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Abstract

This study proposes a method for designing spatial light modulator (SLM) projection
phases in digital lasers using a simulated annealing (SA) approach combined with an
initialized pre-designed phase to generate structured laser beams. SLM projection phases
are optimized within the SA framework using a cost function based on the correlation
between the corresponding laser field patterns and the target field. Numerical simula-
tions demonstrate both the effectiveness of the proposed phase design method and its
improvement in generating three geometric beams—quadrangular pyramid, triangular
pyramid, and multi-ring fields—particularly with regard to enhanced edge sharpness. The
resulting structured beams, especially those with simple geometric shapes, are suitable for
microfabrication applications such as photolithography and photopolymerization. The
proposed SA iteration framework is not limited to the L-shaped resonator used in this study
and can be extended to digital laser cavities with higher numerical apertures, enabling the
generation of more complex structured light fields.

Keywords: digital lasers; simulated annealing; spatial light modulator; beam shaping;
structured light fields

1. Introduction
The well-developed beam shaping techniques [1–13] enrich the applications of struc-

tured laser beams [14–32]. The outer cavity beam shaping method converts the laser output
into an on-demand light field through extra-cavity optical design [2,3]; in contrast, the intra-
cavity beam shaping relies on the cavity design, where the on-demand light field is directly
generated within the laser system [4–7]. The recently developed digital laser introduces
a dynamically adjustable optical element, a pure phase-control spatial light modulator
(SLM), as part of the cavity boundary, effectively expanding the possibilities and flexibility
of intra-cavity beam shaping [8–13]. Digital laser was first proposed by Ngcobo et al. in
2013 [9], and several typical laser beams with analytical forms, such as Hermite-Gaussian
beams, Laguerre-Gaussian beams, Airy beams, etc., were successfully generated. Next, the
polarization control [33] and second harmonic generation [34] of high-order laser modes
in digital lasers were achieved. In addition, the development of digital lasers also turned
to the discussion of generating light fields with on-demand structures [8–13] because the
real-time manipulation of the laser output profile, such as via photolithography [14–16] and
photopolymerization for microfabrication, is expected to be beneficial to structured beam
applications [21–25,35]. Several methods have been proposed for generating laser beam
with specific geometric shapes in digital lasers, such as circular flat-top beams [8], doughnut
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beams [13], and uniform/flat beams with arbitrary lateral distribution [10–12]. Tradonsky
et al. proposed a method to generate complex-structured beams of low-spatial-coherence
from digital lasers using a degenerate cavity, intracavity spatial filtering techniques, and
experimental feedback algorithms [36]. However, the method is restricted to degenerate
cavities, and the super-pixel approach it employs reduces effective SLM resolution. Most
importantly, the optical field iteration inherent to this method substantially increases the
complexity and size of the optical system. Recently, Chu et al. proposed a convolution
method in designing the SLM projection phase diagram for generating light intensity of
a specified geometric shape [12]. In the method, the phase boundary of the digital laser
was designed to match the convolution of the specified geometric structure with a Gaus-
sian field, rather than the geometric structure directly. That is, the convolution method
generated a weighted multi-point Gaussian field that serves as a good approximation of
the specified structured laser field. Although the laser field generated by the convolution
method closely resembles the on-demand light field, deviations are inevitable, especially in
sharp regions such as the apex or edges of a cone-shaped field.

