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Abstract

This article extends our previous investigation into random lasers (RLs), focusing on the
incorporation of Rhodamine 6G (R6G) dye in methanol with Kaolinite nanoclay scatterers
as a disordered active medium for colloidal RLs. Building upon the prior exploration,
which specifically focused on understanding the performance dependence related to the
concentration of gain medium and scatterers, this report takes a closer look. It conducts
a thorough statistical analysis of the incoherent dye-Kaolinite random lasing spectra, par-
ticularly in the context of replica symmetry breaking (RSB) and Lévy statistics. This
study highlights that RSB was observed around the threshold energy and can serve as an
indicator of the threshold. Gaussian distribution prevailed below, near, and far above the
lasing threshold estimated from the levy (𝛼) exponent, suggesting the absence of Lévy flight
behavior. Additionally, Pearson correlation coefficients (PCC) were used to quantify the
correlation between intensity fluctuations at different wavelengths, with the results visually
represented by heatmaps. Furthermore, the random lasing output was utilized to achieve
speckle-free imaging.

1 Introduction

The concept of RLs involves the generation of laser-like emission without the need for conventional
optical cavities or mirrors [1]. Instead, RLs utilize multiple scattering events within a disordered
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medium to achieve feedback and amplify light [2–6]. This unique approach to lasing offers
several advantages and has gained significant interest in various fields of research [6, 7]. Their
flexibility in choosing materials and configurations allows for the development of compact and
cost-effective laser-like sources. It also exhibits remarkable tolerance to disorder and can operate
in highly scattering and disordered media, including powders [8–10], polymers [11–13] colloids
[14–16] and biological tissues [17–19]. RLs provide opportunities for exploring the notions of
statistical physics like spin glass (SG), Lévy statistics, Floquet SG phase and turbulence [20–23].
These studies contribute to our understanding of the behavior of light in complex and disordered
systems and lead to advancements in areas like condensed matter physics and optical engineering.

A noteworthy characteristic of RLs lie in their notable parallels with the intricate domain of
thermodynamic SG. Despite being distinct sectors within the realms of photonics and condensed
matter physics, RLs and SG [20, 24, 25] have recently unveiled unforeseen associations, elucidating
shared underlying physics. Both disciplines are intrinsically linked through the framework of
RSB [26, 27, 24]. RSB is a theoretical concept rooted in statistical physics, particularly applied
to disordered systems like spin glasses. The idea of RSB is that identical systems prepared in
the same way may yield different experimental measurements, due to being trapped in distinct
minima within the free energy landscape for extended periods. Parisi’s seminal idea of RSB
has had a profound impact not only on the understanding of disordered magnetic systems but
also across various branches of physics and other scientific fields [26, 28–33]. One significant
manifestation of RSB is its role in elucidating the transition from paramagnetic to SG phases in
the magnetic domain. The pioneering work of Ghofraniha et al. in 2015 provided the initial
experimental evidence of a photonic paramagnetic to SG phase transition in RLs [24].

In SG, the magnetic moments of individual spins engage in disordered interactions, giving
rise to complex energy landscapes and the emergence of multiple equilibrium states. In RLs,
modes are conceptualized as spin variables, with the excitation energy effectively playing the role
of inverse temperature [24]. When the pump intensity remains low (indicating high temperatures),
the RL modes can be independently excited owing to the sufficient optical gain available within
the system. However, as the pump intensity increases (representing lower temperatures), the RL
modes engage in competition for survival due to the reduced gain within the system. At higher
pump intensities, the RL modes undergo correlated oscillations driven by strong intermodal
coupling facilitated by nonlinearity and disorder. It is crucial to emphasize that previous studies
have highlighted the significant role of mode interaction as a key factor influencing the occurrence
of RSB in a lasing device [34–38].

