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Laguerre-Gaussian (LG) beams experience phase twist after long-distance transmission,
making the orbital angular momentum (OAM) indistinguishable. This phenomenon becomes
more severe in water due to the higher refractive index. Based on the physical principles of
LG beams, this paper derives the mathematical expression for LG beam transmission in
water to address this issue. It organizes and analyses the physical significance of each term.
The exponential term responsible for phase twist is separated and phase compensation is
applied to the initial LG beam. Simulation results show that after transmission through water,
traditional LG beams exhibit a clockwise twisted distribution of isophase lines. By applying
the phase compensation method proposed in this paper, the phase of the initial LG beam is
modulated and when the LG beam reaches the observation plane, the isophase lines become
straight, verifying the effectiveness of the method. This compensation method holds

significant value for LG beams in advanced physics research.

1. Introduction

Laguerre-Gaussian (LG) beam is a typical vortex beam
with the characteristics of orbital angular momentum
(OAM) and is widely used in cutting-edge research fields
such as quantum technology, imaging, and communication
[1-5]. The method to generate LG beams is quite simple —
by modulating a Gaussian beam using a spatial light modu-
lator or a spiral phase plate, the output beam becomes an
LG beam [6-8]. LG beams possess a spiral phase
distribution, carry OAM and can transmit information,
making them highly significant in advanced physics
research [9—11]. Since LG beams can carry more informa-
tion, they have also been widely applied in underwater
research [12—14].

In recent years, an extensive and deep research has been
conducted on underwater LG beams. Zhang et al. present a
method for generating LG beams for underwater optical
communication systems [15]. They demonstrate the ad-
vantages of these beams over traditional methods in terms
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of improved transmission efficiency and reduced scattering
effects. Xu et al. provided a theoretical framework for
modelling the behaviour of LG beams in oceanic
conditions, considering various environmental factors [16].
The findings assisted in predicting beam performance and
optimizing underwater optical systems. Colin et al.
evaluated the performance of LG against Bessel beams in
underwater environments [17]. The findings indicated that
LG beams offer superior depth penetration and focus on
stability performance. Cheng et al. developed the analytical
formulas for the OAM mode density and the OAM mode
detection probability based on the Rytov approximation
theory [18]. The study indicated that oceanic turbulence
produced stronger effects on the LG beam than the atmos-
phere environment, which was of interest for the research
of underwater quantum communication. Guo et al. estab-
lished a far-field scattering electric Monte Carlo method for
underwater LG beam propagation [19]. The study focused
on the performance of LG beams on a larger scale and low
doping concentration medium, investigating transmission,
reflection, and target-free imaging in water. Zhang et al.
proposed an underwater optical communication model with
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the LG beam in absorbed and turbulent seawater [20]. The
study showed that large topological charges were not
conducive to high information transmission capacity and
that the transmission capacity is influenced by absorption
and signal wavelength. The information capacity was the
highest with a topological charge of 1 and a wavelength of
410 nm. This has significant implications for guiding
underwater communication using LG beams.

The traditional technique to identify the phase
distribution is an interferometry method. However, for
a short-distance transmission, the phase of the LG beam is
clear and the OAM can be clearly identified [21-23]. The
phase in the central region of the LG beam is minimally
disturbed. However, after a long-distance transmission, the
phase of the LG beam becomes twisted and deformed,
making the OAM indistinguishable, which severely
impacts quantum sensing, imaging, and communication
[24-26]. Additionally, due to the higher refractive index of
water, this phase twist becomes more pronounced in
underwater environments [27, 28]. Therefore, there is an
urgent need to study a phase compensation method for
underwater LG beams.

To address this issue, this paper presents a method for
compensating phase twist and investigating the trans-
mission characteristics of LG beams in water. By applying
the physical principles of LG beams, the expression for the
LG beam transmission in water is derived using the initial
light field and diffraction integral with the exponential term
causing phase twist isolated. Phase modulation is then
applied to the initial LG beam. Simulations demonstrate
that the proposed underwater phase compensation method
keeps the isophase lines straight after transmission,
significantly improving the accuracy of OAM estimation
and verifying its effectiveness. The approach can be
extended to LG beams with higher or negative topological
charges. Theoretically, this paper explores the transmission
characteristics and phase compensation techniques for LG
beams in deep seawater, offering potential value for LG
beams and other vortex beams in underwater communication,
imaging, and quantum sensing.

2.  Theory

In this section, a theoretical analysis of the underwater LG
beam is introduced. First, the underwater propagation of
the LG beam is derived. Then, the underwater phase
compensation method is proposed.

