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Abstract Random lasing in complex disordered systems demonstrates lasing efficiency across multiple localized modes. Accurate control
of these modes can enable random lasers to function as fast-switching multifunctional light sources. In this work, an unpredictable random
laser was prepared, and artificial intelligence technology was used for taming the lasing action. Lasing modes were precisely controlled by
programming the spatial shape of the pump profile. Genetic algorithms were introduced, allowing any mode within the complex system
to be extracted by setting a target value associated with that mode. Based on experimental results, the interaction model of pump cells
with lasing modes was locked. This work advances programmable random lasers, enhancing their potential for practical applications in
signal processing, spectral sensing, communication, and optical computing.
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1 Introduction

Random lasers, characterized by low spatial coherence [1,2], multimodal operation [3], intensity fluctuations [4],
and diverse physical phenomena [5], exhibit potential for applications in speckle-free imaging [6, 7], biosensing [8],
super-resolution spectroscopy [9], and cross-disciplinary research platforms [10]. However, limited controllability
over lasing modes, such as emission frequency, threshold, and direction, restricts the application of random lasers
in spectral sensing, signal processing, optical computing, and communication. Directional random lasing has been
achieved by incorporating directional components, such as optical microcavities (fiber, waveguide, distributed Bragg
reflectors, and spherical microcavities) [11-14]. Control over random lasing frequency and threshold is mainly
exerted by manipulating gain materials and scattering paths [15-17]. However, these methods typically yield only
an overall shift in lasing frequency [18]. Manually extracting specific modes from the numerous lasing modes is
highly challenging due to strong intermode correlations in complex disordered systems.

With the rapid advancement of artificial intelligence (AI) technology, its interdisciplinary integration has ex-
panded scientific research boundaries. Notably, optics, as a foundational research field, is at the forefront of this
integration. Currently, Al and optics converge primarily in two areas: empowering Al with optics, where photons
replace traditional electronics for more efficient AT computing [19,20], and empowering optics with AI, where intel-
ligent algorithms are used to accelerate the design and optimization of optical devices [21]. Deep learning models,
such as multilayer perceptron neural networks, enable the rapid design and characterization of microstructures and
nanostructures [22]. In summary, Al algorithms now enable researchers to bypass inefficient processes, enabling
everything from theoretical model integration to complex simulations of optical phenomena and intelligent light
field analysis.

Theoretical and experimental evidence indicates that shaping the pump profile can precisely extract specific
modes from random lasers [23-28]. Using genetic algorithms (GAs) in AI, we can now demonstrate the mode
extraction process from an experimental perspective. Sebbah’s research group first reported this process in pre-
designed structured systems, such as one-dimensional random systems [29-31]. Saxena et al. [32] realized spectral
control in a network laser via selective pumping by solving the network laser using steady-state ab initio laser
theory. Nonetheless, in a complex random structure lacking a predefined design, it remains challenging to efficiently
extract specific modes and lock their corresponding pump patterns. In this work, we successfully extracted specific
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lasing modes within a disordered system using GAs. Notably, the relationship between pump cells and lasing modes
can be established by comparing the pump profiles of the corresponding modes. This approach enables effective
prediction of optical paths for random lasing generation, providing a means to determine the generation principles
of random lasing action and advancing the performance customization of random lasers.