The observation of RSB in RLs has sparked considerable interest, opening new avenues for
understanding these fascinatingly chaotic light sources. However, questions remain about the
applicability of RSB analysis to liquid-phase RLs, characterized by inherent time-dependent
fluctuations due to Brownian motion. In 2016, Pincheira et al. studied RSB in specially designed
amorphous 𝑇𝑖𝑂2 particles suspended in an ethanol-R6G solution (an incoherent RL) [39].
Additionally, Tommasi et al., in 2016, used a ZnO-dye solution RL, and this study observed
time-dependent speckle fluctuations, highlighting the non-quenched disorder in liquid systems.
Their study focused on the dynamic nature of liquid materials, revealing speckle movements
between consecutive shots [40]. P K Nideesh et al. showed RSB from the colloidal sample using
R6G as a gain medium and potassium sodium niobate as a scatterer [15].
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One of the most peculiar features of RLs is its output intensity fluctuations. The investigation
into output intensity fluctuations initially focused on analyzing probability distributions. D
Sharma et al., in 2006, explained dominating intensity fluctuations due to the presence of
rare, long-lived extended modes that exceed the amplification length that can lead to intensity
fluctuations. This behavior is observed in various experiments and attributed to the Lévy intensity
distribution in RLs [41]. Lepri et al., in 2007, explored the statistical regimes within RLs,
introducing a diffusive model that links emission probability to gain and the mean free path length
of scattering [42]. The Lévy exponent (𝛼) in this diffusive regime serves as a critical factor,
determining a transition from a Gaussian (𝛼 > 2) to a Lévy distribution (𝛼 ≤ 2), particularly
in proximity to the RL threshold. R. Uppu et al. introduced a method employing the 𝛼-stable
distribution to assess the statistical regime of intensity fluctuation in RLs [43–45]. Their work
demonstrated that RL intensity fluctuations follow Lévy statistics around the threshold pump
power, with the Lévy exponent serving as a universal identifier of the threshold.

In RLs, fluctuations in emitted intensity have been shown to exhibit Lévy-like behavior
near the lasing threshold, reflecting strong emission fluctuations due to large gain variations
and disorder [42, 46]. The studies of Gomes et al. (2016), which compared the transition from
Gaussian to Lévy regimes and the RSB glassy phase near the RL threshold [47]. We observe that
the onset of the RL threshold is marked by a shift from Gaussian fluctuations (𝛼 = 2) to Lévy-type
statistics (0 < 𝛼 < 2), supporting the notion that Lévy flights play a key role in light transport
during the RSB transition. This is further demonstrated by the extreme fluctuations in the emission
spectra close to the threshold, which correspond to the emergence of Lévy distributions and the
photonic spin-glass state. The onset of the Lévy statistical regime of intensity fluctuations and
the emergence of the RSB glassy RL phase has also been recently reported in a one-dimensional
Er-RFL by Lima et al. [48]. However, our current findings on R6G dye in methanol and Kaolinite
nanoclay RL systems indicate the presence of RSB without any sign of Lévy flight. The absence
of Lévy behavior can be attributed to the tendency of fluctuations to cluster around a mean value,
resulting in finite variance and supporting the continued prevalence of Gaussian statistics in this
context. The results support the observations of Tommasi et al. (2016), who suggested that while
RSB and Lévy statistics can coincide near the RL threshold, they are not always causally linked
[40]. It finds that the Lévy regime dominates near the threshold where large fluctuations in the
gain medium are prominent. Interestingly, recent studies on Förster resonance energy transfer
(FRET)-assisted RLs have also highlighted a different dynamic [49]. In such systems, FRET
induces disorder and frustrates coherent mode oscillations, leading to a discrete emission field
with low spatiotemporal coherence. This suggests that while Lévy flights dominate near the
lasing threshold in certain RL systems, alternative mechanisms like FRET can influence emission
characteristics in ways that differ from typical Lévy or Gaussian statistical behavior.

