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Abstract: Scattering materials have been of considerable research interest due to their unique optical
properties that may enable applications throughout the area of disordered photonics, particularly
in fields such as Random Lasers, nonlinear (NL) microscopy in biomedical research, and optical
thermometry. However, the complex structures of these materials make traditional NL spectroscopic
techniques unsuitable for studies, as the materials of interest can cause large multiple scattering
of light in addition to presenting spatial heterogeneities. Fortunately, new techniques, such as the
Scattered Light Imaging Method (SLIM), the Intensity Correlation scan (IC-scan), and the Reflection
Intensity Correlation scan (RICO-scan), have recently emerged, providing researchers with more
appropriate ways to study disordered and scattering NL materials. These techniques allow for a
deeper characterization of the NL optical properties of highly scattering materials, which are essential
for applications in photonics, optoelectronics, and biophotonics, for example. In this paper, we
discuss these innovative techniques, which can offer insights into the properties of materials of great
potential for disordered photonics.

Keywords: disordered photonics; multiple scattering of light; light intensity correlation; highly
scattering materials; laser speckle

1. Introduction

Well-established linear optical techniques have played an important role in the study
of disordered materials, providing information about their structural, electronic, and optical
properties. Various techniques have been largely employed, such as Raman Scattering,
which enables information about the molecular structure, crystallinity, and chemical com-
position of the materials; Photoluminescence, which provides insights into the material’s
electronic structure and energy levels; Fluorescence Correlation Spectroscopy, which is
used to study the dynamics of fluorescent molecules (or ions in solids) and can be applied
to investigate molecular diffusion, aggregation, and interactions; Dynamic Light Scattering,
which is valuable for studying the size, shape, and interactions of particles in disordered
materials; and Optical Coherence Tomography (OCT), which can be used to visualize
structural features, interfaces, and defects with micrometer-scale resolution. For several
decades, these techniques have provided detailed and useful information on the optical
properties of colloids, polymers, glass-ceramics, crystals, and biological macromolecules by
exciting the materials using light sources of small and moderate intensities.

On the other hand, it is known that nonlinear (NL) optical properties of materials are
revealed when illuminated by optical sources of moderate or large intensities. Therefore,
the NL characterization of disordered materials is essential for various applications, such
as the operation of Random Lasers [1-3], studies of laser propagation in turbid colloidal
media [4-6], and NL microscopy in biomedical research [7-9], among others. In many
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cases, performing NL measurements can be challenging because various physical systems
are susceptible to bleaching, chemical reactions, or morphological changes under exposure
to high-intensity lasers. Moreover, optical materials exhibit properties that change with the
intensity of the incident light. This may manifest as effects such as nonlinear absorption,
nonlinear refraction, and nonlinear light scattering, for example. In addition, the denser and
more disordered the medium, the more significant the distortion caused by the scattering
process in the spatial and temporal intensity profiles of the transmitted or reflected optical
beams used to probe the samples.

While many techniques exist for measuring NL parameters of ordered optical mate-
rials, few are suitable for characterizing NL disordered and highly scattering materials
and absorbers. For homogeneous samples, techniques such as Z-Scan [10,11], D4o [11,12],
wave-mixing, and harmonic generation [11,13-15] are widely applied to characterize the
NL optical susceptibilities of materials. However, these methods prove inadequate for scat-
tering samples because NL transmittance experiments, in general, provide measurements
of NL extinction, failing to distinguish between NL absorption and NL light scattering.
Due to the limitations of traditional NL methods, new techniques, such as the Scattered
Light Imaging Method (SLIM) [16-19], the Intensity Correlation scan (IC-scan) [20], and the
Reflection Intensity Correlation scan (RICO-scan) [21], have emerged that are appropriate
to study disordered and scattering materials.

Measurements of the NL refractive index exemplify the use of SLIM by analyzing
side-view images of the laser beam propagating inside liquid suspensions. For example,
experiments were performed with colloids containing silica nanoparticles (NPs) that behave
as light scatterers. The technique allows one to take measurements with lasers operating in
the continuous-wave (CW) regime and pulsed lasers with arbitrary repetition rates, even
in the single-shot regime. SLIM shows advantages and complementarity concerning the
Z-scan technique, which is not appropriate to characterize scattering media.

IC-scan and RICO-scan are techniques based on the analysis of light intensity correla-
tions between different points in the speckle associated with the transmitted or reflected
laser beam by the samples. By changing the intensity of the incident optical beam, it is
possible to use statistical methods to study the intensity of the correlation changes occur-
ring in the speckle of the optical beam as a function of the material’s nonlinearities. Both
techniques can be applied using CW or pulsed lasers with selected repetition rates.

