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In a random laser (RL), optical feedback arises from multiple scattering instead of conventional mirrors. RLs generate a
laser-like emission, and meanwhile take advantage of a simpler and more flexible laser configuration. The applicability of
RLs as light sources and optical sensors has been proved.
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| 1. Random Laser (RL) Emission Properties

RL emission shows certain properties, including the properties of a lasing threshold, peak wavelength and coherence. In
addition to the common laser spectral properties, such as the linewidth narrowing and intensity enhancement over the
lasing threshold, RL also exhibits properties such as a tunable peak wavelength and tunable coherence. The investigated
influence factors of RL emissions vary from author to author (. Table 1 summarizes the five general influence factors of
the RL emission properties, with examples for each.

Table 1. Different influence factors of the RL emission properties.

RL Emission Properties Influence Factors Experimental Parameters

pump temporal profile (pulse duration) ZIRIH4IE]

Illumination
pump spatial profile (size and shape) HIEIZIBIL0N111[12]113](14]
concentration [A[23[16]117]
Lasing threshold
? Scatterers size [L81119](20]
Tunability
shape [291[21](22]
Coherence p
Dye concentration [E[L31L7][23][24]
Solvent refractive index difference 2311261
Collection angles [271[28][29](30]

| 2. Lasing Threshold Characterization and Reduction

The lasing threshold, an important RL property, has been thoroughly investigated. The threshold can be characterized by
an increased emission intensity or narrowed spectral line width. In addition to the traditional method in frequency spectra,
the RL threshold can also be determined by measuring temporal profiles BY. The building time of an RL pulse is
apparently shortened around the threshold due to the increased gain of the stimulated emission upon crossing the
threshold. Another particular RL property is that the shot-by-shot emission intensity fluctuates under the same
experimental conditions. This property can be used to assess the lasing threshold too.



A statistical measurement of the fluctuated intensity indicates an intriguing distribution change: a change from Gaussian to
Lévy shape at the onset of the RL threshold, thus providing another identifier of the threshold B4, Interestingly, an intrinsic
threshold regime rather than a threshold point was revealed 23, In this threshold regime, a progressive growth in the
coherent field caused by the stimulated emission was observed 23, Such a progressively smoother transition was more
frequently observed in a micro-/nano-laser than in a macroscopic laser B4l A further statistical analysis of the fluctuation
correlation among the above RL spectrum replicas resulted in a replica symmetry breaking (RSB) observation around the
threshold 51, RSB is a state-of-the-art method for predicting a phase transition of a complex system and reveals the
interplay between the disorders of and fluctuations in the system B8, In the case of RLs, the phase transition refers to a
transition from a non-lasing to lasing state. The revealed interplay is the one between the multiple scattering and the
guantum noises (e.g., spontaneous emission) responsible for the start of the lasing.

In an RL, the peculiar optical feedback and extreme light leakage at boundaries contribute to the inefficient gain—loss
balance around the threshold, leading to a high-threshold RL emission. Currently, the research focus of the RL threshold
is on its reduction. This is significant because the high-threshold laser emission usually hinders the further applicability of
RLs; for example, applications in the biological field where the excitation intensity is required to be low to avoid photo-
toxicity to tissues. In this regard, changing the shape of scatterers to increase the surface area 21 or optimizing the size
of scatterers 22 can facilitate the scattering efficiency and, therefore, lower the RL threshold. In other reports, additional
disorders were introduced into a spatial distribution of pump light to lower the RL threshold 29I The RL threshold can
also be lowered by employing metal nanoparticles (NPs), in which, the surface plasmon resonance can enable a high gain
for lasing even at a low excitation intensity [22[23371[381390(40]  Fyrthermore, external optical cavities such as the fiber
structure (28130141 Fp cayity B2M43444S]46]47] and WGM cavity 48149 were proposed to enhance the optical feedback of
RLs and eventually reduce the lasing threshold.

| 3. Peak Wavelength Shift (Tunability)

A shifted peak wavelength is usually observed in the spectra of dye-based RLs BY. In a pure dye solution, the peak
wavelength redshift was ascribed to dye aggregates B4 or dye reabsorption B2, Dye aggregates are formed at higher
concentrations, leading to a second spectral band at the longer wavelength side, i.e., redshift B1. Dye reabsorption
happens because of the overlap between the absorption and emission spectra of dyes, known as a secondary inner filter
effect 52, |t was reported that when the fluorescent dye without spectral overlap was applied, no redshift due to
reabsorption and re-emission was observed in the pure dye solution 22, The above two effects were employed to explain
the most redshift observed in the dye-based RLs B3I54I55] pepending on the experimental configurations, both enhanced
redshift (relative redshift) and weakened redshift (relative blueshift) are observed. The details are discussed as follows.