Speckle-free imaging is a key application of RLs, made possible by their inherent lack of
spatial coherence, which effectively reduces speckle noise and enhances imaging quality. Recent
advancements in RLs have significantly improved their potential for speckle-free imaging by
utilizing innovative materials and technologies. For instance, programmable pumping strategies
have enabled on-demand color lasing with directional emission in fiber-integrated systems,
making them suitable for imaging applications [50]. Surface-emitting perovskite random lasers
(SERLs) have demonstrated low spatial coherence and narrow divergence angles, effectively
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suppressing speckle noise, offering promising solutions for integrated imaging systems [51, 52].
The incorporation of quasi-2D perovskite films and adipic acid has further reduced lasing
thresholds and improved brightness, underscoring their potential for high-quality imaging [53] .
Flexible RLs based on perovskite quantum dots have also demonstrated robustness in maintaining
performance under mechanical stress, while high-power multimode random fiber lasers have
achieved impressive reductions in speckle contrast, enhancing imaging performance [54, 55]. In
addition, advances such as dual-color plasmonic RLs and those enhanced by titanium nitride
nanoparticles have pushed the boundaries of low-threshold lasing and speckle-free imaging in
complex environments [56, 57]. Several studies have utilized natural and biological materials,
such as butterfly wings and bamboo leaves, as scatterers in RLs, showcasing cost-effective solu-
tions for sustainable, speckle-free imaging [58, 59]. These developments highlight the significant
progress in reducing speckle noise, making RLs promising candidates for biomedical imaging,
optoelectronic devices, and full-field imaging applications [60, 61].

This report expands on our previous studies which examine the effects of gain and scatterer
concentration in R6G-Kaolinite nanoclay RLs [14]. Here, we present the results of a statistical
analysis focusing on RSB to understand the random lasing behavior. Additionally, we investigated
whether the output intensity fluctuations exhibit characteristics of Lévy flight dynamics. PCC
was calculated to quantify the degree of correlation between intensity fluctuations at different
wavelengths, and corresponding heatmaps were generated for visualization. Further, the utility of
the RL output by achieving speckle-free imaging of a transmission electron microscope (TEM)
grid was demonstrated.

2 Experimental details

The experimental setup used for RL characterization was the same as described in the previous
work [14]. Briefly, a Q-switched Nd:YAG laser operating at 1 Hz, with a wavelength of 532
nm and a pulse duration of 6 ns, was used as the excitation source. The laser beam was focused
onto the sample using a lens with a focal length of 10 cm, resulting in a beam diameter of
approximately 100 𝜇𝑚. The materials employed included an active medium [R6G (5 mM)]
and scatterers [Kaolinite nanoclay (20 mg/ml)] within the dye medium. To prepare the sample,
R6G dye and nanoclay were mixed in a solution, ensuring even distribution of the scatterers by
ultrasonication and then followed by continuous magnetic stirring throughout the experimental
time frame. The RL emission was collected and focused onto a fiber-coupled spectrometer
(Andor SR-500i spectrograph) using a collection optics setup. The signal was detected using
an intensified charge-coupled device (ICCD, Andor iStar). Single-shot nanosecond spectral
measurements were performed for RL analysis.

3 Results and discussion

3.1 Basic random lasing characterization

A previous investigation [14] on the characterization of dye Kaolinite nanoclay-based RLs
revealed several key findings. The line width narrowing of the RL spectra was observed to be
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approximately 5 nm above a threshold pump energy of 40 𝜇J per pulse, which indicated the
onset of lasing behavior in the system. It could be understood from the intensity dependence
of the emission as a function of pump energy. A significant increase in output intensity was
observed beyond the threshold. Moreover, the threshold behavior of the RL showed a clear
transition from spontaneous emission to incoherent RL emission at the established threshold.
Also narrowing and beta factors are calculated for a thorough understanding of the system. These
findings collectively indicated the successful realization of random lasing in the system, utilizing
the combination of R6G dye and Kaolinite nanoclay as scatterers.

3.2 Photonic replica symmetry breaking studies

The current analysis was focused on investigating RSB in the context of an incoherent (smooth
narrow spectrum) random lasing scheme. In the case of an incoherent RL, where phase
information is not preserved, the emission spectrum does not exhibit wavelength dependence
[62, 63]. Instead, it forms a Gaussian-like emission profile centered around the maximum of the
spontaneous emission band, corresponding to the modes with the highest gain within the system,
a phenomenon well discussed in literature [1, 64]. The spatial overlap of these modes promotes
interaction among them, leading to increased spectral correlation. This interaction has the effect
of favoring modes at frequencies where the system has greater available gain. Consequently, the
emission spectrum exhibits a smooth, single-peak characteristic of incoherent emission.