The simulated annealing (SA) algorithm, first proposed by S. Kirkpatrick et al. in
1983 [37], is a heuristic optimization algorithm inspired by annealing process of solids. It
is a well-known and effective approach for global optimization. By defining an appro-
priate cost function, the SA method can optimize the system performance according to
specific requirements. The SA method has also been applied to deal with various practical
issues [38–40], including outer-cavity beam shaping [41–43]. For example, R. El-Agmy
et al. developed a method to generate on-demand Gaussian and super-Gaussian beams
that adaptively match the desired target profile using a deformable mirror [41]. Recently,
Hu et al. used the SA method in the optimization of brightness in an Nd:YAG laser by
maximizing the single-mode power factor with an intra-cavity SLM [44]. However, this
method is limited to power optimization for specific eigenmodes of the laser resonator and
cannot be used to find light fields with arbitrary structures. The intra-cavity element of
digital lasers, a pure phase-control SLM, as a pixelated step-level-phase optical element,
is well suited for SLM phase design using numerical optimization techniques. In this
study, we propose an optimization approach for designing the SLM projection phases of
digital lasers to generate laser intensity distributions of specified shapes, using the SA
method combined with an initialized pre-designed phase from the convolution method.
Three types of laser fields are demonstrated: quadrangular pyramid, triangular pyramid,
and multi-ring fields. The results indicate that the laser field distribution can be optimized
by adjusting the SLM projection phases using the proposed approach. With this SLM phase
design method, laser patterns superior to those obtained with the previous convolution
method [12] were achieved. The optimization approach presented in this study is not
limited to the L-shaped digital laser employed here and can be extended to other digital
laser cavities with higher numerical apertures, enabling the generation of structured light
fields with greater complexity.

2. Simulation Method
Section 2.1 describes the simulation framework adopted in this study for digital

laser output, i.e., laser configuration, parameters, and the methods for simulating a laser
oscillation beam. Section 2.2 explains the approaches to implementing the SA algorithm
to optimize the phase boundary of the laser cavity. All simulations were conducted using
in-house developed codes implemented in MATLAB (MathWorks, Natick, MA, USA,
version R2022b).
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2.1. Laser Configuration in Simulation

Figure 1a shows the configuration of the digital laser system used in this study, a
diode-pumped solid-state laser (DPSSL) using a common L-shape laser cavity in several
digital laser studies [9,11,12]. The cavity consists of an SLM panel, a partially reflective
mirror (PM), and the laser crystal. The 45◦-tilted PM serves as the output coupler of the
laser system. The coated crystal surface and the reflective panel of the SLM constitute a
typical two-mirror optical cavity. Figure 1b shows the equivalent light path diagram of the
laser system.

 

Figure 1. Laser configuration used in simulations. (a) a typical L-shape digital laser, plane P is the
observation plane of the output beam. (b) An un-folded equivalent two-mirror laser cavity of an
L-shape laser cavity.

This study employed the method proposed by Endo [45–47] to simulate the intracavity
oscillating field, i.e., the convergent lasing field of the laser system. The method has
been applied in searching for single- or multi-mode convergent oscillation light field in
both stable and unstable DPSSL cavities [48–50]. In this method, the initial spontaneous
emission with random phases and directions was propagated and diffracted within the
laser cavity, experiencing homogeneously broadened gain during each pass through the
crystal. Ultimately, the intra-cavity oscillating light field converged to the lasing pattern of
the cavity. The simulation parameters used in this study are detailed as follows. The laser
crystal is a 1 mm thick Nd:YVO4 crystal with 100%-reflectance on one side at the lasing
wavelength of 1064 nm. The reflectance of PM at 1064 nm is 97%. The SLM panels provide
1024-step digital phase modulation over a 2π range, with a pixel size of 8.0 µm. The phase
diagram loaded onto the SLM was generated by digitalizing the full phase cycle of 0 to 2π
into 1024 levels. Referring to a laser configuration mentioned previously [12], the effective
cavity length of the two-mirror cavity, deff, was set as 25.6 cm. In this study, the output field
was optimized for observing plane P (see Figure 1), corresponding to the coated reflective
surface of the crystal in the cavity.

2.2. SA Method in Designing Spatial Light Modulator Projected Phase Diagram

This study employed the SA method to determine the SLM projected phase diagram
ϕ of a digital laser for optimized laser output. Figure 2 shows the flow chart of the SA
algorithm of this study. The SA method imitates the slow cooling process of metal to search
for the global optimum. Next, we define each parameter used in the flow chart and then
explain the iterative process.
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Figure 2. Flow chart of the simulated annealing algorithm for optimizing the phase diagram on the
spatial light modulator (SLM).