2.1. Underwater LG beam propagation characteristics

The LG beam is a traditional vortex beam, characterised by
a hollow intensity distribution and a helical phase structure.
An LG beam is generated by modulating the phase of
a Gaussian beam using a spatial light modulator or a spiral
phase plate. At z=0, the expression for the LG beam is:
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where E) is the electric field coefficient, wy is the radius of
the Gaussian beam, / is the topological charge number.

Observing from the initial plane, for each beam element
with the same phase, their traces are rays emitted from the
initial point (xo, yo, 0). Due to diffraction law, after
a propagation distance of z, the electronic field E(x, y, z) in
the observation plane is:
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where £ is the wave number. In water, k= 2ntnwater/A, Nwater
is the refractive index of water.
Substitute £.=0 into (2):
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Integrating (4), the electronic field of the LG beam with
the propagation distance of z is expressed as:
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By changing the input parameters, such as beam radius,
topological charge intensity and propagation distance, the
beam evolution of any beam at any position can be
obtained. Rearranging (5), it can be obtained:
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Equation (6) is very similar in form to (1). The first
exponential term contains the topological charge, repre-
senting the helical phase structure. The second exponential
term indicates the isophase points are transmitted forward
along the diverging rays from the initial position. The third
exponential term contains the phase twist. After a long-
distance transmission of the underwater LG beam, the
isophase lines are no longer straight. Moreover, it can be
observed that (6) contains the wavenumber parameter &k
which is related to the refractive index. Compared to air,
water has the higher refractive index. As a result, when an
LG beam is transmitted through water, it experiences
a longer optical path, leading to a more severe phase twist
and making the OAM difficult to distinguish. Therefore, an
urgent need is to investigate a phase compensation method
to correct the vortex phase of LG beams in water.

2.2. Underwater phase compensation method

In some underwater studies using the LG beam, such as
communication, imaging, and quantum sensing, the
transmission distance of the LG beam is already known.
Researchers aim for the OAM to be distinguishable when
the LG beam reaches a specific observation plane. To meet
this requirement, for the given transmission distance Z,
based on (6), a phase compensation term is added:
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The exponential term in (7) is a phase compensation
term modulated on the initial LG beam. For a certain
propagation distance Z, this term compensates for the phase
twist and at the end of propagation, the isophase lines
change from arc curves to straight lines.

3. Results and discussions

This section primarily covers two parts: the first is the
numerical calculation of the underwater LG beam
propagation and the second part is the underwater phase
compensation of the LG beam.

3.1. Underwater LG beam propagation

First, the underwater LG beam propagation based on (6) is
performed. The Gaussian beam has a radius of 0.8 mm and
a centre wavelength of 532 nm with a topological charge of
3. The underwater refractive index is 1.33. Figures 1(a) and
(i) demonstrate the initial light intensity field and phase
profile. Figure 1(e) shows the cross-section light intensity
profile. After a I m transmission in water, the light profile,
cross-section light intensity profile, and phase profile are
shown in Figs. 1(b), (f), and (j). It can be observed that the
light intensity profile has broadened and the phase is
twisted. From Figs. 1(i) and (j), the isophase changes from
straight lines to clockwise curves. For the condition of
a larger topological charge of 11 and a longer propagation
distance of 10 m, with other beam parameters remaining
unchanged, the initial intensity profile, cross-section
intensity profile, and phase profile are shown in Figs. 1(c),
(g), and (k). Compared to previous calculations, for an LG
beam with a larger topological charge, the dark region in
the hollow part of the light field occupies a larger
proportion and the phase distribution becomes more
complex. After 10 m of underwater transmission, the
intensity profile, cross-section intensity profile, and phase
distribution are shown in Figs. 1(d), (h) and (I). In Figs. 1(c)
and (d), after 10 m transmitting through water, the beam
size increases due to diffraction, the dark region at the
centre expands, and the light ring becomes thicker.
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Fig. 1. Intensity profile of: (a) /=3,z=0m; (b) /=3,z=1m; (¢) /=11,z=0m; (d) /=11,
z=10m; cross-section intensity profile of: (e) /=3, z=0m; (f) /=3, z=1m;
(g) I=11, z=0m; (h) /=11, z=10 m; phase profile of: (i) /=3, z=0m; (j) /=3,
z=1m;((k)/=11,z=0m; (k) /=11,z=10m.
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Additionally, in the experiment, phase measurements are
conducted using interference methods. The larger the dark
region near the optical axis, the more difficult it is to
measure the phase. Moreover, in Fig. 1(1), the phase
distribution is twisted and disordered, making it completely
impossible to distinguish the topological charge and OAM.
Therefore, there is an urgent need for a compensation
method to resolve the phase twist after a long-distance
underwater transmission of LG beams.

