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Stressing and probing with light: A thermo-optical investigation of soft solids
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Internal stresses in arrested soft solids can be generated not only by mechanical loading but also by spatially
nonuniform temperature fields, which impose incompatible thermal strains and activate coupled thermoelastic
and poroelastic responses. Here, we introduce an all-optical stress-and-probe protocol that combines localized
near-infrared photothermal forcing with space-resolved dynamic light scattering. The setup provides (1) thermal-
lensing readout of the evolving refractive-index field and (2) photon-correlation imaging of local dynamics,
complemented by speckle-based velocimetry to reconstruct displacement and velocity fields. We apply the
method to two contrasting soft solids. In a thermoresponsive physical gel, continuous irradiation produces a
slowly strengthening lensing signal that persists after the pump is switched off; refractive-index reconstruction
indicates contributions beyond purely thermo-optic effects, consistent with irreversible microstructural reor-
ganization. Concomitantly, correlation functions reveal a long-lived modification of the relaxation dynamics,
supporting a scenario where constrained thermoelastic stresses imprint residual strain and drive postexcitation
stress relaxation. In an ultraweak polystyrene colloidal gel with nearly temperature-independent constitutive
properties, the sample deformation is driven by a buoyancy-driven convection, whose magnitude scales with the
thermal expansivity of water and increases with pump power, crossing from largely elastic recovery to partial
irreversibility. Overall, this optical platform enables controlled access to ultralow, spatially distributed thermal
stresses and offers a route to study stress transmission, plasticity, and cyclic photothermal fatigue in soft solids.
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I. INTRODUCTION

Soft solids such as gels and glasses of colloidal or poly-
meric nature are archetypal arrested materials: They display
slow relaxation, aging, and a strong history dependence,
while supporting stresses over long times. In these systems,
macroscopic rheology and yielding emerge from intermittent,
spatially heterogeneous rearrangements and stress-release
events occurring at the microscopic scale. Understanding how
such rearrangements are triggered, correlated in space and
time, and coupled to stress transmission remains a central
problem in the physics of amorphous and soft glassy matter
[1-3]. Most experimental access to these mechanisms relies
on externally imposed mechanical loading, with geometries
such as shear or compression/extension and temporal proto-
cols, such as step strain, creep, or oscillatory loading, using
rheometers or mechanical testers [4,5]. In many realistic situa-
tions, however, stresses are generated internally by distributed
fields rather than by boundary motion. Temperature fields are
a ubiquitous and controllable example [6]. In a solid, spatially
nonuniform temperature creates incompatible thermal strains;
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mechanical compatibility and force balance then require local
deformations that give rise to internal stresses even in the
absence of external loads [7-10]. For instance, in the context
of laser excitation, this thermoelastic coupling underlies the
generation of elastic waves and thermoelastic stress fields
by absorbed optical pulses, a problem extensively studied
in metals and optical substrates [11-17]. When the material
is porous and saturated by a fluid, as in rocks, soils, and
colloidal gels, thermal forcing also couples to pore pressure
and relative fluid/solid motion, leading to thermoporoelastic
stress diffusion and transient thermal pressurization [18,19].
Hydrogels provide an especially rich soft-matter realization
of these couplings: Their deformation is intrinsically linked
to solvent transport, so that stresses relax over poroelastic
timescales [20]. In thermoresponsive networks (e.g., poly(N-
isopropylacrylamide) (PNIPAM)-like systems), temperature
additionally modulates polymer-solvent affinity and the equi-
librium swelling ratio, so that heating can trigger a volume
phase transition under mechanical constraints [21].

Capturing this rich behavior requires probes that are si-
multaneously sensitive to microscopic dynamics and spatial
heterogeneity. Space-resolved multispeckle techniques such
as photon-correlation imaging (PCI) [22] provide exactly this
capability: By combining dynamic light scattering with imag-
ing, PCI yields time-dependent maps of dynamical activity
and displacement fields in jammed and gelled soft matter
[23,24]. These methods are particularly powerful under lo-
calized perturbations, where they allow one to follow how
deformation, stress, and rearrangements propagate away from
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FIG. 1. (a) Schematic of the dual-wavelength pump-probe setup. The 980 nm NIR beam acts as the pump and is combined with the 532 nm
probe beam by a dichroic mirror immediately upstream of the sample. The green probe is shaped into a light sheet by a Powell lens and a
converging lens. A fraction of the probe beam is directed to a backup camera for monitoring. Light scattered by the sample at ¥, >~ 90° is
collected by a stopped-down imaging system, whose diaphragm selects a narrow range of scattering wave vectors, and is recorded by the
PCI camera. The transmitted NIR beam is projected onto a screen and its diffraction pattern is recorded by a dedicated transmitted-field
camera, providing the thermal-lens readout. (b) Representative diffraction pattern of the transmitted NIR beam for a 9 wt% Mebiol gel.
(c) Representative speckle image recorded by the PCI camera for a 9 wt% Mebiol sample. The cyan rectangle marks the unheated OR, whereas
the red rectangle marks the laser-irradiated LR. The LR is further divided into three subregions; the leftmost and rightmost subregions are used

for the intensity analysis discussed in the main text.

the forcing region, and how they are modulated by confine-
ment and boundary conditions [25].

In this work, we introduce a fully optical stress-and-probe
protocol designed to separate, within the same experiment,
deformation from microscopic restructuring under thermal
forcing. A focused infrared pump beam generates a localized
temperature gradient and allows us to obtain a readout of the
thermal field via thermal-lensing signatures, while a visible
probe beam enables the reconstruction of the deformation
field via image-based cross-correlation (speckle velocimetry)
of speckle patterns, and the space-resolved measure of restruc-
turing dynamics through PCI [22]. We apply this approach to
two representative arrested soft solids with sharply contrasting
thermomechanical couplings: a thermoresponsive physical gel
(Mebiol), where temperature gradients can imprint residual
stresses and trigger long-lived restructuring, and an ultraweak
colloidal polystyrene gel whose intrinsic properties are ap-
proximately temperature independent and where the primary
thermal effect is the possible onset of slow convection.