3.1. Relative Redshift Realization

Increasing scatterer concentrations is a common approach for inducing a relative redshift 59331 A stronger scattering
strength leads to a longer light dwell path where the fluorescence reabsorption and re-emission effect occurs B2, Hence,
a stronger redshift (relative redshift) is expected. In turn, the peak redshift can be used to characterize the light path
length 331 In a further step, the peak shift has the potential for the detection of variations in the scattering or absorption
strength. For instance, Ignesti et al. B reported a maximum redshift of around 50 nm when increasing concentrations of
intralipid in a dye solution. Other approaches, such as using larger microspheres diameters 8 and increasing the laser
cavity lengths 27, also facilitate the peak wavelength redshift.

3.2. Relative Blueshift Realization

On the contrary, El-Dardirya and Lagendijk 28 demonstrated a blueshift by increasing concentrations of non-fluorescent
absorbers in an RL medium. This is expected as the light path in the gain medium is reduced by the absorption. This
results in a weak reabsorption and reemission effect (relative blueshift). Another blueshift phenomenon was observed in a
simulation case when pump energy was well above the lasing threshold. This was explained by the depletion of the
ground state, which pulls the peak emission towards smaller wavelengths for a stronger amplification. Intriguingly,
increasing scattering can induce a relative blueshift rather than redshift. For instance, the blueshift was observed when
increasing concentrations of TiO, scatterers in Rhodamine B (RhB) B or in Rhodamine 6G (R6G) 24 methanol solution.
Likewise, Hohmann et al. 23] reported a slight blueshift at a relatively high concentration of intralipid scatterers in an R6G
water solution.

The reasons for blueshift when increasing the scattering strength are not clear in the literature. Hohmann et al. 3
ascribed the blueshift to the falling numbers of optimal lasing microcavities. Because the scattering mean free path /s at
relatively strong scattering media is too short to construct optimal microcavities, the total light path length is reduced so



that the blueshift happens. Others B believed that the lasing peak was pulled towards the shorter wavelength side to
obtain a maximum gain. Bavali et al. 22 provided another aspect to explain the blueshift. As concentrations of scatterers
increase, the overlapping area of dye absorption and emission spectra shrinks such that the redshift is saturated. A further
increment of scatterers in saturated media gives rise to the encirclement of dye molecules. This has an equivalent effect
to reducing dye concentrations, so blueshift occurs due to the weak reabsorption effect. This argument of blueshift might
be evidenced in experiments 2459 where, in a saturated medium with sufficiently high concentrations of dyes, only
blueshift occurs when increasing the concentrations of scatterers.

| 4. Coherence

RLs show spatial and temporal coherence similar to a conventional laser. Spatial (temporal) coherence describes the
correlation of waves at different points in space (time). On the one hand, an RL temporal coherence measurement was
performed in the Michelson (Twyman—Green) interferometer 8361l Under the common RL configuration with single-shot
excitation, titled mirrors were proposed in the Michelson interferometer to give enough of a path delay along the mirrors
for the temporal measurements 9. On the other hand, the Young’s double slit interferometric scheme was utilized for the
measurement of the RL spatial coherence 1. A low spatial coherence of RL emission was reported during the
measurement 82, Regarding the RL coherence, the characteristics of spectral modes are discussed in detail in the
following, as well as the corresponding origins of the spatial modes.

4.1. Characteristics of Spectral Modes

From the point of view of spectral modes, the observed RL emission is classified into two types. One is an incoherent
feedback RL emission characterized by a single continuous spectrum with a linewidth of a few nanometers. The other is a
coherent feedback RL emission characterized by a spectrum comprising multiple discrete modes, each with a linewidth of
sub-nanometers 631,

The different characteristics of RL spectra have been previously explained by Cao et al. [63 from the macroscopic
perspective of the feedback mechanism: the former spectrum is attributed to the incoherent (non-resonant, intensity or
energy) feedback where the light propagates along open trajectories. The latter one arises from the coherent (resonant,
field or amplitude) feedback where the emitted light returns to the position that it has visited before. An optically closed
loop is formed through the coherent feedback mechanism, resulting in light interference and light confinement. Due to the
wavelength-sensitive interference effect, only light of certain wavelengths can be confined in such a cavity 3. This is
analogous to the conventional lasers, in which, the cavity changes the frequency of the emission light, as well as the
directionality.