These NL spectroscopic techniques can be applied to measure the NL refractive index
of turbid media, metal colloids, rough opaque surfaces, and even glassy and crystalline
powders. Similar methodologies, which study the intensity correlation functions of speckle
patterns, have been extended to explore the operational regimes of Random Lasers [21]
and optical thermometry systems [22].

In this paper, we describe the fundamentals as well as the experimental and theoretical
procedures to apply the Scattered Light Imaging Method (SLIM), the Intensity Correlation
Scan (IC scan), and the Reflection Intensity Correlation Scan (RICO-scan), which can be
exploited in many situations where the established NL techniques cannot be successful.

2. Nonlinear Optical Characterization Techniques
2.1. Scattered Light Imaging Method (SLIM)

The main requirement to apply the Scattered Light Imaging Method (SLIM) consists
of having a detectable intensity of transversely scattered light to characterize the beam
propagation within the sample. Therefore, systems presenting significant linear light scat-
tering are natural candidates to apply this technique. However, it should be remarked that
the homogeneity of a material is not necessarily a requirement for NL optics applications,
although it is for the linear optics regime. For example, silica spheres suspended in an
index-matched liquid such as toluene and hexane do not scatter light in the linear regime,
but the mismatch in the NL refractive index between the spheres and the liquid leads to a
measurable extinction due to NL scattering [23]. Therefore, the SLIM can in principle be
applied to a wide selection of materials. Also, since it collects data associated with the light
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propagation across the sample for each frame, it can retrieve more information per laser
pulse than more established techniques, such as Z-Scan. Indeed, while Z-Scan requires
several laser pulses to retrieve the NL parameters of a material, the SLIM can in principle
determine physical parameters of electronic origin from MHz rates down to the single laser
pulse level. CW lasers can also be used to characterize thermal effects.

2.1.1. Principles of the Method and Experimental Details

A scheme of the experimental setup used for SLIM is shown in Figure 1, which
was reproduced from ref. [19]. Using a proper imaging system, the radiation scattered
transversely in the direction of the incident beam can monitor the beam propagation
within the NL material. For a beam propagating along the z axis with an intensity profile
I(x0,Y0,z0), the linearly scattered observed light profile is Iy (1o, z0) o | I(x0,Y0,20)dxo,
encoding information about the beam width and power over the sample. From the beam
power evolution within the sample, it is possible to retrieve linear and NL extinction at
each z( plane within the sample. From the beam width analysis, a sufficiently long sample
length L can be used to determine the beam divergence angle, the waist position, and the
width. Given a beam with Rayleigh length zg, the long sample limit can be expressed
as L > 3zp, although in practice L ~ 3z suffices [24]. These parameters can be used
to retrieve the refractive properties of the sample, such as the NL refractive index. A
significant advantage of this technique is that a single snapshot collects information about
the beam propagation over the entire sample. Therefore, it may operate even at the single
laser shot level. This capability is crucial for samples susceptible to optical damage [25]
or heating [26] at the single pulse level, since it allows us to determine how the damage
changes the nonlinearities with the incidence of multiple pulses.

At first, the requirement for thick samples (L >> 3zg) seems to impose a severe
limitation for the analytic description of the beam propagation within such medium.
However, the method of moments [27] can be used to build an exact set of scalar relations
between the beam observables of interest for thick samples. For example, the method of
moments can be used to describe the critical distance for beam collapse in a self-focusing
medium [28]. If the beam does not deform substantially upon propagation within the
material, the approximations involved in the practical implementation of the method of
moments can adequately represent the real beam parameters within a thick medium.

The beam power P(zy) = [ I(xo, o, 20)dxody at a specified plane z is a particularly
interesting parameter to follow since it contains information about the beam extinction
across the sample. It can be shown that in a medium specified by linear and two-photon
extinction coefficients, a1 and «y, respectively, the beam power evolves exactly according
to [17] as

dP(zo)
dZ()

= —a1P(20) — a27(20)P(20), (1)

where y(z9) = [ 1(x0, 0, 20)*dxodyo/ P(z0)* has units of (Area)~! and is equivalent to
the effective beam area commonly used in the fiber optics literature [29]. Particularly
for a Gaussian-shaped beam with width w(zp), one has y(zg) = (7{102(20))71 exactly.
Thus, if the beam is well approximated by a Gaussian function, the observed intensity
profile I,,5(1o, z9) can be used to measure w(z() and therefore determine 7(z). If the beam
effective area is a known function of zg, then P(z() can be exactly expressed in terms of the
initial beam power P as [17]

Pye~*1%0

P(zp) = ’
( 0) 1 +042P0f020 ,Y(Z/)e—txlz’dzl

(2)
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Figure 1. A schematic of the SLIM setup. (a) The A/2 and polarizer ensure a laser beam with
controlled power and y( polarization. The laser propagates along the z( axis and is focused on a
scattering NL sample. (b) The scattered light profile is imaged using an astigmatic imaging system
to obtain distinct magnifications along the y and z axes on the detector. (c) From the beam profile
across the entire sample, it is possible to determine the NL refractive and absorptive optical constants.
(Reproduced from ref. [18] with permission).