The Parisi overlap parameter (𝑞𝛼𝛽) is estimated to quantify RSB in the context of RLs and
can be expressed as [24, 15]:

𝑞𝛼𝛽 =

∑𝑁
𝑘=1 △𝛼 (𝑘)△𝛽 (𝑘)√︃∑𝑁

𝑘=1 △2
𝛼 (𝑘)

√︃∑𝑁
𝑘=1 △2

𝛽
(𝑘)

(1)

where 𝛼 and 𝛽 represent replica labels, ranging from 1 to N typically, with N being the number
of system replicas and is often 230 in this case. These replicas are binned on a size of 0.04 nm,
which is motivated by the need to strike a balance between capturing fine-scale fluctuations in
the replica order parameters and mitigating the effects of inherent noise within the system. The
terms △𝛼 (𝑘) and △𝛽 (𝑘) signify the intensity fluctuation of the 𝛼𝑡ℎ and 𝛽𝑡ℎ replica at a specific
wavelength indexed as k and is defined as [24, 15]:

△𝛼 (𝑘) = 𝐼𝛼 (𝑘) − 𝐼 (𝑘) (2)

𝐼 (𝑘) is the mean intensity of a mode within a RL at a specific wavelength indexed as 𝑘 and can
be computed as:

𝐼 (𝑘) =
𝑁∑︁
𝛼=1

𝐼𝛼 (𝑘)/𝑁 (3)

It is important to note that the investigations into RSB in RLs have predominantly centered
around the assumption that disorder is quenched, implying that it does not change over time.
However, achieving complete quenched disorder and identical realization conditions is challenging
in colloidal RLs. Recent findings, as reported by Pincheira et al. (2016) and Tommasi et al.
(2016), have indicated the occurrence of RSB even in liquid RLs [65, 40]. According to Tommasi
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Figure 1: Probability distribution functions of the overlap (𝑃(𝑞)) for R6G-Kaolinite RL (a, c, e,
g, and i), with the pump energies shown in the inset. The corresponding indicative spectra are
presented in panels (b, d, f, h, and j).
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et al., RSB is a general phenomenon connected to the threshold of the RL [40], and it is associated
with the threshold irrespective of whether the intensity fluctuations fall under Lévy or Gaussian
regime [40]. Even though an ensemble of different disorder configurations are considered, it
is worth mentioning that each measurement could be considered quenched at the time scales
of individual data acquisition. Also, the scatterer motion can be regarded as frozen in the RL
lifetime so that the condition of identical disorder realization can be fulfilled to a large extent. By
examining the probability distribution function (PDF) of an order parameter known as Parisi
overlap (𝑞), it is possible to determine the effect of RSB [26].

To analyze the PDF, the intensity fluctuations at 5 different excitation energies are computed,
as shown in Figs. 1a, 1c, 1e, 1g, and 1i. These specific energy values were strategically chosen
to span critical points (threshold), peaks and transitions (fluorescence to RL) that ensured a
systematic investigation of the response of the RL system (a more detailed representation of Fig.
1 is presented in S1). Fig. 1 clearly demonstrates that the symmetry among replicas is broken
around a threshold energy level of 40 𝜇J per pulse. The shape of the PDF (𝑃(𝑞)) plays a crucial
role in determining whether there is symmetry breaking or not. This statistical analysis enhances
the knowledge of RLs in terms of pulse-to-pulse intensity variations. The critical parameter
of concern is the value of 𝑞 at which 𝑃(𝑞) attains its peak denoted as 𝑞𝑚𝑎𝑥 . RSB commences
around the threshold and is evident from the findings shown in Fig. 1. This close association
between the RSB transition and the lasing threshold is reported in literature [65, 40]. Before
reaching the threshold, at lower pump energy levels, the PDF peaks at 𝑞 = 0 (𝑞𝑚𝑎𝑥 = 0), as shown
in Fig. 1a. Notably, even at energies significantly above the threshold, the overall shape of the
PDF remains similar, reflecting a photonic SG like phase. Specifically, the peak of the PDF
shifts towards |𝑞 | = 1 (𝑞𝑚𝑎𝑥 = 1), as seen in Figs. 1e, 1g, and 1i. This behavior indicates the

Figure 2: Plot depicting the variation of the maximum overlap value (𝑞𝑚𝑎𝑥) and peak intensity
with respect to pump energy.