The lack of multiple modes in the incoherent feedback RL spectra was assumed by Cao et al. €3] to be a lack of lasing
cavities or interference. In contrast, another assumption was that the interference in an incoherent feedback RL exists, but
the interference effect is averaged out because the lasing cavities overlap in the spatial region €463l |t was found that the
presence and even the number of multiple modes highly depend on the experimental conditions. For instance, a transition
from an incoherent feedback RL to the coherent feedback RL was induced by reducing the pump spot size 48l or using a
pump pulse duration of a picosecond instead of nanosecond B!, |n this way, the mode overlapping in either the spatial
domain or time domain is reduced so that the individual modes can be visualized. From the perspective of scattering,
increasing the refractive index difference between the scatterers and solvent 8 or increasing the scatterer concentration
[63] 3ls0 gives rise to the easy realization of a coherent feedback RL. The detection angle can also affect the spectral
mode visualization. The disappearance of spectral modes was observed when the detection angle was increased on a
polymeric capillary system doped with quantum dots 7],

Other effects, such as mode repulsion and coupling, can also change the RL spectral modes profile BIE8IEA A5 a complex
system, RLs are also suitable for the generation of non-linear optics, which, in turn, induces alterations to the RL spectral
modes 9. One of the contributed non-linear optics is the stimulated Raman scattering.

4.2. Characteristics of Spatial Modes

To understand the origin of the spectral modes, the spatial modes of the system need to be studied initially. The spatial
modes can be localized modes when the scattering is strong enough in the Anderson localization regime 24, (| ight
localization originates from the wave interference between multiple scattering paths. To distinguish from the weak
localization in the light diffusion regime, the wave interference influence in the Anderson localization regime—in which, the
light diffusion is absent due to the extremely strong scattering—is also called strong localization /2.) However, most of the
RL systems are in the diffusive regime. In a passive (without gain) diffusive sample, the extended modes cover the entire



system and overlap with each other B2llZ8]. Dye to the overlapping, it is more likely that extended modes are averaged out,
leading to a continuous RL spectrum. This is the characteristic of incoherent feedback RLs. A numerical model using light
diffusion with gain can explain and predict this phenomenon €474 However, this model does not predict multiple modes
since the phase of light field and interference effect are neglected here. Therefore, other models have been introduced to
describe how the spatial modes influence the spectral modes in the diffusive regime.

Figure 1 summarizes the RL modes models in a light diffusive regime. These models can mainly be divided into two
groups: one is based on extended modes, such as the model of amplified extended modes 2 and the model of
absorption-induced confinement [Z8]: the other one is based on anomalously localized modes, such as the model of
prelocalized modes A8l The detailed explanations are given as follows.

models of RL modes in diffusive regime

Cavity size can be extracted
from the numerical method
of the averaged PFT.

models of amplified extended modes: models of absorption-induced confinement: light models of prelocalized modes: disorder-
extremely long light path in the gain medium interference happens in the local pump volume induced well-defined microcavities

co-existence
Figure 1. Summary of the models of RL spatial modes in the light diffusive regime.

Amplified Extended Modes

In the simulation from Mujumdar et al. /3 using the Monte Carlo technique, lasing modes are amplified extended modes.
They argued that certain single spontaneous emissions experience extremely long light paths by chance and are
consequently amplified to form multiple modes. These extremely long light paths are rare in a passive system and
therefore distinct in the RL spectra once they are selected by gain. The author also used the model to explain another
experimental phenomenon, where the positions of multiple modes are different in the single-shot excitation. In other
words, the multiple modes are random spikes rather than regular discrete peaks. They ascribed the chaotic behavior to
the inherent randomness of spontaneous emission.