The next step consists of the determination of the optical constants due to NL refraction.
An initial remark is to recall that several techniques characterize the NL refraction through
a signal in the far field, such as for the closed aperture Z-Scan [10]. For the SLIM, the beam
effective divergence angle ©?(zg) [17,28,29] is associated with the far-field properties and
can be retrieved from the asymptotic behavior of the observed beam width as
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dw(zp)
dz

A length L ~ 3zp gives a reasonable approximation for ©%(L) ~ ©?%(c0) when the
beam is focused at the entrance face of the sample and the NL phase shift is small [23,24].
It is worth remarking that ©%(zy) is defined for arbitrary beams and is related to the
beam quality factor [30]. Now, consider that the beam propagates in a material with a
refractive index n = ng + ny1, where ny and n; are, respectively, the material’s linear and
NL refractive indices. For a purely refractive NL response, it can be shown that ©2(zy) is
associated with a conserved quantity which ensures that

~ O(zp), for z > 3zp . 3)

O(L)* =0(0)* - 21%[7(0)1’(0) —7(L)P(L)]. 4)

Also, even though the conservation law that leads to Equation (4) becomes invalid
for absorptive media, it remains a good approximation for transparent materials [17].
Notice that all quantities are directly measurable. The input beam divergence ©%(0) can
be measured for the beam in the linear regime or as the limit for low powers, while ©%(L)
is given by the asymptotic behavior of the beam width w(z) near zg ~ L. The parameter
7(z0) is also known everywhere within the sample. Therefore, the ratio ny/ny can be
determined. Some simplifications can be noted. When the beam focus is at zg = 0 and
L = 3zg, then y(L) ~ 7(0)/10 and the last term in Equation (4) can be neglected to a good
approximation. Also, for a Gaussian beam (0)P(0) = Iy/7tw?(zp), the beam divergence
reduces for a self-focusing medium (1, > 0), as expected.

Regarding the experimental implementation, some aspects are useful to remark on.
First, if the light scattering by the sample is relatively weak and can be well approximated
by single scattering (ballistic regime), then the incident beam polarization must have some
polarization along the o direction. Otherwise, the scattering efficiency towards the imaging
system will be very small. Another aspect is the magnification of the imaging system. Since
typical w(zp) are on the order of 10~>m and convenient values for L = 3z are on the order
of 10™2m, it is useful to use cylindrical lenses to obtain distinct magnifications for each
image axis. Typical values for the magnifications are 3 and 1/3, or transverse and along
the beam propagation direction, respectively [16-19]. Finally, the dynamic range of the
camera is important for a good characterization of the beam across the entire sample. A
large dynamic range ensures the camera will not saturate near the focal region at zg ~ 0,
due to the large intensity, and will still be able to retrieve the beam profile and power near
the end of the sample at zp ~ L, where the intensity is much smaller. Therefore, digital
cameras with larger bit depths are recommended for SLIM measurements.

2.1.2. Nonlinear Characterization of Turbid Colloids

The SLIM provides a complementary view to ordinary NL transmittance techniques.
For example, it provides information about the NL extinction, indicating the relative con-
tributions between NL absorption and NL scattering. Also, backscattered waves can in
principle be observed as well, allowing one to produce a more complete map of the sam-
ple’s NL response. The experiments discussed below also demonstrate how the SLIM can
adequately operate with pulse rates down to the single pulse level and with reasonable
sensitivity. All experiments were performed with the second harmonic of a linearly polar-
ized Q-switched and mode-locked laser (10 Hz, 80 ps, 532 nm) in the experimental setup
shown in Figure 1.