In this study, the quality of the output laser field was evaluated by a cost function E,
defined as

E = Ccorr/k, (1)

Ccorr(A, B) =
1

M × N − 1∑M
m=1 ∑N

n=1

(
Amn − µA

σA

)(
Bmn − µB

σB

)
(2)

where k is a constant, as explained later. Ccorr is the correlation coefficient between the
specified target field, represented by matrix A, and simulated lasing field, represented by
matrix B. Here, Amn and Bmn denote the elements of matrices A and B; µA and µB are the
means of matrices A and B; σA and σB are the standard deviations of matrices A and B;
and M and N are the number of data points along the x and y axes of matrices A and B,
respectively. The SA method involves three key parameters governing its convergence: T,
β, and Tmin. T denotes the system “temperature.” After each iteration, T decreases to βT,
where β is the cooling factor (0 < β < 1) that directly controls the cooling rate. The iteration
continues until T reaches Tmin, the lower limit of temperature. α is a computer-generated
random number within (0, 1), which dynamically influences whether to accept the current
solution as the initial solution for the next iteration.

The iterative process is described as follows. As shown in Figure 2, the iteration starts
from an initial (random or specified) phase diagram, ϕ. In this study, T controls the phase
perturbation scale in each iteration loop. At the beginning of every iteration, a random
perturbation was added to the initial phase diagram within the range (0, T) resulting in a
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perturbed phase diagram ϕ′. Then, the new phase diagram ϕ′ was applied to the digital
laser. The resulting laser field was numerically obtained using Endo’s method [45]. After
that, the laser quality was calculated by the cost function E, and the difference ∆E was
then computed as ∆E = E′ − E, representing the change in the cost function between the
perturbed and unperturbed phase diagrams. When ∆E > 0, it indicates that the laser field
is closer to the target field; in other words, the perturbed phase diagram ϕ′ represents a
better solution than the unperturbed phase diagram ϕ. In this case, ϕ′ was accepted as the
starting phase diagram ϕ in the next iteration. Otherwise, under the conditions proposed
by Metropolis et al. [51], acceptance was tested using exp(∆E/T) > α. The inferior solution
(ϕ′) has a chance of being accepted as the next starting phase (ϕ).

Here, α is a general random number within (0, 1), and thus, this study introduced a
constant k in the cost function to adjust the acceptance probability of an inferior solution
(ϕ′) as the new solution for starting the iteration. The value of k affects the magnitude of
exp(∆E/T), allowing the probability of accepting an inferior solution to be adjusted for
different correlation values. For example, with the value k = 0.0003 used in this study and
an initial temperature of T = 0.1, when the correlation difference is on the order of 10−4,
exp(∆E/T) is approximately 3%, whereas when the correlation difference is on the order of
10−5, exp(∆E/T) is around 70%. Note that the probability of accepting an inferior solution
allows the SA method to escape local optima and potentially reach the global optimum. If
the inferior solution is not accepted, a new perturbed phase diagram ϕ′ is generated. After
each update of the phase diagram ϕ, the temperature T is reduced by the cooling factor
β, and the iteration is repeated. As the temperature gradually decreases, the perturbation
applied in subsequent iterations also decreases. Finally, the iteration terminates when T
reaches Tmin.

2.3. Phase Initialization

In the conventional SA method, the initial phase usually starts from random, which
may lead to slow convergence or trapped in the suboptimal local minimum. Moreover,
achieving satisfactory results may require many iterations, which are computationally
expensive. The previous convolution method [12] leverages the inherent stability of funda-
mental Gaussian beams inside the cavity and utilizes a Gaussian-convolved target field
to construct a SLM projection phase that leads to the stable lasering of the desired target
geometric laser field. However, a known limitation of the convolution method is that it
tends to smooth sharp features, resulting in blurred edges and softened corners in the
generated laser intensity distribution, as it is inherently tied to the Gaussian-convolved
target design.

