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Abstract: Suppressing the impact of atmospheric turbulence on laser beam propagation is a bottleneck
problem in the application of free space optical communications, with the primary difficulty being the
lack of a quantitative description of the effect of turbulence on a laser beam. In this paper, we propose
a quantitative description of the effect of turbulence and express a quantitative analysis of the effect of
atmospheric turbulence on Bessel–Gaussian beam based on the extended Huygens–Fresnel principle.
The results of numerical analysis confirm the validity of the theoretical description. This study also
shows that the influence of turbulence is stronger when the annular shape of the Bessel–Gaussian
beam is more obvious. The method also provides theoretical guidance for reverse engineering the
amplitude and phase distribution of the initial laser beam, thereby effectively reducing the impact of
atmospheric turbulence on laser beam propagation.
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1. Introduction

Long-distance propagation of laser beams in atmospheric turbulence has extensive
application in science and technology such as laser communication, laser defense and
remote sensing [1–3].

The propagation of lasers in the atmosphere is a complex process that involves several
factors influencing the transmission and attenuation of laser beams. There are some key
factors that affect the propagation of lasers in the atmosphere. Gases and particles in the
atmosphere can absorb laser energy, causing a decrease in laser intensity. Particles or
molecules in the atmosphere can scatter laser beams, leading to beam broadening and
attenuation. Inhomogeneities and turbulent motion in the atmosphere can cause jitter
and spreading of the laser beam, further affecting the quality of laser transmission, which
seriously hinders the application of laser beams in these fields [4–8]. Adaptive optics
systems can compensate for the deformation and spreading effects caused by atmospheric
turbulence, which is considered one of the most effective methods to overcome the turbu-
lence effect of the atmosphere [9–13]. However, due to the limitations of the environment
and cost, adaptive optics technology has been applied in few fields, such as astronomical
observation. In recent years, with the rapid development of optical field modulation tech-
nology, some researchers have proposed using the special structure and coherence control
of laser beams to reduce the impact of turbulence on beams [14–18]. Recently, an “optical
pin beam” which exhibits unusual properties in long-distance propagation compared with
conventional Gaussian beams has been demonstrated [17]. Furthermore, true eigenmodes
of atmospheric turbulence which are invariant under propagation through the atmosphere
have been developed [18]. In addition, some non-diffracting beams, such as Bessel beams
and Airy beams, are also considered ideal laser beam modes that can freely travel in turbu-
lence [19,20]. It is important to note that quantitatively analyzing the turbulence effects on
Gauss–Bessel beams is a challenging task. The specific impact of turbulence will depend
on factors such as the strength and scale of the turbulence, the beam parameters and the
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propagation distance. However, to the best of my knowledge, there is no relevant research
work that qualitatively analyzes the effects of turbulence on Gauss–Bessel beams.

Nevertheless, a large number of studies have found that these beams cannot maintain
their polarization and optical field distribution during long-distance propagation [18].
The reason for this perception bias is that much attention has focused on which types of
structured light are best with regard to turbulence, but with seemingly inconclusive results.
Therefore, it is necessary to establish a scientific quantitative evaluation standard for the
effect of atmospheric turbulence on a laser beam.

In this paper, we consider the quantitative description method with regard to the
influence of turbulence on laser propagation. A quantitative evaluation method for the
degree of influence of atmospheric turbulence on the distribution of laser intensity is
given, using the degree of impact of atmospheric turbulence on light intensity as the
judgment criterion. As an example, we quantitatively analyzed the relationship between
the impact of turbulence on various parameters of the zero-order Bessel–Gauss beams
based on this method.