The technique’s sensitivity to measure the NL refraction index was verified using
a solution containing distinct volume fractions of ethanol and acetone, as reported in
more detail in [19]. Since both ethanol and acetone have well-known NL refraction co-
efficients, it is possible to estimate the solution’s effective n, using a volume-weighted
mean of the constituents #,. Such a solution does not scatter light significantly, such that
silica NPs were introduced as linear scatterers to enhance the detected light. Figure 2a,b
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show the measured divergence angle for two distinct solutions. Each point corresponds
to the mean over 50 laser pulses. The 7, expected from the volume weighted mean and
the measured value from Figure 2a, respectively, correspond to 2.38 x 107> cm? /W and
2.35 x 10~ cm? /W. Similarly, from Figure 2b, the expected and measured n, are, re-
spectively, 1.58 x 10~ cm?/W and 1.53 x 10~ ®cm?/W. Figure 2c shows each of the
50 measurements used in Figure 2b. Notice how the measurements are well distributed
around the mean value over all intensities considered in these experiments, meaning that
higher-order NL contributions are not significant. A remarkable characteristic of the SLIM
using single laser pulses is that the laser intensity fluctuations can be helpful to access more
values for the incident beam irradiance. In Figure 2d, a comparison is shown between
the SLIM and the Z-scan for several relative concentrations of acetone. Notice how the
SLIM values closely follow the curve for the effective 1, expected from the literature data.
At smaller volumes of acetone, the Z-scan curves could not be determined due to noise
associated with the large concentration of scatterers.
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Figure 2. (a,b) indicate the SLIM measurements of the divergence angle for solutions contain-
ing distinct concentrations of ethanol and acetone. Each point corresponds to the average over
50 measurements, and the line represents the data fit. The points in (c) show the measured n, value
for each individual pulse used in (b) and the mean value (dashed). (d) compares SLIM measurements
(red squares) with Z-scan measurements using several solutions of ethanol and acetone. The solid
line corresponds to the expected n, value considering the literature values for acetone and ethanol
and the volume fraction of acetone (adapted from ref. [19] with permission).

Another distinctive feature of the SLIM is that it can be used to distinguish if the
power extinction originates either from NL scattering or from NL absorption. NL trans-
mittance techniques cannot easily distinguish NL absorption from NL scattering because
they measure P(L), which involves the total extinction. Therefore, an NL transmission
technique may lead to an incorrect physical picture of the sample’s behavior. Mean-
while, the total scattered light intensity at a given point in space can be described as
Is o (1,5 + ap sI(x0,Y0,20)]1(X0, Yo, 20), where a1 s and a; g are the linear and two-photon
elastic scattering contributions to the beam extinction [17]. Then, the SLIM intensity profile
also encodes specific information about NL scattering and is able to distinguish such a
process from NL absorption. In [18], a sample of TiO, NPs (nyp = 2.6) suspended in a
solution of water and acetone (#j4en: = 1.36) was considered. The large refractive index
contrast between the NPs and the solution (nnp — Hgojpens = 1.24) indicated the NPs effec-
tively behaved as strong scattering centers. Due to the lack of absorption lines at 532 nm,
the linear extinction was attributed entirely to the linear scattering. To maximize the NL
scattered light signal, the beam was focused slightly inside the sample at zyp = 2.6 mm.
Since in this realization L = 10mm and zg = 2.6 mm, the ideal conditions to observe the
NL refraction were not met. Neither Z-scan nor SLIM was able to determine NL refraction
in these samples for the intensities considered (up to 12.5 GW/cm?).

The results of the extinction measurements are shown in Figure 3. Open aperture
Z-scan [10] measurements were performed to evaluate the total NL extinction, as shown in
Figure 3a. Notice that the minimum NL transmittance decreases with the concentration of
scatterers. However, the Z-scan measurements cannot identify why the detected power
reduces nonlinearly. Figure 3b shows how the SLIM-detected power evolves within the
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sample. Two aspects must be noted. While the behavior of P(z) for z > 5mm is well
described by the proposed model (dashed lines), there is a region of enhanced scattering
near the sample input. A careful analysis shows that the behavior of P(z) for z > 5 mm
cannot be explained by a; = 0, and that a two-photon extinction entirely due to NL
absorption is inconsistent with the observed P(z) profile. Indeed, the observed data are
consistent with extinction only due to NL scattering for z > 5 mm. Considering the large
refractive index contrast between the particles and the host solvent, and that the extinction
due to scattering satisfies ag o (nyp — nsolvent)z for small particles (Rayleigh-Gans regime),
it is reasonable to associate a significant fraction of the NL extinction with the contrast
between NL refractive indices of the NPs and the solvent.
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Figure 3. (a) shows the open aperture Z-scan signals at Iy = 9.4 GW/ em? for samples containing
different concentrations of TiO, nanoparticles. z represents the thin sample position along the optical
beam propagation. (b) shows the [n[P(z)] for a given position z in the sample with the larger particle
concentration [green squares in (a)], as detected by a camera. Each curve represents a different initial
intensity, varying from 2.5 GW/cm? to 12.5 GW/cm?. The power extinction model (dashed lines)
does not describe the excess scattering near the sample input. (c) shows that the excess scattering not
explained by the forward propagating model in (b) has an exponential growth along z. (Adapted
from ref. [18] with permission).