II. MATERIALS AND METHODS

A. Experimental setup

Figure 1 summarizes the dual-wavelength pump-probe ar-
rangement used throughout this work. A near-infrared (NIR)
beam at 980 nm acts as the pump, producing localized heating

in the sample, while a 532 nm visible beam acts as the probe
for space-resolved scattering measurements. The two beams
are combined by a dichroic mirror immediately upstream
of the sample. Two complementary detection paths are used
simultaneously: The transmitted NIR field is recorded to mon-
itor the thermal-lens (TL) response, whereas light scattered
by the green probe at approximately 90° is imaged onto the
PCI camera to measure local dynamics and displacements.
The probe beam (Laser Quantum, Ventus 532, A = 532 nm)
was shaped into a light sheet: A Powell lens converted the
initial Gaussian beam into a vertically diverging sheet, and
a subsequent converging lens arrested the vertical divergence
while focusing the beam in the horizontal direction. Scattered
light was collected at ¥, >~ 90° by a stopped-down imaging
system: A pinhole acted as a spatial filter, selecting the scatter-
ing wave vector ¢ = 23 um~'. The corresponding real-space
wavelength is 277 /g ~ 0.27 um, placing the PCI measurement
in the submicrometric regime and making it sensitive to local
structural rearrangements of the gel. An additional low-pass
IR filter was placed between the sample exit and the camera
to suppress the infrared contribution. The filtered scattered
light was then imaged onto a complementary metal-oxide
semiconductor (CMOS) detector (Hamamatsu ORCA-flash
4.0 V2, C11440-22CU; 2048 x 2048 pixels, pixel size 6.5 x
6.5 um). The pump source was a collimated NIR laser JDSU
S27-7602-340 module at 980 nm), yielding a beam waist
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wo >~ 1.31 mm. The pump maximum optical power was 355
mW at the collimator exit. The output power was controlled
through the laser-diode driving current I and was well
described by P(mW) = 0.625 Igjve (mA) — 17.1. The pump
beam entered the sample at height of ~6mm from the cell
bottom. The NIR transmitted beam impinged on a screen
and the resulting transmitted-intensity pattern was imaged by
a dedicated camera (Optika Optikam Pro 5.0). The sample
holder was thermally controlled by an external thermal bath
and temperature was monitored by a thermistor.

B. Photon-correlation imaging

PCI is an optical multispeckle technique that provides
access to the microscopic dynamics of soft materials by
measuring temporal correlations of the scattered intensity
while retaining spatial resolution within the scattering volume
[22,26,27]. In contrast to standard point-detection dynamic
light scattering, PCI records on a multipixel sensor a speck-
led image of the illuminated region: Each pixel (or group of
pixels) collects the interference of fields scattered by a finite
portion of the sample, so that time correlations can be com-
puted in parallel over many independent speckles, enabling
rapid ensemble averaging and the possibility to probe dy-
namical heterogeneity by selecting distinct regions of interest
(ROI). In our PCI setup, the measurement is performed at a
fixed scattering angle v, corresponding to a scattering wave

vector
drn . [ Uy )
= ——sin| — |,
=75 2

where n is the sample refractive index and A is the vacuum
wavelength of the probe beam. Selection of a narrow range
of ¢ is achieved by imaging the scattering volume through
an optical system whose numerical aperture is reduced by
a diaphragm placed in the focal plane of the collection lens
(“stopped-down” imaging). This Fourier-plane aperture si-
multaneously (1) fixes the collected scattering angle (hence
q) and (2) promotes the formation of a high-contrast speckle
pattern on the detector. As in conventional light-scattering
correlation spectroscopy, the fundamental observable is the
normalized intensity autocorrelation function

I(to)I(to + )T
(I(t9))%

where (-)7 denotes a time average over a measurement du-
ration 7. When the dynamics is not stationary (e.g., during
gelation or structural evolution), 7 must be chosen short
compared to the timescale over which the average intensity
changes, so that g, remains meaningful at a given #. If the
scattered field obeys Gaussian statistics, the intensity and
field correlation functions are related through the Siegert rela-
tion, g2(7) — 1 = B|g(7)|?, where B < 1 is the experimental
coherence (speckle-contrast) factor, which depends on the
detection optics and on the ratio between the speckle and pixel
sizes.

In PCI, correlations are conveniently computed by compar-
ing two camera frames separated by a delay t. By averaging
over a set of pixels belonging to a given ROI, we define the

&(1t) = , @

two-time normalized correlation index

(I(x, 10)I(X, fo + T))ror
c(t30) = -1, 3)
(I(x, 10))ror (I (X, To + T))ro1

where (-)ror indicates a spatial average over pixels in the
ROL In general, ¢;(t;%) depends on 7y when the sample is
aging or evolving. To reduce statistical noise while preserving
temporal resolution, ¢;(t;#) is further averaged over a short-
time window &ty, with §fg much smaller than the evolution
timescale.

In our analysis, the field correlation function is normalized
using the zero-delay value of the intensity correlation. Since
(c1(0519))s, = B, the experimental contrast factor cancels,
and

&]/ )

(cr(0510)) s,

Thus, all the field correlation functions reported below are
normalized to g;(0) = 1, independently of the experimental
speckle contrast.

Because PCI is based on imaging, it allows one to compute
correlation functions locally by tiling the speckle image into
multiple ROIs and comparing their g,(t), thus revealing spa-
tial heterogeneity in the microscopic dynamics when present.
Mesoscopic displacement and velocity fields were obtained
by speckle velocimetry, based on the spatial cross-correlation
of speckle images acquired at different times.

gl(f)=|:

C. Thermal lensing

The transmission of a coherent laser beam through a
weakly absorbing soft material can produce a spatially vary-
ing refractive index that acts as an effective TL [28,29].
While in simple fluids, the TL effect is only due to thermal
expansion, the physical mechanism that creates an intensity-
dependent refractive index in multicomponent systems can
have different origins such as change of sample composition
and thermodiffusion effects [30—-32]. The refractive index can
be written as

n(r,t) = ng + An(r,t), 5)

where ng is the refractive index of the unperturbed medium
and An(r, t) indicates the refractive-index change due to the
laser absorption. The additional optical phase accumulated
across a sample of thickness L is

2 (F
A¢(_X, )%t) = T An(-xa Y, Z’t)dzv (6)
0
with A the vacuum wavelength and z the laser propagation

direction. Introducing the path-averaged refractive-index vari-
ation

_ 1 [t
An(-xvyat): Z/ An(-x’ya Z7t)dz' (7)
0
Equation (6) can be written as
) —
Ad)(-xvy’t) = TL An(x’yat)' (8)

The exit-plane field can then be modeled as the in-
cident Gaussian envelope multiplied by a phase factor
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exp[—iA¢(x,y, )], and the transmitted-intensity distribution
is obtained by paraxial propagation. For radially symmetric
phase profiles A¢(r, t), the far-field intensity can be written
as a Hankel transform,

2
10,1t) =1y

3

©))
where w is the beam waist at the sample, k = 27 /A, 6 is the
diffraction angle, and Jj is the Bessel function of order zero.
In the case of simple liquid samples, absorption-induced
heating generates a temperature field AT (r, ¢) that is trans-
ported not only by diffusion but also by buoyancy-driven flow
[33]. Accordingly, the temperature dynamics is described by
an advection-diffusion equation,
0AT 5
o +v(r,t) - VAT = Dy VAT + S(r), (10)
where Dy, is the thermal diffusivity, v is the convective ve-
locity field, and S(r) represents the volumetric heat source
proportional to the absorbed optical power. In this regime, the
refractive-index change is predominantly thermo-optic,

oo 2
f exp [—r—z —iAg(r, z)]fo(kre) rdr
0 w

dn
dT

but the presence of v(r,t) in Eq. (10) generally breaks ra-
dial symmetry. As a consequence, the recorded interference
pattern is not strictly circular, and Eq. (9) is no longer ap-
plicable in its radially reduced form. Studies of thermal-lens
transients are not restricted to liquids: Time-resolved TL has
been formulated and exploited as a broadband thermoelas-
tic spectroscopy to access relaxing thermal expansivity and
specific heat in supercooled glass formers [34]. More gen-
erally, TL is a well-established photothermal diagnostic in
solid materials (e.g., optical glasses and polymers) to quantify
thermo-optic and thermal-transport parameters [35,36]. In the
case of many arrested systems, such as the Mebiol gels we
studied in this work, macroscopic flow is strongly suppressed
and convection is negligible. The optical response is therefore
well approximated as radially symmetric, yielding circular in-
terference fringes compatible with Eq. (9). In multicomponent
gels, however, the refractive-index modulation may contain
contributions in addition to the direct thermo-optic response.
For the Mebiol gel investigated here, we therefore write

