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Beam Shaping by Mode Superposition
With Coefficient Optimization

Guowen Zhang , Hang Sun, Ziyang Chen , Senior Member, IEEE, Yanli Zhang, Jixiong Pu, and Jianqiang Zhu

Abstract—Beam shaping is of significance for applications in
various fields, including laser fusion, laser processing, and optical
manipulation. One conventional approach for beam shaping is us-
ing the superposition of eigenmodes, such as the Hermite-Gaussian
(HG) modes. However, despite the generation of a flat-top beam by
HG modes with identical coefficients, it is challenging to achieve
other specific intensity distributions by this method. In this study,
we validate the feasibility of the beam patterns modulation by
optimizing the coefficients of the superimposed modes using an
optimization algorithm. Beyond producing square flat-top spots
with controllable size and intensity, this method can also achieve
specialized intensity distributions including hollow square spots.

Index Terms—Flat-top beam, beam shaping, mode superposi-
tion, optimization algorithm.

I. INTRODUCTION

G ENERATION of beams with specific intensity distribu-
tion is a fundamental prerequisite for applications ranging

from the interaction between laser and matter [1], [2] to particle
manipulation [3], [4] and laser fusion [5], [6]. Chen et al.
demonstrated that, with suitable ratio of particle diameter to
wavelength, the flat-top focus exhibits the largest trapping effi-
ciency in comparison with a Gaussian beam and a donut shaped
beam [3]. In laser processing, a flat-top beam with a uniform
intensity distribution is usually required for implementation
of uniform processing [5]. In inertial confinement fusion, the
employment of beams with smooth intensity distributions proves
to be an effective strategy for mitigating laser plasma instability
[7]. Studies have shown that using a flat-top beam can improve
the impact of pointing errors on small satellite optical com-
munication [8]. Owing to the important potential applications
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of flat-top beams, their generation has attracted considerable
attention [9], [10], [11]. Researchers have proposed several
methods to produce flat-top beams, such as employing annular
cavity structures [12], making aspheric lenses with 3D printing
technology [13], implementing beam shaping inside the cavity
[14], and utilizing axicons [15] or special diffraction optical
elements [16]. Zhu et al. utilized fiber-coupled semiconductor
lasers as the light source and a beam homogenization system to
achieve a flat-top beam output with a power of 1940 W [17].

In addition, the superposition of multiple beams to produce
flat-top beams is also a common method [18], [19]. By super-
imposing multiple HG mode beams, different types of intensity
distributions can be produced [20], [21]. For example, employ-
ing identical coefficient for each superimposed mode yields a
flat-top beam with a uniform intensity distribution. Nevertheless,
in laser processing and other applications, it is necessary to effec-
tively control the spot size of the flat-top beam and generate some
specific intensity distributions according to different processing
requirements [22], [23]. However, the conventional method of
using the same coefficient cannot flexibly control the properties
of the superimposed spot.

The optimized algorithm has been introduced in shaping the
optical field [16], [24]. One notable example is Gerchberg-
Saxton (GS) algorithm [25], which is a key optimization model
for calculation of diffractive optical elements [26], [27] and
computer generated holograms [28]. Wang et al introduced
gradient descent and weighting strategy to address the stagnation
problem of GS algorithm. [29]. In analogy with optical image
encryption, Wu et al. performed the algorithm to calculate the
optimized patterns, by which the mode conversation between
beams and beam distortion compensation can be achieved [30].
With the algorithm-assisted design, these optical elements can
greatly improve the capability of beam shaping. Even in rather
complicated and random scattering process, the optimization
algorithm can still be utilized to realize the light focusing,
spectrum filtering etc [31], [32], [33], [34].

Beam shaping can also be realized by the superposition of
fundamental modes, wherein the resulting intensity distribution
depends on the coefficients and quantity of the involved modes.
Calculating the coefficients of fundamental modes to generate
a beam pattern with a specific distribution becomes intricate,
particularly when dealing with a large number of involved
modes. To tackle this complexity, we propose a method to
calculate the coefficients of the HG beams by introducing an
optimization algorithm. By setting the expected target light field
and employing it as the optimization target of the algorithm,
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Fig. 1. The influence of the coefficient of HG modes on the superposition
intensity. (a) Same coefficient. (b) Random coefficient.

the algorithm continuously iterates to calculate improved co-
efficients, and finally obtains suitable coefficients to achieve
the expected target intensity distribution. This approach is not
only capable of producing conventional flat-top beams but also
enables the realization of more intricate spot shapes.

II. THEORETICAL ANALYSIS

Hermite-Gaussian modes are orthogonal solutions to the
paraxial wave equation, which can be directly generated from a
laser cavity [35]. Various methods, including V-type cavity [36]
and end-pumped solid-state lasers with an opaque-wire-inserted
laser resonator [37] or with “off-axis pumping” scheme [38],
have been developed to generate high order HG modes.

The light field of HG mode can be expressed as [20], [39]:
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where Hm(x) denotes the Hermit polynomial of order m, w
represents the beam size.