After understanding the sample behavior when it is placed beyond the focus, it is
possible to examine the region of enhanced scattering near the input. Subtraction of the
total measured power from the model previously developed gives Figure 3c. Notice
that, since the vertical axis is logarithmic, the so-far unexplained contribution grows
exponentially with z. Such gain-like behavior does not seem compatible with a forward’s
propagating contribution, since the excess observed power is missing after some value of z.
Another aspect is that the gain-like behavior is independent of the particle’s concentration,
suggesting a signal originated at the solution. While further studies are required to explain
this enhanced scattering behavior, it seems compatible with a backward-propagating
wave due to stimulated Brillouin scattering in acetone. Thus, even though it is not yet
fully confirmed, SLIM may be able to characterize the sample’s forward, backward, and
transverse NL scattering properties, in addition to the NL absorption and refraction.

2.2. Intensity Correlation Scan (IC-Scan)

As mentioned before, among transmission NL optical spectroscopy techniques, Z-scan
is one of the most widely used due to its experimental simplicity, good accuracy, and
straightforward physical interpretation of results. However, when characterizing scattering
media, the Z-scan technique suffers from distortions in the transmitted intensity beam pro-
file and wavefront caused by single or multiple light scattering. Consequently, the Z-scan
curve profiles exhibit low signal-to-noise ratios, compromising the precise measurement
of NL parameters or even making it impossible [19]. One of the most critical examples
of transmitted beam distortion is observed when speckle patterns are generated due to
strong light scattering in the medium, caused by the presence of scattering or spurious
particles. These speckle patterns, characterized by random intensity distribution, change
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due to the Brownian motion of the particles, causing the transmitted light intensity through
a small aperture to fluctuate continuously, thereby affecting the Z-scan measurements.
Nevertheless, an analysis of the statistical properties of these speckle patterns provides
information about the medium scattering degree, as well as variations resulting from the
incident intensity. Based on this interpretation, the recently reported IC-scan technique
arises as a useful tool to measure the NL refractive indices of highly scattering media
through variations in intensity correlation functions [20,21].

2.2.1. Principles of the Method and Experimental Details

The experimental setup for the IC-scan technique closely resembles the well-established
Z-scan technique, allowing for simultaneous assembly [20]. Briefly, a high-intensity laser
beam, focused by a converging lens, is used to excite the NL response of a thin sample.
Measurements of the transmitted beam’s transverse intensity profile are captured in the
far field using a CCD camera, with the sample positioned at different locations along the
beam’s propagation (z axis) around the lens focus. To measure the NL refractive index of
transparent and non-scattering media, a wavefront distortion-sensitive (WDS) element is
added before the CCD to detect distortions caused by NL phase variation. In the Z-scan
technique, this WDS device is typically a small aperture, characteristic of the closed aper-
ture configuration [10]. However, in the IC-scan technique, a light diffuser is used as the
WDS to induce interference events between transmitted waves, generating speckle patterns
sensitive to wavefront distortions. Notably, if the NL medium itself presents sufficiently
high scattering to generate speckle patterns, the light diffuser becomes unnecessary.

IC-scan curves can be constructed by calculating the 2D spatial light intensity self-correlation

. 2) . <fdzrl(r)l(r+Ar)>
function, gself(Ar) = T @) (1(r+Ar)

as a function of the sample’s position. These curves, with peak—valley profiles (or vice versa),

, and plotting its maximum value (ggl)f ax = gif} f(O))

analogous to the Z-scan technique, arise because the g(z) of a speckle field after a diffuser is

sel f,max

determined solely by the wavefront of the beam impinging on the diffuser [20]. Therefore, in
both Z-scan and IC-scan, measurements of the NL refractive index are based on the analysis of
wavefront modulations induced by self-focusing or self-defocusing effects through transmittance
or the intensity correlation function, respectively.

Additionally, to eliminate the influence of the light diffuser’s degree of diffusion on
the IC-scan measurements, analyses are performed using the 2D spatial intensity cross-
_ <f dzrll(r)lz(r+Ar)>
@ (L)) (L(r+Ar)
verse profiles induced in linear and NL regimes. Specifically, I is collected at low incident
intensities, where linear scattering effects exist but refractive nonlinearities are negligible,
while I, is collected at incident intensities high enough to excite both linear and NL effects.
Thus, the cross-correlation function allows for the analysis of the statistical properties of
the speckle patterns modified only by NL refraction effects, making the technique easily
reproducible using any light diffuser.

correlation function, g((;fo)ss (Ar) , among the far-field intensity trans-

)