correlated oscillation of modes within the RL system and suggests the occurrence of a photonic
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SG transition phase. The corresponding spectra is shown in the right pannel of Fig 1 (Figs. 1b,
1d 1f, 1h and 1j). The correlation, in this case, arises from the interaction between different
lasing modes within the random scattering medium. These interactions cause the modes to
synchronize their oscillations, leading to the emergence of a collective behavior that persists even
at high excitation energies. The occurrence of RSB and the subsequent interaction of RL modes
highlight the complex nature of the system as it shift from a regime dominated by spontaneous
emission to the one characterized by random lasing emission. The variations in the magnitude of
𝑞𝑚𝑎𝑥 and peak intensity with pump energy is demonstrated in Fig. 2. It indicates that the value
of 𝑞𝑚𝑎𝑥 underwent a significant change at the threshold point (from zero to a higher value near
1). The presence of RSB can be regarded as a significant manifestation of the threshold energy
since it occurs around the threshold. These findings represent a substantial advancement in the
perception of the emergence of RSB in the specific context of incoherent liquid or colloidal RLs.
The established association between RSB and the lasing threshold not only validates previous
experimental observations but also introduces a novel facet to this scientific inquiry when applied
to the specific domain of dye-Kaolinite colloidal RLs.

3.3 Pearson correlation heatmaps

Another potential method for exploring correlations involves the utilization of Pearson correlation
heatmaps that offer a visual representation of the associations among variables, facilitating a
more profound comprehension of their interconnections. PCC denoted as 𝐶 (𝜆 𝑗 , 𝜆𝑘 ) is employed
to evaluate the link between intensity fluctuations at distinct wavelengths (𝐼 (𝜆 𝑗 ) and 𝐼 (𝜆𝑘 )).
𝐶 (𝜆 𝑗 , 𝜆𝑘 ) is given by [15, 63]:

𝐶 (𝜆 𝑗 , 𝜆𝑘 ) =
∑𝑁

𝑖=1 [𝐼𝑖 (𝜆 𝑗 ) − 𝐼 (𝜆 𝑗 )] [𝐼𝑖 (𝜆𝑘 ) − 𝐼 (𝜆𝑘 )]√︃∑𝑁
𝑖=1 [𝐼𝑖 (𝜆 𝑗 ) − 𝐼 (𝜆 𝑗 )]2 ·

√︃∑𝑁
𝑖=1 [𝐼𝑖 (𝜆𝑘 ) − 𝐼 (𝜆𝑘 )]2

(4)

The numerator quantifies how their deviations from the respective means covary and the
denominator normalizes this covariance by considering the standard deviations. PCC quantifies
both the strength and direction of the linear relationship between two variables. In this particular
case, it serves to quantify the extent of correlation among intensity fluctuations at different
wavelengths. PCC values range from -1 to +1 indicating correlation strength, where -1 indicates
a complete negative correlation, +1 represents a perfect positive correlation and 0 suggests no
correlation. Here zero correlation means that the changes in one variable are not associated with
any consistent changes in the other variable. In other words, the two variables are independent
of each other. The diagonal line implies that every variable is perfectly correlated with itself
(self-correlation) and the values along this diagonal will always be 1. A higher value of the
correlation coefficient among intensity fluctuations at various wavelengths indicates a stronger
linear relationship which implies that changes in the intensity fluctuations at one wavelength
are more closely associated with changes in the intensity fluctuations at other wavelengths. In
simpler terms, it suggests that the intensity fluctuations across different wavelengths are more
synchronized. The PCC map serves as a heatmap plot, showing the correlation coefficients for
all conceivable permutations of relevant wavelengths within the emission spectrum. The color
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palette employed in this representation with varying intensity or magnitude features a spectrum
of colors transitioning from blue to green, then to yellow and ultimately to red, producing a
visual akin to a rainbow. Typically, positive correlations are depicted by an array of colors,
including red, yellow and green with the intensity of these colors denoting the strength of the
positive correlations. On the other hand, pale blue hues are indicative of a lack of correlation.
The correlation coefficients are translated into heatmap plots, with each cell within the plot
denoting the correlation between two specific wavelengths. These visualizations showed a range
of colors to effectively convey both the intensity and direction of these cross-correlations. A
previously reported work provides a comprehensive account of the mode-locking transition in
RLs, supported by both experimental and numerical evidence [66]. Within this framework,
the concept of incoherent emission is characterized as an outcome of a multitude of spatially
overlapping resonances, which in turn leads to a highly correlated emission pattern.