2 Design principles

Random lasing is boosted by multiple and recurrent scattering of light in a gain medium. The pump profile
determines the stimulated region within the random system, influencing optical scattering feedback and gain paths,
which, in turn, control the lasing modes. Thus, the spatial distribution of the emitted laser light from the random
laser exhibits variations when the spatial distribution of the pump light changes. However, the spatial distribution
of modes is random, which is a key feature that distinguishes random lasers from conventional ones [33]. That is
to say, the change in the pump light spatial distribution cannot cause the focusing of a certain mode. A disordered
membrane was fabricated using a simple spin coating method (Section 5 and Figure S1). Typically, a digital
micromirror device (DMD) is used to shape pump profiles. However, manually importing pump patterns makes it
challenging to extract specific modes from the many lasing modes. Thus, intelligent methods are required. Figures
1(a) and (b) illustrate the principles of mode selection in random lasers using our intelligent control system. The
core of the intelligent control system is a self-developed software comprising a GA, a DMD control program, and
a spectral acquisition program (Figure S2). GAs are effective methods for global target searching [34]. Based on
a predefined target mode (\;) and the initial spectral data under a uniform pump profile, the GA optimization
program infers the required pump profile for the next cycle. By accessing the DMD program interface, the DMD
control program converts the 2D pump profile image data into 1D data and transmits them to the DMD. Based
on image grayscale, the program autonomously controls the DMD reflectors to adjust the pump light, thereby
controlling the pump pattern. The spectral acquisition program, based on the preset parameters, acquires random
lasing spectra excited by the pump pattern through spectrometer control. Through iterative optimization, the
target modes are obtained (Figure 1(c)). The corresponding pump patterns for the selected modes can then be
locked and analyzed. This enables the prediction of possible optical paths for the random lasing modes.

3 Results and discussion

As well-known intelligent algorithms, GAs include key components: population, fitness selection, and evolutionary
operators, as shown in Figure 2(a). These evolutionary operators include selection, crossover, and mutation. A
population of possible solutions is employed to search the solution space. Each solution is encoded as a character
string, which is referred to as a genome. In each iteration, the fitness values of genomes are evaluated, and those
with higher fitness have an increased probability of survival. The surviving genomes combine to form “child”
genomes through a process called crossover. In addition, genomes may undergo mutation. Finally, a new iteration
is formed by recombining and replacing the initial population. This process is repeated to yield stronger solutions
over successive iterations until the target solution is found.

In our work, the population comprises image data representing possible pump profiles. The fitness function
assigns a value to each genome in the population. The fitness function is defined as
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where \; and \g represent the modes to be selected and suppressed, respectively, m is the number of target modes
(m > 1), and n is the number of suppressed modes (n > 0). Max denotes the maximum peak intensity among
the suppressed modes, while Min denotes the minimum peak intensity among the target modes. Thus, a smaller
f(A¢) value in the optimization process indicates greater dominance of the target modes. The target modes are
selected when f(\;) converges to an ideal value (< 0.5), ensuring that the side-mode suppression ratio (SMSR) is
greater than 10 dB. Figure 2(b) shows the evolution of f():) across iteration cycles for selecting a specific mode.
The value converges to approximately 0.21. The inset displays the optimization process of the pump profiles. When
the sample is excited by a uniform pump profile, random lasing with multiple modes is observed, as shown in the
upper panel in Figure 2(c). In contrast, when the sample is excited by an optimized pump profile, the target mode
is accurately selected, and the other modes are effectively suppressed, as shown in the lower panel in Figure 2(c).
The SMSR reaches 14.8 dB in the single-mode spectra. In the mode selection process, the sample was pumped with
energy that is lower than its damage threshold, which can prevent photobleaching.
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Figure 1 (Color online) Principles of mode selection in random lasers using an intelligent control system. (a) Diagram of pump control with a
uniform pump profile to obtain the initial spectrum; (b) diagram of intelligent pump control by the digital micromirror device (DMD) to obtain
the target mode, which is represented by A;; (c) selected random lasing modes with their corresponding pump patterns.

Once the pump profile is determined, the target mode can be accurately selected. As a result, the emission
characteristics of a single-mode operation versus a multimode operation were explored in this work, as shown in
Figures 2(c) and (d). Random lasing with multiple modes was obtained by exciting the sample with a uniform pump
profile, as shown in the upper panel in Figure 2(c). As the pump power density increases, the emission spectrum
evolves from a typical fluorescent spectrum to a multimode random lasing spectrum. To verify the effect of mode
selection, the optimized pump profile was applied to excite the sample. The lower panel in Figure 2(c) shows
the emission spectra at different pump power densities, yielding a stable single-mode random lasing with a higher
intensity. Furthermore, the threshold behavior for a specific mode, pumped by the uniform and optimized profiles,
is shown in Figure 2(d). The threshold at 589 nm with optimized pumping is approximately 0.55 MW /cm?, which