The NL refractive indices determined from the IC-scan curves, whether using g_; f

or géfgss, can be extracted using two methodologies. One method involves numerically
simulating, using the Fast Fourier Beam Propagation Method (BPM) [31], the propagation
of the laser beam in the NL medium, followed by its propagation in free space to the
position where the WDS is located. The speckle patterns analyzed in the IC-scan technique
are simulated by transmitting far-field beam patterns through a rough surface using the
optical transfer function [20]. By calculating the intensity correlation functions, it is possible
to calculate an IC-scan curve that matches the experimental curve by adjusting the NL re-
fractive index, which constitutes the NL phase variation operator in the BPM, as described
in [31]. In the second method, the NL refractive index is determined by using an external
reference. In this case, a curve of peak-to-valley variations in g,(;};x, ie., A g,%?x, as a function
of the incident intensity is first constructed for a reference material with known NL pa-

rameters. Like in the Z-scan experiments, it is considered that A g,(nzgx o AONL o 1151. Thus,
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the NL refractive index for a different material can be obtained by using the relationship

né = (S i/Sre f) ngef , where S is the slope of the linear behavior between A g,%gx and I and the

subscripts ref and j represent the reference and the new NL media, respectively [20]. Pure
ethanol was used for calibration purposes, with 5110l = —2.2 x 1078 cm? /W obtained
using the IC-scan technique, closely resembling the value of —2.8 x 10~8 cm? /W obtained
for Z-scan at 788 nm [20].

2.2.2. Nonlinear Characterization of Turbid Colloids

The Z-scan and IC-scan techniques were applied to measure the NL refractive index
of highly concentrated colloids of silica NPs (average diameter of ~120 nm) suspended in
ethanol, using a femtosecond laser at 788 nm. Since Rayleigh scattering is more predom-
inant in the blue spectral region, large NP volume fractions were needed to induce the
shift from weak to moderate scattering in the infrared region. Figure 4a,b show that as
the volume fraction (f) increases from 8.2 x 1073 to 4.1 x 1072, the signal-to-noise ratio of
the Z-scan curves decreases considerably, although the peak—valley profile remains visible.
However, a significant decrease in the peak-valley transmittance variation (AT), which is
directly proportional to the NL phase shift (A®Z5), is observed with the increase in the
volume fraction occupied by the NPs, as shown in Figure 4c. This behavior is unexpected
for silica colloids, considering that under the study’s excitation conditions, the NPs play the

role of light scatterers with negligible nonlinearity. Thus, obeying ngf f= (1 — f)ngfhanol,
we should obtain an effective refractive index of ~99% and ~96% of the refractive index of
the solvent (ethanol) for colloids with f = 8.2 x 1073 and 4.1 x 10~2, respectively. Notice
that although this theoretical prediction is fulfilled for the colloid with the lowest NP con-
centration (see Figure 4c), an effective NL refractive index equal to 0.39 n59% is measured
for the colloid with f = 4.1 x 1072, contradicting expectations. Therefore, the scattering
caused by the silica particles is responsible for affecting the Z-scan measurements, causing
incorrect measurements of the NL refractive indices.

@ (b) (©
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Figure 4. (a,b) Experimental and theoretical fits of closed aperture (CA) Z-scan curves for colloids
with SiO, NPs suspended in ethanol at 22.2 kW/cm? and varying the NP volume fractions, f.
(c) Intensity dependence of the NL phase shift from CA Z-scan measurements, including a comparison
with pure ethanol (f = 0). (Adapted from ref. [20] with permission).

In contrast to the Z-scan technique, the IC-scan curves present a high signal-to-noise ra-
tio even for the colloids with the highest NP concentrations [see blue curves in Figure 5a,b],
demonstrating its potential for characterizing scattering media. However, Figure 5c show
that for the colloid with f = 4.1 x 1072, the n;f f 2059 ngthanol which, despite differing from
the expected theoretical value, has higher accuracy than the Z-scan technique. Notably, this
lack of accuracy can be rectified by analyzing the cross-correlation functions in the IC-scan
technique, which also present a good signal-to-noise ratio [black curves in Figure 5a,b].

Figure 5d illustrates that the slope of the A gﬁfo)ssmx curve for the colloid with f = 4.1 X 102
closely matches that of pure ethanol (0.95 n5#!) for intensities up to 15 kW/cm?. This op-
timized measurement results from an intensity correlation between two fields undergoing
different optical phenomena. While one field experiences wavefront variations due to linear
diffraction produced by the scattering particles, the other field undergoes simultaneous
linear diffraction and NL refraction effects. In this way, the IC-scan technique removes the
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contribution of linear scattering in the analysis of intensity cross-correlations, allowing for
the correct measurement of the NL refractive index in turbid media.
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Figure 5. (a,b) IC-scan curves for silica colloids obtained from 2D spatial intensity self-correlation
(blue) and cross-correlation (black) functions at various intensities and volume fractions of
f1=82x 103 and fr =41 x 10~2. (c¢,d) Behavior of Ag,(ﬂzgx obtained from (c) self-correlation
and (d) cross-correlation functions with increasing incident intensity for volume fractions f (red
circles), f» (black squares), and f = 0 (pure ethanol—blue triangles). (e) Scattered light intensity as
a function of incident intensity for two concentrations of silica colloids. (Adapted from ref. [20]
with permission).