Figure 3: Heatmaps illustrating PCCs, revealing intensity fluctuations in the spectral data under
different excitation energies: 13 𝜇J per pulse, 25 𝜇J per pulse, 40 𝜇J per pulse, 406 𝜇J per pulse
and 577 𝜇J per pulse, shown in a, d, g, j and m respectively.

Recent studies have explored the application of Pearson’s correlation coefficient in various
fields, including the analysis of mode intensity correlations in nanofiber RLs. For instance,
Montinaro et al. (2017) utilized Pearson’s correlation to assess the intensity fluctuations at
different wavelengths in RLs [67]. They found that the correlation coefficients were significantly
larger in systems with waveguiding filaments compared to those with scattering nanoparticles [66],
indicating a higher degree of mode intensity correlation in the former. in the analysis of the hybrid
electronically addressable random (HEAR) laser, a modified Pearson coefficient was introduced to
study intensity fluctuations and replica symmetry breaking (RSB) behavior [68]. This adaptation
combines the Parisi overlap parameter with the standard Pearson coefficient, enabling a nuanced
analysis of correlations in intensity fluctuations across different wavelengths. Sciuti et al. studied
RLs using Rhodamine B-doped PMMA nanofibers produced via electrospinning, where PCC
was utilized to analyze the temporal evolution of emission spectra [63]. This approach enabled
a deeper understanding of mode competition and spectral shifts, offering insights into both
coherent and incoherent RL emissions. Such applications demonstrate PCC’s utility in tracking
changes in complex systems, making it a valuable tool for developing sensors and monitoring
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environmental changes. Jiangying et al. used Pearson correlation to analyze mode interactions in
FRET-assisted random lasers (FRET-RL) [49]. Below the lasing threshold, intensity fluctuations
were uncorrelated, but near the threshold, FRET-RL exhibited strong cross-correlations due to
competition between modes, leading to disordered behavior and Replica Symmetry Breaking
(RSB). In contrast, non-transferred random lasers (NTRL) showed distinct correlation bands
with mode-locking effects, stabilizing quasimode interactions and favoring Gaussian statistics. A
recent study on RLs using dye-doped colloidal potassium sodium niobate (KNN) nanoparticles
found that Pearson correlation coefficients effectively illustrated the transition from weak to strong
correlations in intensity fluctuations as excitation energy increased [15]. The study observed that
the majority of modes had correlation coefficients below 0.5, indicating non-overlapping spatial
modes.

Fig. 3 shows the heatmap plots that effectively illustrate the evolving correlation patterns
with various energy regimes. In the prelasing phase (Fig. 3a) , characterized at below the
threshold (13 𝜇J per pulse), the heatmap is mostly blue which indicates a lack of correlation
between different wavelengths. As the pump energy increases to around 25 𝜇J per pulse, small
positive correlations emerge in the heatmap, visible as a central orange spot. This marks the
onset of spontaneous emission, where the fluctuations in intensity begin to display some level
of synchronization, although they remain weak compared to the lasing state. The correlation
at this stage is attributed to broad, spontaneous emission (Fig. 3b). Spectra below the lasing
threshold generally show these blue patterns, suggesting that intensity fluctuations at different
wavelengths are not strongly correlated in this state. Consistently, the unimodal 𝑃(𝑞), with their
centers located at 𝑞𝑚𝑎𝑥 = 0 as illustrated in Fig. 1a and Fig. 1c, suggest the existence of replica
symmetric paramagnetism. Around the threshold energy of 40 𝜇J per pulse, the heatmap (Fig.
3c) reveals more distinct patterns with larger positive correlations, shown in orange and red hues
at the center. This indicates that the system is transitioning into lasing, where the intensities at
different wavelengths start becoming more correlated. For energies well above the threshold
(406 𝜇J per pulse and 577 𝜇J per pulse), the heatmap plots in Fig. 3d and Fig. 3e, the correlation
patterns become even more pronounced, with widespread orange and red regions in the heatmap.
Correspondingly RSB phenomenon emerged around the threshold supported by the presence
of side peaks in the bimodal 𝑃(𝑞) as shown in Figs. 1e, 1g and 1i. The heatmap shows a
dark red diagonal line, indicating perfect correlation among modes at the same wavelength.
Additionally, in the case of incoherent RL, a prominent red region across the central emission
wavelength bands is observed, indicating high levels of correlation among different wavelengths.
This pattern suggests that the spectra are influenced by overlapping spatial features, implying a
significant degree of spatial overlap among the emission modes. Specifically, the mean correlation
coefficient for wavelengths within the emission band in the incoherent RL is ≈ 0.9, underscoring
a strong correlation across the lasing spectrum. This, in turn, suggests that incoherent RLs are
not modeless, but rather the modes are spatially overlapped.