Tong J H, et al. Sci China Inf Sci March 2026, Vol. 69, Iss. 3, 132401:4

(a) Recombination

Evaluation Fitness Value Selection. .,  Crossover : _E Mutation
l No, b
. T: ? -
Population arget Value
Yes
Stop
o ....-...
® Iteration process v
f(l ) _ Max{llsl’ 1152' i Ilsn}
[ e -
= sk Min{l;,,, 1;,,, ... I2,,}
=
[
[
O
o o ¢ o
[ o [
0.1 1 " 1 " 1 " 1 "
0 3 6 9 12
Iteration cycle
(€)5000 Uniform pump profile —0.93 MW/cmz (i = Uniform pump profile »
‘ :%gg M&;ﬁmz = Optimized pumpsprofile
L ~ =589 nm
[ ‘ ! L | ‘ 3 /’/ ',"' .
Lid ) N ~ / '4/
0 ‘ g a s
sl Optimized pump profile —0.55 MW/em? § oy S
‘ —0.96 MW/em)| £
—1.51 MW/em?| = ./ u
',"/ l"/
0.55 MW/em® 7
itk NS 22093 MW/em?
0 bzt a8 . 1 .
570 580 590 600 610 0 1 2 3
Wavelength (nm) Pump fluency density (MW/cm?)

Figure 2 (Color online) Single-mode selection operation. (a) Genetic algorithms (GAs) applied to pump pattern optimization within our
self-developed software. (b) Convergence of the optimization process: score evolution across iteration cycles for single-mode optimization. Here,
50 score values are selected per iteration cycle, and the pump profile with the optimal score is used for the subsequent cycle. Gray values are
set to either 0 (black) or 255 (green). (c¢) Emission spectra excited by a uniform pump profile (upper panel) and an optimized pump profile
(lower panel) under varying pump power densities. (d) Emission intensity of random lasing as a function of pump fluence for the uniform and
optimized pump profiles. The corresponding uniform and optimized pump profiles, as displayed on the DMD, are shown in the inset in (c).

is nearly half of that with uniform pumping. Overall, these results demonstrate that our proposed intelligent control
system not only accurately extracts modes but also maintains a stable lasing emission under the optimized pump
profile. In addition, we studied the influence of fiber probe position on the lasing modes. Once the pump profile was
fixed, the emission spectra were collected at a fixed pump energy density (1.51 MW /cm?) and various observation
angles (0 = 60°, 30°, 0°, —30°, —60°; 6 represents the angle formed by the normal vector of the sample and the
direction of observation), as shown in Figure S3. The results indicate that the lasing characteristics (wavelength,
linewidth, and intensity) almost did not change, which is a distinct indication of the occurrence of random laser
activity [35]. That is to say, the lasing modes are independent of detection position.

To further test the mode extraction capability of our proposed intelligent control system, we attempted to extract
arbitrary single modes and multimodes, as shown in Figure 3. When the sample is pumped by a uniform profile at
a higher pump power density, a random lasing spectrum with multiple modes is obtained, as shown in Figure 3(a).
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Figure 3 (Color online) Extraction of arbitrary single modes and multimodes. (a) Random lasing spectrum with multiple modes excited by
a uniform pump profile. (b) Random lasing spectrum with a single mode at 590.5 nm. (¢) Random lasing spectrum with two modes at 587.0
and 588.1 nm. (d) Random lasing spectrum with three modes at 587.0, 588.1, and 590.5 nm. The insets show the corresponding pump profiles.
The symbols O, 0, and O indicate the modes at 590.5, 588.1, and 587.0 nm, respectively.