Absorption-Induced Confined Modes

In the numerical study of Yamilov et al. /8 using the finite-difference time-domain method, light confinement is attributed
to the optical absorption, e.g., reabsorption from Rhodamine dyes, which limits the number of extended modes to lase.
More specifically, the reabsorption effect can suppress the feedback from the unpumped part such that the lasing modes
can be confined in the pumped volume. Since the spatial averaging effect is diminished by local pumping, the modes are
present on the spectrum. The lasing modes within the effective volume are still the same extended modes as those in a
passive system. However, the appearance of the lasing modes depends on the local pumping, e.g., the pumping spot

size. In a rather weak scattering system, a regular FP-like cavity is even formed between the base and tip of the pumping
cone 79,

Although the amplified extended modes and absorption-induced modes both originate from the extended modes of
passive systems, the feedback mechanisms are different. In the latter one, a regular lasing cavity is formed due to the
absorption outside the pump area leading to the correlated spectral modes, whereas no optical cavities exist in the former
case and random spikes are formed due to the intrinsic randomness of spontaneous emission. Thereby, some authors 22
[B0I[81] argued that the emission with stochastic spikes is not laser emission but is amplified spontaneous emission 1],

Prelocalized Modes and Size Calculation of the Prelocalized Cavity

The scenario of the optical cavity by simply being scattered from one scatterer to another was doubted for the reason that
scatterers could also scatter the light out of the cavity and break the closed loop 4. Hence, other models suggest that
multiple modes are still generated from light interference in analogy to the localized modes in the Anderson localization
regime, although there are much fewer localized modes than extended modes in the diffusive regime. This anomalously
localized mode in the diffusive regime is named the prelocalized mode by Apalkov et al. 4,

Apalkov et al. modeled the scatterers into a ring-shaped waveguide structure, along which, a higher dielectric constant is
present and the prelocalized modes are generated 4. The likelihood of such ring-shaped microcavities with a fixed size
crucially depends on the scatterer’s size U8 Specifically, when the scatterer’s size is larger, the probability of cavity
formation is enhanced and the number of scatterers required to form such a cavity is reduced 8. The ring microcavity



here is a simple model for the lasing cavity that is formed due to disorders, which is the same as the simplified model of
the FP cavity for the absorption-induced cone volume.

The scenario of disorder-induced ring microcavities was proved by Polson et al. in Ti-conjugated polymer films with 2 or
without [ TiO, doping. In these films, the inhomogeneity of the film thickness contributes to the long-range fluctuation in
the refractive index. The refractive index difference between the microcavity and surrounding space further facilitates the
scattering strength and therefore confines the light. Meanwhile, the existence of short-range disorder induced by individual
scatterers suppresses the ability of the most random cavities to trap light, e.g., scatters the light out of the microcavities
such that the survived long-range cavities are sparse and consequently almost identical B2, A highly correlated RL
spectrum with regular modes is generated. Although the single-shot RL spectrum is highly reproducible both in powders
(Anderson localization regime) €3 and in polymer films (diffusive regime) B2, the lasing mechanism is different. One
emission line from one localized cavity is detected in powder systems, whereas one prelocalized cavity in polymer films
generates numerous correlated emission lines due to its larger size.

Cao et al. B4 jnvestigated the prelocalized modes using spectrally resolved speckle analysis in both a dyed micro-
particles polymer system and a semiconductor NPs system. They claimed that the size of the prelocalized mode varies
and decreases when the scattering strength moves towards the Anderson localization regime. In other words, the size of
the prelocalized mode in the diffusive regime is larger than the size of the localized mode in the Anderson localization
regime. This larger cavity size in the diffusive regime agrees with the argument from Polson et al. 84, as mentioned
above. In addition, the cavity size is independent of the pump intensity and pump area, indicating that the lasing mode is
the intrinsic property of the passive system and only relates to the scattering strength. Note that Cao 82! later pointed out
that the model of absorption-induced confinement does not contradict the model of prelocalized modes: the local pumping
does not eliminate the possibility of prelocalized modes and these two models can be simultaneously applied when the
prelocalized modes happen within the effective volume induced by the local pumping.

The sizes of the above prelocalized cavities can be characterized by the averaged power fourier transform (PFT) method.
The averaged PFT reveals the universality of the hidden cavities among different scattering systems, such as the R6G
infiltrated opals, polymers, scatters and chicken breast [88], In detail, the size of the dominant cavity can be scaled with the
transport mean free path |; among different scattering systems. This indicates again that the microcavity or prelocalized
mode is not an artifact; rather, it is induced and only influenced by the multiple scattering despite the varieties of scattering
systems [88],
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