3.4 Fluctuation Regimes

The same dataset was used to compute the 𝛼 exponent values by fitting the peak intensities using
the alpha stable distributions. It is essential to consider the Generalized Central Limit Theorem,
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Figure 4: Distribution of peak intensities for different excitation energies, (a) 13.0 𝜇J per pulse,
(b) 41.0 𝜇J per pulse, (c) 577.0 𝜇J per pulse with solid purple curves indicating fits to the 𝛼-stable
distribution. The corresponding spectrum is given in d, e and f respectively.

especially when confronted with significant deviations from Gaussian behavior which is often
induced by strong fluctuations. This theorem posits that the sum of random variables converges
to an 𝛼-stable distribution with an 𝛼 value less than 2. Notably, rare and significant events, such
as the emergence of random peaks on a broad background of spontaneous emission within a
narrow spectral range, contribute to a dataset characterized by substantial variance in the context
of temporally coherent RLs. In the context of studying statistical fluctuations in RL spectra,
two primary approaches are available for each set of spectra or data points. The first approach
involves fitting only the tail of the peak intensity histogram with a power law distribution and
the second approach entails fitting the entire dataset with an 𝛼-stable distribution. It is worth
noting that while the first approach is valid, it relies on only a few of the largest values. Hence
a substantial number of spectra is required to draw meaningful statistical conclusions. The
latter method is considered more accurate as it utilizes all available data points and provides
a comprehensive analysis of the fluctuations. Accurately capturing the tail behavior of Lévy
flight distributions is challenging with limited measurements, particularly when the 𝛼 parameter
approaches 2. Distinguishing between a Gaussian distribution and Lévy requires a subjective
assessment and therefore, a threshold value is set at 𝛼=1.8. Beyond this, the characteristics of the
intensity distribution and emission spectra transition towards Gaussian behavior [69]. The modes
in RL systems can be treated as random variables and regression algorithms are strong candidates
to estimate parameters related to them. Hence, MLE is adopted to determine the parameters of
the 𝛼-stable distribution [70, 15]. Incoherent emissions characterized by shot-to-shot fluctuations
in intensity were encountered throughout the experiment. The 𝛼-stable Lévy distribution is
fitted to the histogram of peak intensities, with a focus on fluctuations near the central maxima.
The results shown in Fig. 4a to Fig. 4c illustrate the statistical regimes of fluctuations (well
below, around and far above the threshold) with the 𝛼 values clearly indicated in the inset.
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Importantly, the observations revealed 𝛼 values ranging between 1.8 and 2, representing the
statistical characteristics of these fluctuations. There is no occurrence of Lévy fluctuations in
the proximity of the threshold and all fluctuation regimes adhered to Gaussian characteristics.
The reason for this behavior is that all the fluctuations clustered around a mean value implying
finite variance signifying the persistence of Gaussian statistics in this scenario. Fig. 4d to Fig. 4f
shows the corresponding spectra.

Fig. S2 shows the variation of the 𝛼 index and magnitude of 𝑞𝑚𝑎𝑥 in response to the changes
in pump energy. The RSB glassy phase is evident here and the initiation of the Lévy statistical
characteristic remains absent. The 𝛼 values pertained to the range of 1.9 to 2, specifically
concerning the incoherent and narrowly distributed spectral emissions from dye-Kaolinite RLs.
It is in agreement with the literature where the appearance of the RSB transition is associated
with the RL threshold, regardless of the presence or absence of the Lévy regime [40].