An(r, 1) ~ ( >AT(r,t), (11)

An(r,t) = (j—;)ﬁ(r,t) + Any(r, 1), (12)

where An, denotes a contribution beyond the direct thermo-
optic response (e.g., concentration/phase rearrangement, local
network reorganization, or other thermally activated but not
purely thermo-optic mechanisms). We can model the gel re-
sponse through an effective radial phase profile

dn
dT

Equation (9) provides the forward relation between an as-
sumed radial phase profile and the measured diffraction
pattern. In principle, a quantitative phase profile could there-
fore be obtained by fitting the complete diffraction pattern.
In the present experiment, however, such an inversion would

A¢(r,t)=27nL|:< )ﬁ(r,z)JrA_nm(r,t)]. (13)

5600000000000000000g

FIG. 2. Time evolution of the inertia moments I, and I,
normalized to their respective values at t —tony = 0.5s of the
transmitted-field diffraction pattern for Mebiol samples at T =
30°C, at 1% (liquid) and 9% (gel) polymer concentration (sym-
bols as in the legend). Insets show representative transmitted-beam
diffraction images (left: 1%; right: 9%) acquired att — ton = 0 (im-
mediately after switching on the NIR beam), att — fon = 1.5 s (onset
of symmetry breaking in the liquid pattern due to convection), and
at t —ton = 5's (steady-state thermal profile; the diffraction pattern
from the liquid sample subsequently remains unchanged). Camera
exposure was optimized to track the temporal evolution of the out-
ermost diffraction ring; consequently, the inner rings are less visible
than in Fig. 1(b).

require a specific parametrization of the slowly evolving
structural contribution and an independently known spatial
temperature profile. Moreover, the transmitted-beam images
were acquired with the exposure optimized to follow the
outermost diffraction ring rather than for quantitative phase
retrieval over the full dynamic range. We therefore do not
attempt to extract an absolute Any(r, t) from the ring patterns.
Nevertheless, the evolution of the outermost ring provides
a useful semiquantitative measure of the increase in lens
strength. As discussed in the Appendix, under a fixed-shape
approximation for the phase profile, the outer-ring radius is
approximately proportional to the amplitude of the phase
modulation in the strong-lensing regime.

As shown in panel (b) of Fig. 1 and in the snapshots
of Fig. 2, in the absence of appreciable convection the
transmitted-intensity pattern is approximately radially sym-
metric and consists of a series of concentric rings, as observed
for the Mebiol gel. In the liquid Mebiol sample, instead,
buoyancy-driven convection develops along the vertical direc-
tion, parallel to gravity, and progressively breaks the radial
symmetry of the pattern. To quantify both the overall ex-
pansion of the diffraction pattern and its possible symmetry
breaking, we introduce simple statistical quantities that can be
computed from the collected images. Let I(x, y) > 0 denote
the image intensity at pixel coordinates (x, y). We can define:
Total mass (zeroth moment).

M= Zlij.
i
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First moments (center of mass).
.1 |
= ;xilip Y= izj)’jlij~

Second moments (moments of inertia). Interpreting inten-
sity as mass density, the (area) moments of inertia of the
distribution about axes through the centroid are

L=) (—L;, L= (=51
ij

iJ

D. Materials
1. Mebiol

Mebiol® (Cosmo Bio Co., Ltd., Tokyo, Japan) is a ther-
moresponsive polyethylene glycol (PEG)-based polymer ob-
tained by coupling suitably activated N-isopropylacrylamide-
co-n-butyl methacrylate (NIPAAm-co-BMA) segments with
diamino-PEG6000 (corresponding to 230 ethylene glycol re-
peat units). Although the exact composition is patented and
unknown, the material is generally described as containing
an overall PEG6000 fraction of approximately 34 wt% and a
random, broadly polydisperse distribution of poly(NIPAAm-
co-BMA) thermosensitive blocks, with a BMA molar fraction
of about 5%, a key parameter in tuning the sol-gel transition
temperature. The phase behavior, microscopic dynamics, and
rheological properties of Mebiol have been reported else-
where, to which the reader is referred for additional details
on sample characteristics [26,27].

The polymer was provided as a sterile lyophilized powder
in a sealed flask. A concentrated stock solution was prepared
by adding 50 ml of sterile aqueous medium to 5 g of polymer
and keeping the flask refrigerated at 4 °C, with occasional
gentle shaking until a homogeneous solution was obtained.
The stock was then stored in the refrigerator for several days to
ensure complete hydration/dissolution and to allow entrapped
air bubbles generated during reconstitution to dissipate. This
mother batch, at a nominal concentration of 9%, was used as
is or was subsequently diluted with distilled water to obtain
a concentration of 1%. The Mebiol samples were loaded into
optical cells with an optical path length L = 5 mm along the
NIR-beam propagation direction.

2. Polystyrene gel

We studied a suspension of monodisperse polystyrene (PS)
latex spheres (diameter 51 nm, refractive index n = 1.59,
Polybead® Microspheres) dispersed at a low volume fraction
(¢ ~3 x 107%), a condition chosen to minimize multiple-
scattering contributions. The particles were dispersed in an
H,0/D,0 mixture whose composition was tuned to match the
particle density, thereby suppressing sedimentation. Aggrega-
tion was triggered by adding CaCl, to a final concentration
of 16 mM. The suspension was then promptly transferred
into an optical cuvette (cross section 2 x 10 mm) and filled
to a height of ~10 mm. Since the used CaCl, concentration
lies only slightly above the critical flocculation threshold, the
aggregation kinetics are quite slow: We let the sample rest
unperturbed for 72 h at a controlled temperature (typically
20 °C) before illuminating it with the IR laser.

III. RESULTS

A. Mebiol: a thermoresponsive gel
1. Thermal lens

In this section, we compare the TL response of two Mebiol
samples with different compositions. The diluted sample (¢ =
10 g/1) behaves as a liquid, whereas the concentrated sample
(c =90 g/]) is in the gel state. All measurements were per-
formed at T = 30 °C.

Figure 2 reports the time evolution of the far-field diffrac-
tion pattern in the two cases. We begin with a qualitative
description of the images. At early times, the transmitted
beam has a Gaussian profile for both samples. Shortly after
illumination, a circular ring pattern appears; however, after
approximately 1 s the two samples exhibit markedly different
behaviors. For the liquid sample, the ring expansion rapidly
slows down and a pronounced vertical asymmetry develops,
consistent with the onset of buoyancy-driven convection. Af-
ter about 5 s, the pattern reaches a steady state. In contrast,
in the gel sample the diffraction pattern remains radially sym-
metric and continues to expand.