3.2. Underwater phase compensation

Then, based on (7), a numerical simulation of underwater
phase compensation is performed. The Gaussian beam has
aradius of 0.8 mm and a centre wavelength of 532 nm, with
a topological charge of 3. The underwater propagation
distance is 1 m, with the refractive index of 1.33. The

z=0m z=0.9m

(a) (b) ©;

) (® ()

z=0.99m

revolution of beam intensity, cross-section intensity, and
phase distribution are shown in Figs. 2(a) to (e), Figs. 2(f)
to (j), and Figs. 2(k) to (0). Due to the short transmission
distance, the divergence of the LG beam is not significant.
As shown in Fig. 2(k), by modulating the phase of the
initial LG beam to create counter-clockwise isophase lines,
the phase is corrected after 1 m of transmission and the
isophase lines transform from curves into straight lines
when reaching the target position. Figure 3 shows the
underwater phase compensation method with higher
topological charge and longer propagation distance. The
Gaussian beam has a radius of 0.8 mm and a centre
wavelength of 532 nm, with a topological charge of 11. The
underwater propagation distance is 10 m, with the
refractive index of 1.33. From Figs. 3(a) to (j), it can be
observed that as the transmission distance increases, the
size of the LG beam also increases. Additionally, the
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Fig. 2. Intensity profile of: (a) /=3,z=0m; (b) /=3,z=09m; (¢c) /=3,z=0.99 m; (d) /=3,2z=0.999 m;
(e) I=3, z=1 m; cross-section intensity profile of: (f) /=3, z=0m; (g) /=3, z=0.9 m; (h) /=3,
z=0.99m; (i) /=3, z=0.999 m; (j) /=3, z=1 m; phase profile of: (k) /=3, z=0m; (1) /=3,
z=09m;(m)/=3,z=0.99m; (n) /=3,z=0.999 m; (0) /=3, z=1m.
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Fig. 3. Intensity profile of: (a) /=11,z=0m; (b) /=11,z=9m; (¢c) /=11,z=9.9m; (d) /=11,2=9.99 m;
(e) /=11, z=10 m; cross-section intensity profile of: (f) /=11,z=0m; (g) /=11,z=9 m; (h) /=11,
z=99m; (i) /=11, z=9.99 m; (j) /=11, z=10 m; phase profile of: (k) /=11, z=0m; (1) /=11,
z=9m;(m)/=11,z=99m; (n)/=11,z=9.99m; (0) /=11,z=10m.



H. Shi, X. Wang, Y. Zuo, H. Qiao, L. Luo / Opto-Electronics Review 33 (2025) e153161 5

authors modulated the LG beam at z =0 m by applying the
phase shown in Fig. 3(k). After 10 m of underwater
transmission, the phase is as shown in Fig. 3(o0), where the
isophase lines are straight and the OAM is clearly visible.
Moreover, the compensation method proposed in this paper
can also be applied to LG beams with higher or negative
topological charges. This is significant for research on
long-distance communication, imaging, and quantum
sensing using LG beams.In this section, an underwater LG
beam propagation simulation is performed and the phase
twist is explored. Then, the authors conduct numerical
calculations of underwater phase compensation and verify
its correctness. After a long-distance underwater
transmission, LG beams will diverge, and as the
topological charge increases, the central dark region
enlarges, and the phase becomes twisted. This is highly
unfavourable for the distinction of OAM. This paper
proposes a phase compensation method for LG beams in
underwater transmission to address this issue. With this
method, the phase is restored when the LG beam reaches
the observation position after the underwater transmission
and the isophase lines are straight, diverging outward along
the optical axis. This has significant implications for
research on vortex beams in cutting-edge fields such as
communication, imaging, and quantum sensing.

4. Conclusions

LG beam is a type of vortex beam with a helical phase
distribution. As the transmission distance increases, the
phase distribution becomes twisted. Since the refractive
index of water is higher than 1, this twist phenomenon is
more severe in water. When the transmission distance is
long and the topological charge is large, the phase becomes
deformed, making the OAM indistinguishable, which
hinders an advanced physical research. To solve this issue,
this paper proposes a method for compensating the phase
twist and studying the transmission characteristics of LG
beams in water. Based on the physical principles of LG
beams, using the initial light field and diffraction integral,
the expression for the LG beam transmission in water is
derived, isolating the exponential term responsible for the
phase twist. Phase modulation is then applied to the initial
LG beam. Through simulation, the proposed underwater
LG beam phase compensation method ensures that, after
underwater transmission, the isophase lines remain
straight, greatly aiding in the accurate estimation of OAM
and confirming the effectiveness of this method. The
method proposed in this paper can be applied to LG beams
with higher or negative topological charges. Theoretically,
this paper proposes LG beams underwater transmission
characteristics and phase compensation methods, offering
potential value for LG beams and other vortex beams in
fields such as underwater communication, imaging, and
quantum sensing.
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