In this study, we propose a hybrid strategy: using the phase distribution generated
by the previous convolution method as the initial phase solution for the SA algorithm.
By starting from a more structured and physically meaningful initial phase, the hybrid
strategy is expected to converge faster and produce higher quality fields within a limited
computational budget.

2.4. Target Field

This study used three kinds of light fields as the target generating field of digital
lasers to verify the proposed method of digital laser light fields optimization. Three target
laser fields were the quadrangular pyramid, triangular pyramid, and multi-ring light field.
The quadrangular pyramid field is defined as a linear intensity distribution decreasing
symmetrically from the center, given by:

I(x, y) = max(0, h − a × max(|x|, |y|)) (3)
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where the max function returns the maximum value among its input arguments, h = 1 is the
peak intensity, and a = 2 × h/w is the slope, w = 600 µm is the base width, which defines
the field’s support region as −w/2 ≤ x, y ≤ w/2, values outside this region are set to zero.

The triangular pyramid target field is generated based on a tetrahedral geometry. The
base of the pyramid is an equilateral triangle of side length w = 600 µm, and the apex is
located vertically above the triangle at height h = 1. The intensity profile is computed as the
minimum of three planar functions representing the pyramid facets:

I(x, y) = max(0, min(p1(x, y), p2(x, y), p3(x, y))) (4)

where the min function returns the minimum value among its input arguments, each
pi(x, y) corresponds to the plane equation of the triangle facets. Values outside the pyramid
region are set to zero.

The multi-ring target field consists of four identical annular intensity distributions cen-
tered at position (xi, yi) = (±a3/2, ±a3/2). Each ring has an inner radius a1 = 175 µm, outer
radius a2 = 225 µm, and the intensity in each ring is set to 1 and 0 elsewhere. Mathematically,
the field is constructed as:

I(x, y) = ∑4
i=1

{
1, a1 ≤

√
(x − xi)

2 + (y − yi)
2 ≤ a2

0, otherwise
(5)

3. Simulation Results and Discussion
For comparison with the convolution method [12], the proposed SA method was

employed to determine the optimal SLM projection phases for generating three geometric
light fields in a digital laser—quadrangular pyramid, triangular pyramid, and multi-ring
fields—as in the referenced work. In this section, all the simulation results are normalized
to peak intensity for ease of comparison. The SA algorithm was implemented with same
parameters as the initial temperature T = 0.1, β = 0.9997, Tmin = 0.01, k = 0.0003, total
iterations of 7675.

First, we perform a comparative analysis of quadrangular pyramid fields generated in
a digital laser using SLM phases designed by three methods: (1) the convolution method,
(2) the SA method with a random initial phase, and (3) the SA method initialized with
the convolution-derived phase. The improvement of the SA method over the convolution
method is demonstrated by comparing the correlation and the peak-to-valley error between
the obtained laser field and the target field. The correlation involves direct calculation
through the basic definition [52,53], and the peak-to-valley error is calculated from the dif-
ference between the normalized generated field and the curve-fitting field. The results are
shown in Figure 3. The top row (a–c) displays the 2D intensity profiles of the resulting fields.
Among these, the field generated by the SA method initialized with a convolution-derived
phase (c) shows the highest correlation with the target pattern (correlation = 0.997), whereas
the randomly initialized SA result (b) exhibits a lower correlation (correlation = 0.900) and
noticeable scattered light in the outer regions of the field (see Figure 3k). The second row
(d–f) shows the 3D view of the field intensity, where the convolution results (d) demonstrate
smoother profiles than those in (e) and (f). The third row (g–i) compares the cross-sectional
intensity distributions along the y-axis against the curve-fitting target quadrangular pyra-
mid field. The results from the convolution method (g) and convolution-initialized SA
(i) closely match the ideal curve, while the randomly initialized SA method (h) deviates
more significantly. Finally, the bottom row (j–l) presents intensity difference maps between
the generated field and the curve-fitting target fields. The peak-to-valley errors are 0.2268
for (j), 0.4706 for (k), and 0.1740 for (l), indicating that the proposed hybrid phase design
strategy yields a laser field with the least residual error relative to the target field.
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Figure 3. Comparison of quadrangular pyramid field intensity distributions obtained using three
SLM phase design methods: the convolution method (left column), the SA method initialized with
a random phase (middle column), and the SA method initialized with the convolution-derived
phase (right column). Panels (a–c) show the planar views of the intensity profiles, (d–f) show
the corresponding 3D views, (g–i) show the cross-sectional intensity distributions along the y-axis
compared with the closest target fields (curve-fitted target fields), and (j–l) show the intensity
differences between the obtained laser fields and their corresponding target fields.