The superposition of multiple HG modes can be represented
as

I (x, y) =

m1∑
m=0

n1∑
n=0

λmn|ψmn (x, y)|2 , (2)

where λmn represents the coefficient of the mn-th mode, with m1

and n1 are the number of modes involved in the superposition.
This equation indicates that the intensity of the superimposed
light is related to the coefficient of each mode involved in the
superposition. To generate a flat-top beam, the coefficients of the
modes are usually set to be the same. Taking the superposition of
49 modes (from HG00 to HG66) as an example, Fig. 1 illustrates
the impact of the coefficients of each mode on the intensity
of the superimposed light. With the same coefficient of each
mode, a flat-top beam with a uniform intensity distribution is
obtained. On the other hand, when the coefficients of modes are
random, the intensity strongly fluctuates. These results imply
that the intensity distribution of the superimposed light can be
effectively controlled by adjusting the coefficients of the modes.
Therefore, a light spot with a predetermined distribution can be
obtained using the appropriate coefficients.

Fig. 2. Flow chart of algorithm.

Genetic algorithm is a classic optimization algorithm that
employs the principles of biological evolution to find the optimal
solution. The strong anti-noise ability renders it can be widely
used in various types of optimization calculations [40]. The
genetic algorithm is chosen as the optimization algorithm to
find the appropriate mode coefficient. Specifically, we regard the
mode coefficient of input HG modes as an individual in the pop-
ulation, and search for the optimal mode coefficient through the
following steps. Firstly, a random initial population is generated,
and the fitness function value corresponding to each individual is
calculated. We choose the Pearson correlation coefficient (PCC)
as the fitness function, which effectively measures the difference
between the beam pattern after superimposing multiple modes
and the expected beam pattern. The higher the PCC value, the
better the superimposing effect. Then, we conduct parent selec-
tion according to the roulette wheel selection rule, that is, the
higher the fitness function value, the greater the chance of being
selected as parents. To generate new offspring individuals, we
perform crossover operation according to the following formula

Child = ma× T + pa× (1− T ) , (3)

where ma and pa denote two parent coefficients, and T is a
random binary breeding template array.

After that, we perform mutation operation on the newly
generated individuals, further enriching the gene pool of the
population. Subsequently, fitness function values are calculated
for the generated new individuals, and they are sorted together
with the parent population, retaining individuals with higher
fitness to form a new population. Iterating in this way will
eventually yield the ideal mode coefficient. Throughout the
entire search process, we take the number of HG modes as the
dimension, assigning a coefficient to each HG mode to achieve
coefficient regulation for different target modes. The flowchart
of the genetic algorithm is shown in Fig. 2.
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The parameters of the algorithm are chosen as follows: the
maximal iteration number is Gen = 1000, the size of initial
population is Np= 50, the offspring number is G= 25, the initial
and the final mutation factor are R0 = 0.1 and Rend = 0.0025
respectively, the mutation rate of the offspring can be calculated
by the formula R = (R0 −Rend)× e−

Gen
p +Rend, where p

= 200 is the decay factor.
Based on the superposition of HG modes, a light spot with a

relatively uniform intensity distribution can be produced if the
coefficient of each mode is equal, as shown in Fig. 1(a). We
introduce optimization algorithms to regulate the coefficients of
the superimposed modes to achieve light spots with different
sizes and a uniform intensity distribution. To ensure the iterative
algorithm converge to this intensity distribution, the PCC be-
tween the target intensity distribution and the iterative intensity
distribution is designed as the fitness function, which measures
the degree of correlation between the two intensity distributions.
The PCC is defined as [41]: (4) shown at the bottom of the this
page.
where

〈Ii〉 = 1

NN

N∑
x = 1

N∑
y = 1

Ii (x, y) (5)

〈Io〉 = 1

NN

N∑
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with Ii(x,y) represents the intensity value corresponding to the
coefficient calculated during the iterative process, and Io(x,y)
represents the preset target intensity distribution, x and y repre-
sent the coordinates.

III. NUMERICAL SIMULATIONS

Taking the square flat-top beam designed in Fig. 3(a) as
the target intensity distribution, we regulate the coefficients of
49 modes (from HG00 to HG66) to generate a light spot that
resembles the predesigned one. The results in Fig. 3(b) and (c)
show that the intensity distribution is in good agreement with
the expected intensity distribution. To quantitively evaluates the
intensity uniformity, we depict the residue value of the intensity
magnitude within the modulation region. The vertical coordinate
of residue map is defined as the ratio of subtracted intensity
value of a point from the average intensity value of the region
over the average intensity value of the region. As illustrated
in Fig. 3(e), the maximal residue value within the region is
less than 110% of the average value of the region, and residue
values for the majority of points fall within the range of ±
10%. Furthermore, compared with the light spot with equal
coefficient (Fig. 1(a)), the size of the superimposed square light
spot can be effectively controlled. The optimized coefficient of
the modes corresponding to the obtained intensity distribution

Fig. 3. Generation of a square flat-top beam by the superposition of 49 HG
modes. (a) Desired intensity distribution; (b) Intensity distribution after co-
efficient optimization; (c) The intensity profile along the blue solid line in
(a) and red dashed line in (b); (d) The evolution of PCC and MSE during
iteration; (e) The residue value of the intensity in the modulation region;
(f) The optimized coefficient of the modes.

is presented in Fig. 3(f). Although a total of 49 modes were used
for optimization, the top 10 modes with the highest coefficient
proportions account for over 90%, while the coefficient of the
other modes is negligible, indicating that the use of these top 10
modes in superposition can basically achieve a square light spot
with good intensity uniformity.