Keeping all other conditions unchanged, we set a single mode (590.5 nm), two modes (587.0 and 588.1 nm), and
three modes (587.0, 588.1, and 590.5 nm) in the original spectrum as the target modes. We adjusted the search
parameters in the GA optimization program to control the pump pattern in the DMD until the target modes were
obtained. In addition, the modes at 587.0 and 588.1 nm can be individually extracted effectively. We have added
the optimized results in Figure S4. Notably, according to the omnidirectional emission of the random lasers, the
collected emission spectra are almost independent of angle. In addition, the size of the pumped area is comparable
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Figure 4 (Color online) Analysis of the pump-locked random lasers. Random lasing spectra and corresponding pump patterns for (a) single
modes at 591.5 nm (A1) and 594.0 nm (A2) and (c) a dual mode (A1 and X2). (b) Effect of pump cells on the selection of A1 and X2. Here,
“S” and “E” indicate suppression and enhancement, respectively. The symbol “” represents no effect on mode selection. For example, “ES”
indicates that red pump cells enhance A\; while suppressing A2 simultaneously.

to the entrance aperture of the fiber-optic spectrometer. Thus, the spectra include all the emitted lasing modes
that can be collected. These results indicate that any target mode within a complex disordered system can be
accurately extracted using our proposed intelligent control system, even the adjacent modes and modes that are at
a competitive disadvantage, such as those at 587.0 and 588.1 nm.

For random lasers, the pump pattern determines the excited region of the sample, affecting the optical paths for
lasing generation. Thus, locking the role of each pump cell in the lasing mode provides an effective method for
exploring optical feedback paths. In our work, two modes (A; and A\3) were selected individually or simultaneously
for analysis, as shown in Figure 4. A video recording of the optimization process is provided in the supporting
information. The spectra and corresponding pump patterns for single modes A; and A9 are shown in Figure 4(a).
In contrast, Figure 4(c) shows the spectrum and corresponding pump pattern for a dual mode (A; and Aq). For
comparison, the linear superposition of the pump patterns for A; and s was also calculated, as shown in Figure
4(a), where the number of pump cells is significantly higher and can cover the combined pattern (\; + \2) in Figure
4(c). Based on these results, we analyzed the effect of pump cells on A\; and Ay selection, as shown in Figure 4(b).
The gray cells (SS) simultaneously suppress A; and A, while the green cells (EE) simultaneously enhance A\; and
A2. The red cells (ES) enhance A; but suppress A2, while the blue cells (SE) suppress A\; but enhance A\y. The
orange cells (E-) enhance A\; with no effect on Ao, while the cyan cells (-E) enhance Ay with no effect on A;. That
is to say, a pump-locked random laser for a certain mode is achieved for the first time.

The coupling relationship between modes can be predicted based on the locked pump cells and mode intensities.
When extracting single modes A1 and Az in turn, the number of illuminated cells is 144 and 136, respectively,
as shown in Figure 4(a). Clearly, A is easier to extract with a strong intensity, indicating that it has relatively
dominant optical feedback paths. Ay is more difficult to extract alone from tens of modes in the initial spectrum,
indicating weaker competitiveness and considerable overlap in the optical feedback paths with competing modes.
When extracting the two modes simultaneously, the number of illuminated cells is up to 129, as shown in Figure
4(c). By comparing Figure 4(c) with Figure 4(a), it is easier to extract the two modes than any single one with
a higher intensity, especially Ay. All these results indicate that there is an overlap between their optical feedback
paths, which has more influence on Ao. This work thus provides an effective method for analyzing the coupling
relationships between random lasing modes.

4 Conclusion

A powerful tool for mode selection in an unpredictable random system is first demonstrated. By building an
intelligent pump control system based on GAs, any expected modes can be extracted accurately and efficiently,
while the effect of pump cells on specific modes can be locked. Based on the locked pump cells and corresponding
mode intensity, the coupling relationship between modes can be deduced. This work breaks through the barrier
of quantitatively controlling modes in complex disordered systems and can guide the reverse design of photonic
devices.
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5 Experimental section