The main panel of Fig. 2 shows the temporal evolution of
the moments of inertia /; and I,, normalized by their values
at t = 0.5s. This reference time was chosen to avoid possi-
ble transients associated with the NIR-laser switch on. For
t < 1 s, the liquid and gel samples follow essentially the same
dynamics, indicating that the TL response is initially governed
by the formation of the temperature profile. At short times,
thermal diffusion dominates. Using the pump-beam radius
wo = 1.31mm and Dy, = 1.4 x 107! mm?s~!, the thermal
diffusivity of water near 30 °C [37], which provides a reason-
able approximation for the highly hydrated Mebiol sample,
the characteristic diffusion time is

‘[,'th = 0 ~ 3 S. (14)

Consistently, for the gel sample—where convection is
negligible—the growth of the diffraction ring clearly slows
down fort = 3 s.

For the liquid sample, I, increases with time and eventually
saturates, whereas along the vertical axis I, first rises to a
maximum and then decreases, reaching at long times a value
smaller than that measured horizontally. This behavior can be
understood in terms of optothermal self-lensing in a convect-
ing liquid. As the beam propagates through the medium, a
fraction of the optical power is absorbed, producing a temper-
ature increase and—through the thermo-optic coefficient—a
reduction of the refractive index. Because the intensity profile
is Gaussian, the index change is largest on axis, so the sample
acts as an aberrated diverging lens and generates a ring-shaped
diffraction pattern. Once buoyancy-driven flow develops, the
upward motion partially smooths the temperature field in the
upper portion of the heated region, thereby reducing the local
refractive-index gradient and the associated phase modula-
tion. The diffraction angle is therefore smaller in the upper
region, and the interference pattern progressively appears ver-
tically compressed. The gel sample, in contrast, displays an
anomalous long-time response. While the overall size of the
interference pattern changes only weakly for 3 s <7 < 30 s,
beyond t ~ 30 s both I, and I, start to grow more rapidly
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FIG. 3. Long-time evolution of the radius of the outermost
diffraction ring for a 9% Mebiol sample under continuous NIR
irradiation. (a) Photograph of the laboratory emergency-exit sign
imaged through the thermal lens formed in the sample after 10h of
NIR illumination. Inset (b) shows the speckle field recorded by the
PCI camera after one day of NIR irradiation. The arrow indicates
the propagation direction of the green probe beam, as in Fig. 1.
The strong diverging lens induced by the NIR heating deflects the
probe beam away from its original propagation direction, so that little
scattered light is detected from the region immediately downstream
of the lens, which therefore appears as a dark band.

and in a similar fashion. This indicates the emergence of
an additional mechanism that locally modifies the refractive
index beyond a purely thermal contribution. Figure 3 follows,
over 6 h, the time evolution of the radius of the outermost
ring produced by illuminating the gel sample. The lensing
effect becomes progressively stronger with no evidence of
saturation; at long times, the ring radius increases approxi-
mately logarithmically. After one day, the induced diverging
lens is strong enough to deflect the green probe beam almost
completely, as illustrated in inset (b), where the region down-
stream of the lens appears dark.

Remarkably, the lensing does not vanish after switching
off the infrared illumination. The induced deformation is per-
sistent, pointing to an irreversible restructuring of the gel in
the region exposed to the infrared beam. This permanent lens
effect is illustrated in panel (a): The sample was removed from
the holder and used as a lens to image the emergency-exit
sign in our laboratory. A complementary reconstruction of
the long-time refractive-index profile from the residual illu-
mination stripes is presented in the Appendix. We now turn to
the PCI analysis to investigate the concomitant microscopic
dynamics and mechanical response of the gel.

2. PCI analysis: the role of the thermoelastic stress
In the following, we compare two regions within the gel

sample, highlighted in panel (c) of Fig. 1 by a cyan rectangle
(outside region, OR) and a red rectangle (laser region, LR).

175 —————

1.50

Intensity ratio

1.25

A3 A4 A5[B1 B2 B3 B4 B5
100 n N i 1 1 " N " Ll 1 i
0 10000 20000 30000
time (s)

FIG. 4. Time evolution, for a 9 wt% Mebiol gel, of the ratio
between the scattered-light intensity measured in the initial and final
portions of the laser region LR [first and third subregions of the red
rectangle in Fig. 1(c)]. The vertical red line marks the time at which
the NIR laser was switched off. Time windows A1-AS5 (NIR on) and
B1-B5 (NIR off) indicate the intervals at which the PCI analysis
reported in Fig. 5 was performed.

The OR is located far from the volume illuminated by the IR
beam, whereas the LR corresponds to the portion of sample
directly heated by the IR radiation.

We first consider the evolution of the scattered-light inten-
sity. Upon switching on the IR laser, the scattered intensity
from the OR remains essentially unchanged. In contrast, the
intensity measured in the LR increases rapidly. Previous mea-
surements on the same 9 wt% Mebiol system under spatially
uniform heating showed a strong, approximately exponential
dependence of the stationary scattered intensity on temper-
ature, with a logarithmic slope of about 0.11 K~! in the
temperature range relevant here. This provides a semiquan-
titative estimate of the temperature scale associated with the
initial intensity increase, which is consistent with a local tem-
perature rise of approximately AT ~ 3 °C.

We stress that the value AT =~ 3 °C should be regarded as
an estimate rather than as a precise intensity-to-temperature
calibration. In the reference measurements, the scattered in-
tensity was recorded after allowing the sample to equilibrate at
each temperature for at least 15 min, whereas here the thermal
contribution must be estimated from the initial response over
a few seconds, before the slower structural evolution becomes
substantial.

Moreover, the intensity within the LR is spatially nonuni-
form: It is higher near the side where the IR beam enters the
sample than near the exit side. A plausible explanation is the
attenuation of the IR beam along its propagation direction,
resulting in a larger optical power density, and hence a slightly
larger temperature increase, in the upstream portion of the LR.

Figure 4 shows the ratio between the scattered intensities
measured in the two regions. Prior to IR illumination, the
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FIG. 5. (a) Field correlation functions g,(7) measured in a 9 wt% Mebiol gel in the laser region LR during NIR irradiation for the five
time windows defined in Fig. 4: A1 (blue circles), A2 (red squares), A3 (black up triangles), A4 (green down triangles), and A5 (cyan circles).
Inset: g;(7) measured in the OR over the same time windows (same color code as in the main panel), showing an excellent collapse within
experimental uncertainty. (b) Field correlation functions measured in LR after switching the NIR laser off, for the five time windows B1-B5
defined in Fig. 4 [symbols and colors as in panel (a)]. (¢) Comparison of g;(7) measured in LR and OR in the time windows A3 (laser on) and

B3 (laser off); symbols are defined in the legend.

intensities are comparable and the ratio is close to unity.
Immediately after turning on the IR beam, the ratio rises
within a few seconds to approximately 1.25, a timescale con-
sistent with the establishment of the temperature profile in
the illuminated region. Surprisingly, the ratio then continues
to increase approximately linearly for about 18 000 s. Such a
long-term drift cannot be explained by thermal effects alone.
As already suggested by the thermal-lens measurements, an
additional slow mechanism becomes relevant at longer times
and modifies the local concentration and/or refractive index of
the sample.

