, notice the in-
creased scattering curve changes with the incident intensity.
The maximum detected scattered power is located at z =
2.6 mm, precisely at the beam waist position (zg) where the
laser beam intensity is maximum. The explanation of the
physical origin for the increase in scattered power requires
a more refined model than the one considered in the present
paper. For now, we hypothesize that this behavior is due to
the forward and backward NL scattering contributions close
to the beam waist. In the experiment, the backscattered light
is again scattered by the nanoparticles, and therefore detected
by SLIM. Mechanisms such as NL stimulated scattering can
be induced in acetone, multiple NL scattering may be relevant
for such small inclusions, and even intense pulse propaga-
tion processes such as filamentation can induce NL scattering
[32-35]. For instance, the threshold power for filamentation

in acetone is Pry = WSXTO;S])Z =0.11 MW [34], which cor-

responds to a critical intensity of I, = 7%% = 3.0 GW/cm?
in our case. This intensity is close to the smallest intensity
used in our experiments, and the beam focus inside the sample
facilitates the filament formation.

Figure 8 presents a brief analysis of this pronounced in-
crease in scattered light from the subtraction between the
experimental curve and its respective fitted curve in the re-
gion from right to left that begins at z &~ 4.0 mm and goes
down to z & 2.5 mm extracted of each curve shown in Fig. 4.
From that, the curves were fitted by Ps(z) = f Is(2)dz =
% exp (gl1z) = Psgexp (gl z), obtained by the integral of
typical expression that governs an increasing curve due to
the presence of stimulated scattering [32] given by Is(z) =
Iso exp (gl z). In the previous expressions, Ps(z) and Is(z) are
the stimulated scattered power and intensity as a function of
z-direction propagation, respectively, while sy and I, are, re-
spectively, the intensity at which the stimulated process begins
and the intensity delivered by the laser. The values of the
exponential argument in the equations above were found to
be equal to (gl .z) &~ (2.0 = 0.3)z, indicating that it could be a
gain independent of the incident intensity value and much less
dependent of the NPs density, and perhaps that the observed
process is only due to the presence of acetone in all samples.

So, if we consider that acetone could be generating stim-
ulated Brillouin scattering (SBS) assuming a Brillouin gain
found in the literature gg = 12.9 cm/GW at A = 532 nm for
this substance [33,34], we find that (I ggz) = (2.0 £ 0.3)z ~
(0.015 GW/mm? x 129 mm/GW x z mm), [; = (1.5 £0.3)
GW/cm?, making it a possible situation for this experiment.
The incident intensities of the laser beam are 2.5 to 12.5
GW /cm? and therefore, the strong scattering is observed from
the power curves with incident intensity of 5.0 GW/cm?.
The increase in scattered power could be due to SBS. If
this hypothesis is confirmed, this will indicate that backward
scattering can be more than an optical phenomenon measured
by SLIM in a single image, and so, to provide the scattered
light measurement practically in all directions around the
scattering plane. Therefore, the theoretical model does not
describe the increased scattered light in this region, since the
backscattered-light contribution is not included in the model.

In[P(2)]

-05F 4

In[P(z)]

3.9 3.6 3.3 3.0 27 24
z (mm)
20} © i
Phdigs
a1 Djjﬂbd}ﬂjhj 1
¢" Q

1.0 TagPicas .
> ot -
& 05f o <0 Ler s
E 0 e W r" —"‘

3.6 3.3 3.0 2.7 24
Z (mm)

FIG. 8. Experimental natural logarithm of the scattered beam
power curves minus the fit curves from our model in Eq. (2) as a func-
tion of the position along the propagation direction z (colored points)
for samples (a) A, (b) B, and (c¢) C. In each figure, experimental
data for four input beam irradiances I, are shown, being equal to 5.0
(green diamonds), 7.5 (orange triangles), 10.0 (red pentagons), and
12.5 (purple squares) GW/cm?. Notice that the beam power grows
exponentially towards the beginning of the sample (smaller z), which
could be associated with a stimulated process along the backward
direction. The fitted lines (black dashed lines) of each sample have
average angular coefficient equal to (a) 2.1 £ 0.5; (b) 2.1 £ 0.2; and
(c) 1.9£0.3.

V. SUMMARY

In this work, the SLIM was used for complementary mea-
surements to NL transmission experiments (OA Z-scan) to
determine the ratio between NL scattering and NL absorption
of turbid samples. As proof of principles, the NL extinction
behavior of colloids consisting of TiO,-NPs suspended in
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acetone, with different concentrations, was studied. The anal-
ysis of the experimental results using the theoretical model
described in [28] reveals that the NL scattering corresponds to
(80 4 20)% of the total NL extinction coefficient. Therefore,
SLIM can be considered an important tool to characterize
NL extinction properties of turbid media since this technique
can distinguish NL scattering contributions that are com-
monly attributed to NL absorption. The SLIM experimental
setup allows us to perform the laser beam characterization
(wo, 20, Zr, 8, and M?), record the laser beam power as a
function of the propagation position in the sample [P(z)],
determine the linear and NL extinction coefficients («; and
o), discriminate between NL scattering and NL absorption;

and maybe even the observation and determination of the
scattered light in all directions, and the stimulated scattering

gain (g).
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