Sample preparation. In the sample fabrication, we tried to realize an ultralowthreshold random laser by optimizing
the sample parameters. The disordered system was a polymer film fabricated using a dye-doped Poly(methyl
methacrylate) (PMMA) polymer with scattering nanoparticles. In this work, the typical laser dye RhB was used as
the gain material, while Au nanorods (NRs) with diameters and lengths of approximately 25 and 50 nm, respectively,
acted as scatterers. The Au NRs provide coherent feedback in the polymer film and enhance the RhB emission due
to localized surface plasmon resonance in the local electric field. The fabrication process is illustrated in Figure S1.
First, the Au NRs (0.02 mg/mL) were spin-coated onto a flexible PET substrate at 1800 r/min for 40 s. Second,
RhB (6 mg/mL) and PMMA (200 mg/mL) were mixed at a 1:1 volume ratio and magnetically stirred for 20 min.
Then, the mixture was spin-coated onto the Au NR layer at 1800 r/min for 40 s. Next, the structure was heated at
70°C for 20 min to achieve solidification. Finally, a uniform film with a size of 5 cm X 5 ¢m was obtained, which
can be cut into smaller samples. Dichloromethane was used as the solvent in all the steps.

Intelligent control system. The core of the intelligent control system is a self-developed software comprising
a GA optimization program, a DMD control program, and a spectral acquisition program. The model-view-
controller architecture was used in our self-developed software, which can separate different parts of an application
program (the main code in the PDF version in the supporting information), improving the system’s maintainability,
expandability, testability, and flexibility. The modular design lays a good foundation for the expansion of the
software functions, including debugging, optimizing, and replacing the algorithm. The software interface mainly
contains parts of the spectrum display, parameter setting, regulation, and control. The spectrum display area
displays the current spectrum data. The parameter setting area for spectrum acquisition can set the smoothing
points of the spectrometer, the spectrum acquisition time, and the spectrum average number. The parameter setting
area for the spectrum frequency can set the frequency that needs to be enhanced and suppressed. The regulation
and control areas are used to start or stop the control function. To extract the target mode more efficiently, some
detailed parameter settings were conducted. The emission frequency range of the sample under uniform pumping
was first determined, which can be used to precisely set the spectral optimization range. The optimized frequency
range of a target mode was set equivalent to its linewidth. It can prevent target mode loss caused by the spectral
fluctuation and eliminate the interference of adjacent modes. In addition, a constant was added to the molecular
term on the numerator of the fitness function f():), enhancing the SMSR. The experimental results indicate that
these methods are efficient for mode selection.

Optical measurement. The diagram of the test setup based on the intelligent control system is illustrated in
Figure S2. A doubled Q-switched Nd:YAG laser (532 nm, 5-7 ns, 10 Hz) was employed as the pump source. Lenses
1 and 2 were used for expanding and collimating the pump beam, respectively. The DMD (VIALUX: V-7000) was
used to shape the pump profile based on the feedback of the grayscale of the image. The maximum array switching
rate of the DMD was 22727 Hz (1 bit B/W). In addition, the image grayscale can be modulated by controlling the
opening time of a pixel through adjustment of the time duty ratio. The array switching rate of a 6 bit (8 bit) gray
image was 1091 Hz (290 Hz). In our work, the grayscale modulation of the DMD is inconvenient for the real-time
optimization of the pump profile. The modulated pump light is reflected to lens 3. Lens 3 was used to adjust the
size of the pump profile. In this work, the size of the pumped area was 0.01 mm? (0.1 mm x 0.1 mm), which
is comparable to the entrance aperture of the fiber-optic spectrometer. Thus, the scale of a single random laser
depends on the size of the light spot pumped on the sample. The pump spot was set to 256 (16 x 16) optimization
units, indicating that each optimization unit was 6.25 um x 6.25 um. The modulated pump pattern was vertically
incident on the sample. The emission light was collected at an observation angle 6 (6 ~ 30°) using an optical fiber
spectrometer (Ocean Optics HR4000) with a spectral resolution of 0.02 nm. The pump power was controlled by
the pump voltage. The pump source, DMD, and high-resolution spectrometer were linked using the self-developed
software.
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