For I >15kW /cm?, it is observed that for the colloid with f =4.1 x 1072, Agggss,max also
deviates significantly from the values found for pure ethanol. This behavior was attributed
to NL scattering induced by the silica NPs at high intensities, which was corroborated
by analyzing the scattered light intensity with the increase in laser intensity, as shown
in Figure 5e. This means that the NL refractive index of the solvent, excited at high
intensities, becomes sufficiently significant to modify the scattering coefficient, ascq¢, with
an NL contribution given by aNL I. Based on the Rayleigh-Gans model, al, = 2¢.An; An,,
where g; is an intensity-independent parameter, but it depends on the size, shape, and
concentration of the NPs and the optical wavelength; Anj represents the difference between
the effective linear refractive indices of the NPs and the solvent; and An, ~ ngth‘”"’l since the
NL contribution of the silica NPs was considered small compared to the solvent. Therefore,
in addition to the IC-scan technique allowing scattering-free NL refraction measurements,
it also can distinguish linear and NL scattering contributions.

2.3. Reflection Intensity Correlation Scan (RICO-Scan)

Based on the results discussed above, the analysis of intensity correlation functions
applied to an NL optical spectroscopy technique overcomes the limitations of conventional
methods like Z-scan for characterizing scattering media. However, when the NL media are
opaque or have rough surfaces or powders that do not allow light transmission, IC-scan can-
not be performed. In this context, the RICO-scan technique emerges as a reflection variant
of the IC-scan technique, which is also based on the analysis of the correlation functions of
speckle patterns, enabling the characterization of highly absorbing and scattering surfaces.

2.3.1. Principles of the Method and Experimental Details

RICO-scan retains the fundamentals of the IC-scan technique but analyzes the intensity
profile of light reflected by the NL sample instead of the transmitted light. Preliminary
results based on this technique were recently published [32]. Thus, a beam splitter can be
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placed after the focusing lens used in IC-scan to collect retroreflected intensity profiles from
the NL media using a CCD camera. It is important to highlight that since RICO-scan is
aimed at characterizing rough surfaces or powder media, the speckle patterns are the result
of the interaction of a coherent laser beam with these scattering media. Therefore, light
diffusers are not used in RICO-scan. For this same reason, instead of scanning the sample
along the z axis, which would illuminate a small area in the confocal region of the incident
beam and be ineffective for producing a well-behaved speckle pattern, RICO-scan performs
a correlation function scan of the speckle patterns as a function of the incident intensity.

Due to the new configuration of RICO-scan for generating speckle patterns and
performing an intensity scan, the methodology for measuring the NL refractive index
from experimental measurements differs from the IC-scan technique. Initially, using
the experimental setup of the RICO-scan technique (described above), speckle patterns
generated by the scattering medium are collected at an intensity low enough for NL optical
phenomena to be negligible. Figure 6a shows the speckle pattern of an unpolished silicon
surface used as a rough NL surface. In this low-intensity condition (linear regime), the
intensity correlation function is calculated, as shown in Figure 6b. The characteristics
of this speckle pattern were numerically simulated using the optical transfer function
and Fresnel equations, as discussed in [20]. Thus, by matching the theoretically and
experimentally obtained intensity correlation functions, the scattering degree of the sample
being characterized was modeled.

22.0
(b) 1.16 ()| g unpolished Si (d)
2w
L12 21 :
55 é 3 Ty L
o008 = 0
= g o
. ED |polished si ¥
200 400 2 3 4 5 6 7 4 0 -0 0 10 20
Ar (pixels) Intensity (GW/cm?) Z (mm)

Figure 6. (a) Speckle pattern from an unpolished silicon surface and (b) its corresponding intensity
correlation function. (c) Experimental and numerical fit of g,(,fgx versus incident intensity obtained
from RICO-scan for the unpolished silicon surface. (d) RZ-scan curves for polished (blue circles) and

unpolished (green squares) silicon surfaces at an intensity of 4.1 GW/ cm?.

After characterizing and simulating the properties of the scattering sample in the linear
regime, which remain constant throughout the measurement, the experimental procedure
is repeated by varying only the incident intensity. Thus, a curve of gffa)x as a function
of incident intensity is generated experimentally. The NL refractive index is calculated
by fitting this curve using numerical simulations, considering the NL contribution to the
modification of the speckle patterns via the Fresnel reflection coefficient, r = %, with 7
being the complex refractive index. In the linear regime, 7 = ng + ixp, and in the NL regime,
= (ng +ixg) + (nz + ikp)I, where ng and n, represent the linear and NL refractive index

and xp and x; are the linear and NL extinction coefficients, respectively.