In fact, the previous convolution method aims to generate a Gaussian-convoluted field
that approximates the target field; as a result, it exhibits smoothed edges. As revealed by the
results in Figure 3d, the four edges extending from the center to the base corners appear less
sharp, resulting in softened transitions rather than well-defined ridgelines. The pyramid
apex is rounded, lacking the sharp characteristics of the target field. Along the base plane,
the intensity variation is relatively gradual, failing to reproduce the steep gradients of the
target. Consequently, the outer boundaries of the structure appear blurred, and the lower
corners of the pyramid lack clear definition. These observations indicate that, while the
convolution method captures the general geometry of the target, it tends to smooth out
finer structural details due to the intrinsic averaging effect of Gaussian convolution. The
results in the middle column of Figure 3 show that, when the SA method is initialized
with a random phase, it is difficult to find solutions that outperform the convolution
method using a non-sufficiently gradual annealing procedure. A slower annealing process,
however, would require a greater number of iterations and increased computation time. In
contrast, the field obtained from the SA method initialized with the convolution-derived
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phase (right column, Figure 3f) exhibits significantly sharper structural features that more
closely match the target field. The pyramid apex becomes noticeably pointed, resembling a
spike rather than the dome observed with the convolution method. Along the base, the
intensity transitions are steeper and more abrupt, providing a closer match to the sharp
edges of the target. Moreover, the four edges connecting the apex to the base appear much
sharper, indicating improved preservation of high spatial frequency components. These
improvements demonstrate that initializing the SA method with the convolution-derived
phase enhances its convergence, allowing the algorithm to reach the desired structure more
efficiently. At the same time, this approach avoids the smoothing effect inherent in the
convolution method and preserves both the overall geometry of the target field and its fine
structural details.

To further validate the generality of this approach, Figure 4 presents the results for
two other target fields—a triangular pyramid field and a multi-ring field—as comparative
examples. The figure shows the intensity distributions of the triangular pyramid (top row)
and the multi-ring field (bottom row) generated using the convolution method and the SA
method initialized with the convolution-derived phase.

 

Figure 4. Intensity distribution of the target field (left column), the field obtained from the convolu-
tion method (middle column), and the SA method initialized with the convolution-derived phase
(right column). (a–c) present the intensity profile of the triangular pyramid field. (d–f) present the
intensity profile of the multi-ring field.

For the triangular pyramid field (Figure 4a–c), the field generated by the convolution
method can capture the general triangular shape of the target, but the edges and apex
are smoothed. The transitions between the faces are rounded, and the corners are less
sharp than those of the target field. The SA method with initial phase of the convolution
method yields the field with sharper apex and edges, thus more closely matching the target
field. Similarly, for the multi-ring field (Figure 4d–f), both methods reproduce the overall
multi-ring structure; however, despite the SA method yielding slightly higher correlation
values than the convolution method, both results still show clear deviations from the
target field. The intensity distribution between the rings departs from the desired profile,
particularly in terms of contrast sharpness and boundary definition, and the correlation
values remain relatively low. These deviations may result from the limited angular spec-
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trum coverage of the current L-shaped resonator configuration, which is insufficient to
support the reconstruction of highly complex structured light fields. The close spacing
between rings imposes higher requirements on the spatial resolution of the intra-cavity
field, whereas increasing the ring spacing can lead to improved results. However, this
highlights the necessity of using laser cavities capable of supporting a broader angular
spectrum range, such as degenerate cavities [36], to generate more complex structured light
fields. On the whole, the results in Figures 3 and 4 demonstrate that the proposed SA-based
hybrid strategy consistently outperforms the convolution method in generating structured
light fields.