After 18500 s, the IR laser is switched off. The tem-
perature relaxes quickly and the intensity ratio decreases
accordingly. However, the ratio does not return to a value
close to unity, as would be expected for a fully reversible
perturbation. Over the following 18 000 s, the ratio continues
to decrease slowly, indicating a gradual homogenization, but it
never recovers its initial level. This provides further evidence
that the IR exposure induces a persistent restructuring of the
gel in the illuminated region.

To further clarify this behavior, we performed a time-
resolved PCI analysis. The full time series was partitioned
into ten time windows: five acquired while the IR laser was
on (labeled by A1-A5) and five acquired after the IR beam
was switched off (labeled by B1-B5). For each window, we
computed the intensity correlation function by averaging over
a 1000 s interval. For reference, the same analysis was carried
out at the same time windows for the OR region.

In the OR region, the microscopic dynamics remains essen-
tially unperturbed and shows no significant temporal evolution
[see inset of Fig. 5(a)]: All the field correlation functions
superimpose. The situation is markedly different in the LR
[see main panel of Fig. 5(a)]. Immediately after turning on
the IR beam, the correlation at the shortest plotted delay,
T = 105, increases from ~0.55 before illumination, a value
comparable to that measured in the OR, to ~0.70. Since all
curves are normalized to g;(0) = 1, this increase indicates a

reduced decorrelation over the first 10 s and hence a slowing
down of the local dynamics. As the IR exposure proceeds,
the dynamics progressively slows down. In the Al interval,
the correlation function decays to zero within approximately
300 s, whereas after 16 500 s of irradiation (AS5) the correla-
tion remains significantly above zero even at t = 500 s.

After switching off the IR laser, the LR correlation function
changes rapidly and the dynamics speeds up [see Fig. 5(b)].
In the first postirradiation interval (B1), the value of g;(7)
at the shortest plotted delay, T = 10s, returns to about 0.55,
consistent with the unperturbed case, and the system decorre-
lates again on a timescale of order 300 s. At later times, the
dynamics slows down (aging), but the effect is substantially
weaker than during the irradiation stage.

The impact of the localized perturbation induced by the IR
beam becomes clearer by comparing the correlation functions
measured in the LR and OR at ¢ ~ 3500 s after the onset
of irradiation. Figure 5(c) shows that, at short delay times,
the dynamics in the LR is slower than in the OR. This is
not unexpected: The temperature in the LR is higher by a
few degrees and, under homogeneous conditions, the micro-
scopic dynamics of Mebiol is known to slow down upon
increasing temperature [27]. At longer delays, however, the
trend reverses. For T 2 200 s, g;(7) in the LR falls below the
corresponding curve in the OR. In particular, at T = 500 s the
LR signal is fully decorrelated, whereas the OR still retains
a finite correlation, indicating slower relaxation far from the
irradiated region.

An even more intriguing behavior emerges when we com-
pare the LR and OR correlation functions measured about
3500 s after the IR laser has been switched off. At this stage,
the two regions are essentially at the same temperature and
one would therefore expect comparable dynamics. Indeed, at
short delays (r < 10 s) the two curves nearly coincide. At
longer delays, however, the LR decorrelates faster than the
OR, i.e., the previously irradiated region relaxes more rapidly
than the unperturbed one.

043112-7



GERVASONE, ERBA, PIAZZA, AND BUZZACCARO

PHYSICAL REVIEW RESEARCH 8, 043112 (2026)

Importantly, this behavior is not observed in control ex-
periments in which a Mebiol sample is heated uniformly to a
higher temperature and subsequently cooled back to a lower
temperature: In that case, the dynamics at lower temperature
remains slower than at higher temperature, with no inversion
at long delays. The anomalous relaxation measured here is
therefore a consequence of the spatial temperature gradient
(and the associated stress field) generated by local IR irra-
diation. We also considered whether the long-lived response
could originate from ordinary aging or from effects specific
to the NIR irradiation rather than from the localized ther-
momechanical perturbation. The OR provides a simultaneous
internal aging control: It belongs to the same sample and
is monitored over the same experimental time windows, yet
its correlation functions remain essentially unchanged within
experimental uncertainty (see the inset of Fig. 5). Together
with the uniform-heating control described above, this indi-
cates that spontaneous aging alone cannot account for the
markedly different evolution observed in the LR, although
some contribution from the intrinsic aging of the physical
gel cannot be strictly excluded. A direct photochemical origin
also appears unlikely. The pump wavelength (980 nm) lies in
the near-infrared absorption band exploited for photothermal
heating of water, and no absorbing chromophore is added to
the sample. The excitation is therefore expected to act pre-
dominantly through heating rather than direct photochemistry.
Mebiol is also reported to form a transparent thermoreversible
gel without macroscopic syneresis. We cannot, however, ex-
clude a local redistribution of solvent and polymer induced
by the temperature gradient and the associated stress field;
such a process is included here among the slow structural
contributions to the refractive-index response. A plausible
mechanism is that the mechanical and rheological properties
of Mebiol depend sensitively not only on temperature but also
on the presence of local T gradients. In the absence of thermal
expansion, a spatial gradient in elastic stiffness alone does not
generate spontaneous deformation: The undeformed config-
uration remains kinematically compatible with rigid platens,
and no internal stress is required to satisfy equilibrium. The
picture changes when the material exhibits a thermal expan-
sion that depends on 7. Then, different regions would undergo
different free thermal strains under the imposed temperature
gradient, but the global constraint prevents any net change
in length, forcing the development of a self-equilibrated in-
ternal stress state [38]. In gels, the mechanical response is
additionally controlled by solvent permeation, giving rise
to poroelastic relaxation timescales and spatially inhomoge-
neous stress diffusion [20]. Moreover, in thermoresponsive
networks, temperature strongly modulates both equilibrium
swelling and mechanical properties, which amplifies stress
gradients and heterogeneity under VT [21]. In Mebiol, be-
cause the elastic modulus increases with temperature, the
colder (more compliant) portion accommodates a larger share
of the mechanically induced strain needed to enforce the
constraint, whereas the hotter (stiffer) region deforms less.
The outcome is a nonuniform strain distribution under an
overall constrained thermoelastic response, consistent with
classical linear thermoelasticity for heterogeneous media and
standard treatments of thermal stresses under kinematic con-
straints [7,39]. An order-of-magnitude estimate confirms that

FIG. 6. Cumulative displacement field measured in a 9 wt%
Mebiol gel in the laser region LR over the first 1000 s after switching
on the NIR beam (time window Al). Arrows indicate the local in-
plane displacement extracted from the speckle velocimetry analysis;
the scale bar and the displacement-vector reference are shown in the
figure.