2.3.2. Nonlinear Characterization of Rough Surfaces

Figure 6¢ shows the results of the analysis of the speckle pattern correlation functions,

through g,(,%a)x, generated by an unpolished silicon disk for different incident intensities. The

decay of gffu)x with increasing intensity is attributed to the contribution of the negative NL
refractive index, which modifies the intensity distribution of the speckles via the Fresnel
reflection coefficient, i.e., since the speckles have a central region with higher intensity than
the edges, the linear reflection coefficient is greater than the NL one (rnN1. < 7jijeqr). As a
result, the speckles in the NL regime have a lower intensity difference between the center
and the edge than those in the linear regime. This means that the speckle contrast, and

(2)

consequently g4y, decreases with increasing intensity for n, < 0.
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By fitting the experimental curve with numerical simulations, the NL refractive co-
efficient np = —2.2 x 10712 cm? /W was found for the rough silicon surface using a pulse
train emitted by a Nd:YAG picosecond laser at a repetition rate of 10 Hz at 1064 nm. The
NL refractive index measured by RICO-scan agrees with the value measured for a pol-
ished silicon disk using the known Reflection Z-scan (RZ-scan) technique [11], as shown in
Figure 6d. For comparison, an RZ-scan measurement for the rough (unpolished) silicon
surface is also shown in Figure 6d, revealing its inability to measure the NL refractive index
using the conventional technique.

2.3.3. Nonlinear Characterization of Powder Media

RICO-scan has also demonstrated the ability to characterize the NL response of powder
media. As a proof-of-principle, the previously characterized silicon disk was crushed to
produce a powder sample with particles with maximum dimension not larger than 37 pm.
Figure 7a shows the speckle pattern generated by illuminating the powder sample with
a picosecond Nd:YAG laser beam. The analysis of the intensity correlation (Figure 7b)
and probability density (Figure 7c) functions, calculated for low incident intensity (linear
regime), reveals that the speckle pattern presents a normal intensity distribution, like that
observed for the rough silicon surface.

(b) (d)
) 200 3 4 5 6 7
Ar (pixels) I/<1> Intensity (GW/cm?)

Figure 7. (a) Speckle pattern generated by a silicon powder sample with corresponding intensity
correlation (b) and probability density (c) functions. (d) g,%zx versus incident intensity obtained
performing RICO-scan for the silicon powder, with the red curve representing the best numerical fit
using the same NL refractive index measured for polished and unpolished silicon surfaces.

After characterizing the degree of scattering of the powder samples in the linear
regime, an intensity scan was performed following the procedure described in Section 2.3.1.
Figure 7d shows how g,% varies for excitation intensities between 2 and 7 GW/cm?. The
same NL refractive index obtained for the polished silicon surface with RZ-scan and the
rough surface with RICO-scan, n = —2.2 x 10~10 cm? /W, was obtained for the silicon
powder by fitting the curve using the previously described numerical simulation. Therefore,
RICO-scan emerges, to the best of our knowledge, as the first NL optical spectroscopy

technique capable of characterizing the NL parameters of powder samples.

3. Summary and Final Remarks

In this paper, new techniques for measuring nonlinear optical parameters of scattering
and disordered materials, including both transparent and opaque samples, were reviewed.
Specifically, we discussed the Scattered Light Imaging Method (SLIM), the Intensity Corre-
lation Scan (IC-scan), and the Reflection Intensity Correlation Scan (RICO-scan) techniques.
These techniques were developed to study the nonlinear optical response of turbid colloids
constituted by micro- and sub-micro particles, glasses, and crystals with rough surfaces
and powders. The SLIM enables measurements of the NL parameters of samples through a
detailed analysis of the transverse image of a laser beam propagating inside disordered
and scattering samples. The IC-scan and RICO-scan techniques are based on the changes
suffered by the spatial intensity correlation function of speckle patterns, generated by the in-
teraction of intense light pulses with scattering materials, which are sensitive to wavefront
changes induced by self-focusing and self-defocusing effects. While the SLIM technique
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is more appropriate to study samples with large thicknesses (order of centimeters), the
IC-scan can be applied even for samples with small thicknesses (millimeters and smaller).
Moreover, IC-scan does not require that the sample scatters light as much as the SLIM to
obtain a good signal-to-noise ratio.

The experimental techniques reported provide ways to measure the NL parameters
of materials with results validated by calculations based on Fresnel equations in the NL
regime and speckle pattern propagation.

We foresee that the new techniques herein reviewed will become important for the
characterization of disordered and turbid materials and are expected to stimulate the
development of future disordered photonics applications.
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