3.5 Speckle-free imaging of a TEM grid

Speckles are coherent artifacts that are caused by intense reflections and scattering from sample
surfaces due to the high spatial and temporal coherence of lasers. It can deteriorate image quality
significantly by creating a grainy interference pattern. While effective imaging techniques like
Optical Coherence Tomography (OCT) and multiphoton imaging exist, they often come at a high
cost and require specialized expertise. RLs offer a solution by providing low spatial coherence,
thereby reducing speckles and enhancing image quality [60, 71, 59, 72, 61, 73, 51, 74, 56, 58].
RLs have versatile applications in bioimaging [75–78], holography [79], as well as OCT [80, 81].
They provide several advantages, including non-contact imaging, technical simplicity and the
capability to provide high contrast and high-resolution images at a comparatively lower cost.
Traditional wide-field microscopes often rely on broadband and incoherent light sources such
as LEDs and xenon lamps, resulting in images with lower contrast. The lack of a specific
optical cavity and optic axis in RL systems allow any mode to propagate in any direction and
contribute to overall lasing resulting in low coherence. Thus, RLs have low spatial coherence,
quasi-monochromatic emissions and tunable scattering properties. These unique attributes make
them particularly well-suited for bioimaging, holography and OCT. Redding et al. reported
minimal speckle formation with RL illumination [60].

Emission from R6G-Kaolinite RL are used to capture speckle-free images of a TEM grid,
demonstrating reduced distortion and enhanced clarity using the experimental setup shown in
Fig. 5. In this optical system, the RL light source is directed onto the object (a TEM grid) using
a lens (L1) and an objective (Obj). The output light from the object is imaged by a camera (𝑁𝑒𝑜

𝑠𝐶𝑀𝑂𝑆, 𝐴𝑛𝑑𝑜𝑟) using imaging optics (combination of lenses represented as L2). Four different
light sources were employed: a 532 nm laser, the emission from the R6G-Kaolinite system below
threshold, the emission from the same system around threshold, and the RL emission produced
above threshold. The resulting images of the TEM grid were compared. The resulting images of
the TEM grid were compared. The images are pseudo-colored using 𝐼𝑚𝑎𝑔𝑒𝐽, allowing precise
visualization of the speckle reduction. The speckle contrast (C) is calculated to assess the spatial
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Figure 5: Experimental setup for speckle-free imaging. L:Lens and Obj:Objective.

Figure 6: Images of a TEM grid using (a) laser, (b) below threshold and (c) around threshold and
above threshold of dye Kaolinte emission.

coherence by using the following equation [59, 82, 60, 83]:

𝐶 =
𝜎𝐼

⟨𝐼⟩ (5)
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where 𝜎𝐼 represents the standard deviation and ⟨𝐼⟩ is the average intensity of the image. C=1
signifies total spatial coherence and C=0 indicates spatial incoherence. The speckle contrast
values for the previously mentioned light sources (532 nm laser, below threshold, around
threshold, and above threshold emission) have been quantified. The speckle contrast of the
image taken with the laser is significantly higher (0.32) compared to that obtained with below
threshold (0.11), around threshold (0.04), and above threshold (0.03) illumination, as shown in
Fig. 6a, Fig. 6b, Fig. 6c and Fig 6d respectively. The speckle contrast value of the emission

around the threshold is close to that of the emission above the threshold, indicating their similarity
in speckle reduction performance.

4 Conclusion

In conclusion, this report investigated the possibilities of RLs, specifically utilizing a colloidal
system featuring R6G dye in methanol and Kaolinite nanoclay scatterers to create a disordered
active medium. The investigation extended to the intriguing phenomena of RSB and checking the
potential presence of Lévy or Gaussian statistics in the context of fluctuations in the intensity of
incoherent RLs. The presence of RSB within the RL system is identified without any indications
of Lévy flight. The absence of Lévy behavior can be attributed to the tendency of fluctuations to
cluster around a mean value, signifying finite variance. This particular attribute elucidates the
continued prevalence of Gaussian statistics in this context. The functionalities of the present RL
systems to successfully attain speckle-free imaging of a TEM grid are explored. This experiment
outlines the practical utility and vast potential of RLs for applications such as imaging and
beyond. The current investigation, therefore, represents a substantial contribution to advancing
both the theoretical understanding and practical applications of the R6G-Kaolinite RL system
across diverse domains.
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