the thermoelastic stresses generated in this way are extremely
small. Previous short-time thermal-lens measurements on
9 wt% Mebiol yield, around 30 °C, a volumetric thermal
expansivity of order ay >~ 2 x 10~* K~! [40]. Importantly,
this value was obtained from the early time thermal response,
before the slower structural evolution of the gel becomes
appreciable, and therefore characterizes the direct thermal
expansion relevant to the initial thermoelastic forcing. Assum-
ing isotropic expansion, the corresponding linear expansivity
is ap ~ay/3~7x 10~ K~!. For the local temperature
increase of approximately AT ~ 3 °C estimated here, this
corresponds to a free thermal strain of order ey, ~ o AT =~
2 x 107*. A direct Young modulus for our 9 wt% Mebiol
sample at this temperature is not available. Rheological
data provided by the manufacturer for a closely comparable
10 wt% aqueous Mebiol sample give a storage modulus of
a few 10 Pa around 30 °C. Taking E ~ 3G’ as an order-of-
magnitude estimate for a nearly incompressible gel therefore
gives E ~ 10°Pa. A simple constrained-thermoelastic esti-
mate then yields

om ~ Eag AT ~ 107! Pa. (15)

This value should be regarded as a characteristic fully con-
strained thermoelastic stress scale rather than as a direct
measurement of the spatial stress field, since the actual sam-
ple geometry is only partially constrained and the gel can
subsequently undergo viscoelastic, poroelastic, and structural
relaxation.

In other words, the imposed thermal gradient generates a
stress field that locally deforms the material and accelerates
the dynamics compared with the case of a spatially uniform
temperature. If the material were perfectly elastic, removal of
the thermal field would restore the initial (unperturbed) state.
Mebiol, however, is a physical gel: Its junctions are reversible
and can rearrange, and the local polymer concentration can
adjust in response to stress. Consequently, once the thermal
gradient is removed the system may quickly return to thermal
equilibrium, but it is no longer in mechanical equilibrium.
Part of the stress remains “imprinted” in the sample, and the
gel subsequently evolves slowly toward a new mechanical
equilibrium. The relaxation of this residual stress drives ad-
ditional microscopic rearrangements, thereby speeding-up the
dynamics relative to an unperturbed sample held at the same
temperature. To support this interpretation, we exploit the ca-
pability of PCI to quantify local deformations. Figure 6 shows
the cumulative displacement field within the LR during the A1
time window, obtained using PIVlab [41]. The displacement
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vectors indicate a net motion toward the region surrounding
the IR-beam axis; additionally, the material appears to expand
from the hotter side of the field of view (left side of the
images) toward the colder side. Over 1000 s, the maximum
displacement within the LR is on the order of 10 um.

After switching off the IR beam, the speckle pattern
decorrelates rapidly and the cross-correlation peak used by
speckle velocimetry becomes less well defined. As a result,
the spatial correlation analysis does not provide sufficiently
reliable displacement estimates in this regime. We anticipate
that employing a thinner cell and/or operating at a higher
average temperature—thereby slowing down the intrinsic (un-
perturbed) dynamics—would improve the accuracy of the
displacement-field reconstruction also after the IR laser is
turned-off. The persistence of the deformation, measured
both via PCI and thermal lens, suggests that, beyond re-
versible thermoelastic/poroelastic deformation, the network
topology itself evolves during the excitation. This highlights a
key difference between chemical gels (permanent crosslinks,
fixed topology) and physical gels such as Mebiol (reversible
junctions, evolving connectivity). For a chemical gel, once
transient poroelastic equilibration is complete, unloading the
thermal field is expected to restore the initial configuration (up
to damage/fracture), because the topology is frozen and the
deformation is stored elastically. In contrast, physical gels are
transient networks: Crosslinks continuously dissociate and re-
associate, implying stress relaxation and network remodeling
on a characteristic restructuring time 7, set by the junction
lifetime and connectivity [42-44]. This picture suggests a
timescale-controlled crossover governed by a Deborah-like
ratio De = 1, /texc, Where fe. is the duration of the thermal
forcing. In the limit .. < 7, (De > 1), the network topology
is expected to remain effectively frozen during the excita-
tion, favoring a predominantly quasielastic and reversible
response. Conversely, for fx. > 7, (De < 1), bond exchange,
solvent redistribution, and network remodeling can occur dur-
ing the forcing, allowing persistent deformation to develop,
as observed here. The present experiments probe the latter,
long-duration regime and do not directly test the quasielas-
tic limit. Accessing that regime would require a controlled
pulsed-excitation protocol in which the forcing duration is
short compared with the restructuring time while remaining
sufficiently long to establish a measurable thermal perturba-
tion. Such measurements would provide a direct test of the
predicted crossover and are an interesting direction for future
work.

In the next section, we consider a colloidal gel with phys-
ical bonds that are effectively permanent on the experimental
timescale and whose mechanical and rheological properties
are essentially temperature independent.

B. Polystyrene gel: an ultraweak colloidal gel
and the role of convection

The PS gel discussed in this section is an ultraweak
gel whose properties are essentially temperature independent
[45]. The network is formed by salt-screened attractive in-
teractions between the polystyrene particles. The bonds are
therefore physical rather than chemical, but are effectively
permanent on the timescale of the present experiments. The

FIG. 7. Velocity field measured in a polystyrene gel (¢ >~ 3 x
1074, 16 mM CaCl,) 10's after switching on the NIR heating beam
(left) and 10 s after switching the beam off (right). Arrows indicate
the local in-plane velocity extracted from the speckle velocimetry
analysis.

network is so fragile that even a small density mismatch of
0.001 g/cm? is sufficient to induce a measurable compres-
sion under the gel’s own weight—despite the extremely low
polymer concentration. Likewise, the shear generated when
removing the cell from the holder can irreversibly damage
the fractal gel structure. Nevertheless, although very weak,
the gel still markedly suppresses solvent convection when the
sample is illuminated by the infrared laser. Because forward
scattering from this gel is not negligible, the transmitted-beam
profile is noisy, and a quantitative TL analysis as accurate
as that performed for Mebiol cannot be carried out. Even
so, a clear perturbation of the beam propagation associated
with the TL effect is still observable. Aside from an initial
broadening of the transmitted beam occurring within the first
few seconds of IR irradiation, the system rapidly reaches a
stationary regime, with no evidence of strong convection. The
fact that convection, if present, is extremely slow is supported
by the observation that the gel does not break during IR expo-
sure. Although the sample is 99.97% water, the tenuous fractal
network is sufficient to strongly inhibit buoyancy-driven flow.
A comparison of the microscopic dynamics through the field
correlation function g; measured before and during IR irradi-
ation does not reveal any significant change, consistent with
a material whose intrinsic properties do not depend on tem-
perature. However, inspection of the correlation index shows
that the IR beam induces a weak but detectable perturbation:
Shortly after the irradiation is started, and again a few seconds
after the laser is switched off, small drops of the correlation
index are observed. A visual inspection of the PCI images
suggests that laser irradiation induces a clockwise rotation
of the sample, followed by an opposite (counterclockwise)
motion once the laser is switched off. To quantify this be-
havior, we measured the displacement field using the same
speckle velocimetry procedure adopted for the Mebiol sam-
ple. The results, obtained at a laser drive current of 600 mA,
are shown in Fig. 7. The displacement pattern closely re-
sembles a convective roll. When the IR beam is turned on,
the temperature gradient established in the sample generates
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FIG. 8. Time evolution of the magnitude of the mean displace-
ment velocity v in a polystyrene gel (¢ >~ 3 x 107, 16 mM CaCl,)
for different sample temperatures, indicated in the legend. Inset:
Maximum mean velocity v measured upon switching on the NIR
beam at the highest power, for different initial sample tempera-
tures. The maximum v is plotted as a function of the thermal
expansivity S.