To evaluate the modulation effect, we introduce PCC to quan-
titatively measure the similarity between the modulated intensity
and the expected intensity, and introduce MSE (Mean Square
Error) to quantitatively calculate the fluctuation of the intensity
in the target area. The definition of MSE is as follows:

MSE =
1

N2

N∑
x = 1

N∑
y = 1

(
I (x, y)− I (x, y)

)2
(7)

where I(x,y) represents the intensity in the target area, and I(x, y)
represents the average intensity in the target area. As the number
of iterations increases, PCC increases from the initial 0.64 to
0.939 and tends to stabilize (Fig. 3(d)). And the MSE decreases
rapidly in the first 100 iterations, and the decreasing trend slows
down after 100 iterations (Fig. 3(d)).

Furthermore, a more complex beam pattern, a square flat-top
beam with a central circular dark core (Fig. 4(a)), is designed
as the optimization target. It is challenging to achieve such a
complex beam pattern through traditional mode superposition
methods. Based on the genetic algorithm and according to the
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Fig. 4. Generation of a square spot with dark core by the superposition
of 49 HG modes. (a) Desired intensity distribution; (b) Intensity distribution
after coefficient optimization; (c) The intensity profile along the blue solid
line in (a) and red dashed line in (b); (d) The evolution of PCC and MSE
during iteration; (e) The residue value of the intensity in the modulation region;
(f) The coefficient of the modes.

optimization target, the optimized coefficient of each mode is
calculated, and a light spot that that is very close to the target
distribution is finally achieved (Fig. 4(b) and (c)). The PCC
index between the modulated light spot and the target light
spot reached 0.918 (Fig. 4(d)). As the iterations progressed,
MSE gradually decreases, indicating that the fluctuation of the
intensity is gradually suppressed, and a more uniform inten-
sity distribution is achieved (Fig. 4(d)). The residue values in
Fig. 4(e) indicates that the residue intensity value for the majority
of the points within the modulated region fall within the range
of ± 20%. The mode coefficients (Fig. 4(f)) show that the top
5 modes with the highest coefficient proportions account for
over 80% of the total coefficient, implying that using these 5
modes in superposition can basically achieve a similar intensity
distribution.

We further reduce the HG modes to 9, ranging from HG00

to HG22, as an alternative mode superposition scheme for beam
shaping, as shown in Fig. 5. We consider three desired super-
imposed patterns, dividing them into two regions, central and
surrounding, with an intensity ratio of 1:0.25. Both the size of
the central region and surrounding one can be flexibly controlled.
For example, Fig. 5(b1) and (c1) exhibit the same modulation
area, yet the central region accounts for 39% and 56.2% of
the modulated pattern, respectively. This numerical simulation
validates the feasibility of generating specialized beam pattern
by the superposition of fundamental modes, even with a limited
number of modes.

This study is rooted in the concept of calculating coeffi-
cients for beams through an optimization algorithm, which
may provide a solution for beam shaping. This concept could

Fig. 5. Generation of a square spot with two different intensity regions by the
superposition of 9 HG modes. (a1), (b1), (c1): Desired intensity distribution;
(a2), (b2), (c2): Intensity distribution after coefficient optimization; (a3), (b3),
(c3): Intensity profile along the blue solid line in (a1), (b1), (c1) and dashed
red line in (a2), (b2), (c2); (a4), (b4), (c4): The coefficient of the modes
corresponding to the modulated intensity of (a2), (b2), (c2).

be useful in scenarios where multiple beams overlap, and the
intensity distribution of these beams is known or premeasured.
By establishing the desired beam pattern as the objective and
executing the optimization algorithm, one can compute the
coefficients for these beams. Subsequently, the transmittance
of the beams can be experimentally controlled by applying
the optimized coefficients along with attenuation. Through this
approach, one can finally control the light field in the overlap
region.
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IV. CONCLUSION AND DISCUSSIONS

Based on the principle of mode superposition, we proposed a
method to control the intensity distribution of the superimposed
light spot by regulating the coefficients of the superimposed
modes. The traditional HG mode superposition method usually
sets each mode to have the same coefficient, which can generate
a square light spot after mode superposition. However, the
intensity distribution of this light spot is difficult to be flexibly
controlled. We applied genetic algorithm to achieve flexible
control of the light spot by regulating the coefficients of the
modes. Using a predesigned beam pattern as optimization target
of the algorithm and by iteratively calculating the matching
coefficient of the modes, a light spot that is consistent with
the target intensity distribution can be achieved. Based on this
method, not only square flat-top beam, but also more complex
square intensity distributions with a circular hollow or different
intensity magnitude regions can be achieved, and the light spot
has a relatively good intensity uniformity.
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