Overall, when the SLM phase was designed using the proposed SA method initialized
with the convolution-derived phase, the digital laser produced a field pattern that more
closely matched the specified target than that obtained with the previous convolution
method, particularly exhibiting enhanced tip and edge sharpness. The present study aims
to investigate, through numerical simulations, whether the design of SLM projection phases
can be improved using only the measured laser field in combination with SA-based opti-
mization, so that the laser output more closely matches the target field. Importantly, the
proposed SA method for SLM phase design is not limited to the L-shaped resonant cavity
digital laser used in this study. Employing a digital laser cavity with a higher numerical
aperture [36] is expected to enable the generation of structured beams with greater com-
plexity. Furthermore, with reference to the SA iteration flowchart (Figure 2), the “Find laser
field” step in this numerical study involved obtaining the laser output by simulating an
ideal system with homogeneous gain. The proposed iterative method could also be applied
to various digital laser systems if this step is replaced by direct measurement of the laser
output. When applied to a real digital laser, all controllable and uncontrollable system
errors—such as crystal and lens thermal effects, element alignment errors, and manufactur-
ing imperfections—would be inherently incorporated into the system as linear or nonlinear
phenomena, allowing the optimization to achieve adaptive beam profile control. These
potential extensions of the current study merit further exploration in future work.

The performance of a digital laser is inherently constrained by the specifications
of the SLM, such as its thermal threshold, diffraction efficiency, and resolution, which
together determine the achievable output power, spatial resolution, and lasing threshold.
For example, with regard to the SLM damage threshold, the adopted Santec SLM-300 has a
thermal damage threshold of approximately 200 W/cm2, corresponding to an estimated
intracavity laser power exceeding 500 mW that the SLM can safely withstand. The method
proposed in this study provides an approach for designing the SLM projection phase
to optimize the digital laser output intensity distribution such that it matches the target
field intensity distribution, under the laser condition that the round-trip gain exceeds the
round-trip loss. With regard to other structured-light properties—such as polarization,
orbital angular momentum, and other related characteristics [29]—the extent to which
SA-based optimization can be applied remains limited by the cavity design and therefore
warrants further investigation. Finally, it is worth mentioning that the choice of cost
function has a considerable influence on both the convergence speed and the final outcome
of the SA method. Employing a varying cost function strategy [54]—by assigning different
cost function settings to the high-amplitude regions of interest and the less critical low-
amplitude regions—may provide a useful means of improving the optimization results.

4. Conclusions
This numerical study presents and validates a hybrid approach for designing SLM

projection phases in digital lasers, combining the simulated annealing (SA) method with a
pre-designed initial phase. By defining a cost function based on the correlation between the
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target field and the current laser field, the proposed method optimizes the SLM projection
phase to generate desired structured light patterns. Three geometric target fields—the
quadrangular pyramid, triangular pyramid, and multi-ring field—were employed to verify
the effectiveness of the SA-based phase design strategy. Comparisons with the conventional
convolution method demonstrate that, although the convolution-designed phase achieves
a high correlation with the target field, it produces smoothed features at the apex and
edges. In contrast, the proposed SA method, initialized with the convolution-derived
phase, yields laser fields that more accurately match the specified target, particularly
enhancing edge sharpness and preserving fine structural details. Importantly, the proposed
SA iteration framework is not limited to the L-shaped digital laser employed in this study.
It can be extended to digital laser systems with higher numerical apertures, enabling the
generation of more complex structured light fields. This potential extension warrants
further investigation in future work.
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