a buoyancy-driven flow. Because the left side of the cell is
slightly hotter than the right side (the IR beam enters from
the left), the solvent rises on the left side of the field of view,
giving rise to a clockwise circulation. The resulting solvent
motion deforms the gel network until the elastic restoring
forces of the strands balance the viscous drag; at this point,
the gel motion arrests and the displacement field reaches a
plateau. After switching off the laser, the convective forcing
vanishes and the system tends to recover its unperturbed con-
figuration. During this recovery stage, the observed rotation is
counterclockwise. A definitive confirmation that the observed
deformation is convection driven is obtained by repeating the
experiment at different initial sample temperatures. As is well
known, the volumetric thermal expansion coefficient of water,

1/0
ﬁz——(ﬁ),
p\oT »
is strongly temperature dependent and vanishes at the temper-
ature of maximum density, 7 =~ 4 °C. Within the Boussinesq
approximation, the buoyancy force that sets the strength of
natural convection is proportional to 8. To compare the flow
fields at different temperatures, we computed, for each frame,
the spatial average of the velocity magnitude and we plot this
quantity as a function of time in Fig. 8: An increase of T
produces larger deformations. The inset of the figure reports
the maximum average velocity measured in the sample at
the highest pump power for different initial temperatures,
together with the corresponding values of § for water, cal-
culated using the Tilton and Taylor equation for water density
[46]. In the explored interval (10 °C < T < 20 °C), the maxi-
mum velocity grows approximately linearly with 8, providing
strong evidence that the sample deformation originates from
buoyancy-driven convection. We repeated the experiment for
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FIG. 9. Time evolution of the magnitude of the mean displace-
ment velocity, v, in a polystyrene gel (¢ >~ 3 x 107*, 16 mM CaCl,)
for different NIR-laser powers (driving currents as indicated in the
legend). Left: Response following laser switch on. Right: Recovery
dynamics following laser switch off.

different laser powers. As done for measurements at different
temperatures, we plot the spatial average of the velocity field
as a function of time in Fig. 9 for the four pump intensities
investigated. The data indicate that, largely independent of
laser power, the velocity reaches a maximum after approx-
imately 10 s and then decays approximately exponentially to
zero. As expected, increasing the pump power produces larger
deformations: The resulting temperature gradient is steeper,
which strengthens buoyancy-driven flow and leads to a faster
convective roll. A notable feature emerges at low pump power:
For the weakest irradiation, the displacement accumulated
during the “laser on” phase is comparable to that recovered af-
ter switching off, indicating a predominantly elastic response
and a near-complete return to the initial state. In contrast, at
higher powers the displacement during irradiation is roughly
twice that recovered during relaxation, suggesting that part of
the deformation is irreversible, i.e., the gel undergoes plastic
rearrangements. In an ultraweak gel, localized photothermal
forcing offers a route to access a regime of ultralow stresses:
The resulting viscous drag provides an extremely small and
spatially distributed mechanical forcing that is difficult to
impose with conventional rheometers without damaging or
detaching the network at the boundaries. The observed power
dependence, with a near-complete recovery at low powers
and a partial irreversibility at higher powers, suggests that
even such gentle forcing can cross from an elastic response
to activated plastic rearrangements in the tenuous network.
These observations motivate future experiments under pulsed
excitation. In the purely elastic regime, the microscopic dy-
namics of the driven sample is expected to remain similar to
that of an unperturbed gel. Conversely, if plastic events are
activated, repeated pulsing may accelerate aging by promoting
irreversible restructuring.

IV. DISCUSSION AND CONCLUSIONS

Our all-optical “stress-and-probe” protocol combines lo-
calized photothermal forcing with space-resolved dynamic
light scattering. Thermal-lens (photothermal) techniques have
a long history in transparent solid-state optics and material
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characterization (e.g., laser glasses, thermo-optic coefficients,
thermal transport) [35,36,47]; here, we repurpose thermal
lensing in a soft, mechanically arrested medium and show that
it can be tracked concomitantly with u(r,t) and ¢;(z;r, 1)
to reveal both transient heating and its possible persistence
after the excitation. For the thermoreversible Mebiol gel,
continuous NIR heating produces a pronounced, slowly evolv-
ing thermal-lensing signal and, more strikingly, a persistent
lensing contribution that does not vanish after the pump is
switched off. PCI reveals a concomitant acceleration of the
microscopic dynamics in the heated region and an incomplete
recovery after relaxation, pointing to an irreversible restruc-
turing.

The polystyrene colloidal gel provides a complementary
limit: Its intrinsic mechanical properties are approximately
temperature independent, while the network is so fragile that
even minute body forces (e.g., from density mismatch) can
measurably load it. Under NIR heating, the displacement and
velocity fields reconstructed from speckle velocimetry are
consistent with a convective roll, identifying buoyancy-driven
flow as the dominant source of stress in our geometry. In
the case of porous materials as the ones investigated in this
work, thermally driven interfacial transport (thermo-osmosis)
could provide an additional, more subtle route by which
VT can generate effective body forces and pressure gradi-
ents, potentially driving deformation even without buoyancy
[48,49]. However, in terrestrial conditions these effects can be
masked by gravity-induced convection, which is often prac-
tically unavoidable in optical heating geometries [30]. This
motivates experiments under microgravity, where buoyancy
is suppressed and transport induced by VT can be isolated.
In this context, the COLIS facility onboard the International
Space Station provides a unique platform to combine space-
resolved light scattering with controlled NIR heating [50].

Looking forward, three directions appear particularly
promising. First, for Mebiol it will be crucial to map the
response as a function of the mean temperature, because
both mechanical properties and junction lifetimes are strongly
temperature dependent; at sufficiently high temperature, the
spontaneous restructuring time may become so long that
the material approaches the “chemical-gel” limit of a frozen
topology. Second, geometry and boundary conditions (cell
thickness, thermal anchoring, free versus constrained inter-
faces) should be treated as control parameters, since they
reshape temperature, flow, and stress fields and can qualita-
tively change u(r, r) and the spatial distribution of activity.
Third, pulsed NIR excitation opens a route to study fatigue
and damage accumulation in arrested soft solids using space-
resolved dynamics: Soft materials provide intrinsically large
time and length scales, making it feasible to directly vi-
sualize where and how irreversible events accumulate over
cycles, a task that is far more challenging in conventional hard
solids [51]. For instance, ground tests reported for COLIS
already show that periodic NIR heating can accelerate the
microscopic dynamics of a thermosensitive colloidal glass,
and that repeated ON-OFF cycles lead to an accumulation of
irreversible rearrangements reminiscent of cyclic shear pro-
tocols [50]. This strongly supports the idea that impulsive
photothermal excitation can be used as a controlled route to
investigate cyclic damage and fatigue in arrested soft solids,

complementing purely mechanical fatigue studies in colloidal
gels [51,52].
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APPENDIX: ADDITIONAL ANALYSIS
OF THE THERMAL-LENS RESPONSE

1. Long-time amplification of the thermal-lens signal

Although the diffraction patterns were not acquired with
the dynamic range required for a quantitative phase retrieval,
their long-time evolution provides a useful semiquantitative
measure of the strengthening of the thermal lens. To illustrate
this point, we consider a fixed-shape approximation in which
the accumulated optical phase is written as

Ap(r,t) = A@)f(r), (A1)
where f(r) describes the spatial shape of the lens and A(¢) its
time-dependent amplitude.

In the geometrical-optics limit, the local deflection angle is
related to the transverse phase gradient according to

A(t)

T (A2

0(r.1) ~ %‘—M";Y’I)

Lf'().

Thus, if the shape of the phase profile remains approximately
unchanged, the maximum diffraction angle, and consequently
the radius of the outermost ring at a fixed observation distance,
scale approximately with A(z).

Experimentally, the outer-ring radius increases from ap-
proximately 7 mm at the beginning of the long-time mea-
surements to about 45 mm at long times, corresponding to an
increase by a factor of approximately 6—7. Within the fixed-
shape approximation, this therefore indicates a comparable
increase of the characteristic phase-gradient amplitude. This
estimate should be regarded as semiquantitative: Changes
in the spatial width or shape of the refractive-index profile
would also affect the ring radius. Nevertheless, the several-
fold growth occurring long after the thermal-diffusion time
provides an independent indication that the long-time lensing
response cannot be identified with the establishment of the
initial temperature profile alone.
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FIG. 10. (a) Image of the illumination stripes produced by resid-
ual inhomogeneities of the Powell-lens beam shaping for a 9 wt%
Mebiol gel at T =30 °C, 18 000 s after the beginning of NIR
illumination. The red dashed line indicates the nominal propagation
direction in the absence of a thermal lens, while the yellow solid
line shows the deflected propagation direction in the presence of the
thermal lens; 6 is the angle between the two directions. Spatial scale
bar is shown in the panel. (b) Deflection angle 6(y — yo) as a function
of the transverse coordinate, where y, denotes the symmetry axis
of the NIR beam. (c) Effective refractive-index profile n.g(y — yo)
reconstructed from the measured deflection angles as described in
the text.

2. Refractive-index reconstruction
from illumination modulations

In the PCI setup, we employ a Powell lens. Although this
element is designed to transform an incoming Gaussian beam
into a nominally uniform (flattop) line, in practice the result-
ing intensity profile can exhibit residual modulations. These
deviations from ideal uniformity mainly stem from the sensi-
tivity of the Powell lens (owing to its aspheric design) to the
spatial parameters of the incident beam (e.g., waist position,
divergence, and alignment). As a consequence, the illumina-
tion at the sample is not perfectly homogeneous but displays
weak intensity stripes parallel to the propagation direction.
The amplitude of these modulations is typically limited (gen-
erally below ~10%), yet it can be conveniently exploited
to visualize ray paths within the TL. An example is shown
in Fig. 10, where the stripe contrast is enhanced for clarity.
While such intensity modulations represent a noise source for
standard PCI correlation analysis and must be corrected, here
we deliberately use them to infer the refractive-index profile.

In a homogeneous medium, the stripes remain parallel dur-
ing propagation; when a TL develops in the sample, they bend
in response to the local refractive-index gradient. In Fig. 10(a),
the red dashed line indicates the reference propagation direc-
tion in the absence of TL effects, whereas the yellow solid
line illustrates the deflected propagation path in the presence
of the TL. We quantify this distortion by measuring, for each
stripe, the deflection angle 6(y) as a function of its transverse
position y, as reported in Fig. 10(b) for a gel sample 18 000 s
after the beginning of the NIR illumination.

We then consider the sample as a weakly refracting
gradient-index element of thickness L, whose refractive index
may vary both in the transverse coordinate y and along the
propagation direction z,

n = n(y, 7). (A3)

A collimated probe ray enters the sample at transverse posi-
tion y; with initial slope (paraxial angle) 6(0) = 0, where

d
() = 2. (A4)
dz
In the paraxial (small-angle) limit, the ray equation reduces to
do 1 on@y,z 0
Lo MODE 0y (AS)
dz n(.2) 9y oy Y y=y(@)

If, as in our case, the total deflection is small enough that the
ray does not drift significantly across the transverse gradient,
one may approximate y(z) >~ y; for z € [0, L]. The output
angle is then

L
0
Qout()’i):/ 3 Inn(y;, z)dz. (A6)
0o 0y

Itis convenient to define an effective path-averaged refractive-
index profile ng(y) through

1 L
() = 7 / Inn(y, 2)dz. (A7)
0
The previous equation can therefore be written as
d
Oout (¥) = L—— Innege (). (A8)
dy

For the small refractive-index variations considered here,
negr(y) coincides, to first order, with the usual path-averaged
refractive index. Rearranging the previous equation yields

d 6,
— Innegr (y) >~ L(y)

A9
& 3 (A9)
Integrating between a reference position y.s and y gives
1 [
Inner (v) — Inmegr (Yrer) =~ + / Oour () ds, (A10)
Yref
and hence,
1
Nefr (V) 2 Nefr (Vrer ) €XP |:Z / eoul(s)ds:|- (A1D)
Yref

If an absolute constraint is available, e.g., Aeg(Y) — foo
as |y| — oo, one can eliminate the unknown constant by
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choosing y. = 00:

oo
Nett (V) X Moo €XP [—% / 90m(S)dS] (Al2)
Y
In experiments with a finite data range, oo is replaced by the
largest measured coordinate ymax for which Ooye (Ymax ) = 0 and
neff(ymax) = Neo-

In our analysis, we set n,, = 1.348, corresponding to the
refractive index of 9 wt% Mebiol at approximately 30 °C
obtained from previous refractometric characterization of the
same system [40]. The reconstructed effective refractive-index
profile is reported in Fig. 10(c). As expected for a diverging
lens, n.(y) exhibits a minimum on the NIR-beam axis and

increases toward its far-field value away from the irradiated
region. If the observed index decrease were attributed entirely
to the direct thermo-optic response, the corresponding tem-
perature increase at the NIR-beam axis would need to exceed
20 °C. This is far larger than the approximately 3 °C thermal
scale estimated from the initial scattered-intensity response,
as discussed in the main text. As emphasized there, the latter
value should be regarded as a semiquantitative estimate rather
than as a direct temperature measurement. Nevertheless, the
large discrepancy indicates that the long-time refractive-index
modulation cannot be accounted for by the direct thermo-optic
contribution alone, pointing to an additional contribution as-
sociated with the slow evolution of the gel.
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