2. Formulation

From the viewpoint of image processing, the influence of atmospheric turbulence
on laser beam propagation depends on the ratio of the spectral radius of light intensity
without turbulence to the atmospheric coherence length [21]. The larger the ratio, the
greater the influence of atmospheric turbulence on the laser beam, and vice versa. In order
to quantitatively describe the effect of turbulence on a laser beam, a criterion can be defined,
namely [21]:

τ =

√
〈r2

ω〉
ρω

, (1)

where ρω = ρ0k/z can be seen as the atmospheric coherence length in the frequency domain
with [22]:

ρ0 = (0.545C2
nk2L)

−3/5
(2)

C2
n(z) is the structure constant of the refractive index fluctuations of the atmospheric

turbulence which is used to describe the strength of turbulence. In Equation (2), L is the
total propagation distance of the atmospheric turbulence. As we know, when using the
traditional method, the effect of turbulence on the beam is only related to the atmospheric
coherence length ρ0. In fact, the influence of turbulence with the same ρ0 on different beams
is different. The criterion defined in Equation (1) combines the turbulence strength and
beam property.

It should be noted that there are inner scales and outer scales of turbulence which will
affect the strength of turbulence. For simplicity, we only study the effect of atmospheric
coherence length on the beam because inner scale and outer scale can be included in the
atmospheric coherence length.

In Equation (1),
√
〈r2

ω〉 is the second moment radius of the Fourier transform of the
light intensity without turbulence, which can be written as:

〈
r2

ω

〉
=

s

∞
ω2H

(→
ω
)

d2→ω

s

∞
H
(→

ω
)

d2→ω
, (3)

where H
(→

ω
)

is the inverse Fourier transform of the I f ree

(→
r
)

, which can be expressed as:

H
(→

ω
)
= F−1

[
I f ree

(→
r
)]

. (4)
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In Equation (5),
→
ω = k

→
s d/z and

→
s d =

→
r 01 −

→
r 02 with

→
r 01 and

→
r 02 are the transverse

coordinates of two different points at the origin. Obviously, the I f ree

(→
r
)

is the light
intensity under vacuum conditions.

As we know, the initial light field of the zero-order Bessel–Gaussian beam can be
represented as [23,24]

U0 = J0(−ar0) exp

(
−

r2
0

w2
0

)
, (5)

where r0 =
√

x2
0 + y2

0, a is a constant that can modulate the size of the Bessel–Gaussian
spot, w0 is the waist radius of the Gaussian part of the zero-order Bessel–Gaussian beam.
Using the Fresnel diffraction integral, the light intensity of the zero-order Bessel–Gaussian
beam in the vacuum can be calculated as [24]:

I f ree =
w2

0
w2 exp

(
−2a2z2

k2w2

)
exp

(
−2r2

w2

)∣∣∣J0

[ ar
kw2

(
kw2

0 − 2iz
)]∣∣∣2, (6)

where w = w0

√
1 + 4z2/

(
k2w4

0
)

is the waist radius of the zero-order Bessel–Gaussian
beam at the origin. The nth-order moments radius of the intensity can be derived from the
relationship between the moment radius and Fourier transformation [25]

〈rn
ω〉 = −2

lim
x→0

∂n I f ree(x, 0)/∂xn

I f ree(0, 0)
(7)

and the second-order semi-radius of the light intensity spectrum of a zero-order Bessel–
Gaussian beam propagating in a vacuum is

〈
r2

ω

〉
=

2k4w6
0
(
4 + a2w2

0
)
+ 8k2w2

0
(
4− a2w2

0
)
z2(

k2w4
0 + 4z2

)2 . (8)

To illustrate the relationship between our standards and the similarity of laser beam,
we provide the definition of similarity. The definition of similarity is:

S =

s
I f ree(x, y)Iturb(x, y)dxdy√s

I2
f ree(x, y)dxdy

s
I2
turb(x, y)dxdy

. (9)

3. Numerical Results and Analysis

To quantitatively analyze the influence of atmospheric turbulence on the zero-order
Bessel–Gaussian beam, we set the wavelength of the laser to be 1.06 microns, the waist
radius w0 of Gaussian beam to be 0.1 m, and the refractive index structural constant does
not change as the laser beam propagates in atmospheric turbulence. Since, under the
condition that the waist of Gaussian is certain, different modulation factors correspond to
different spot distributions, the a selected in this paper is 80/m, 60/m, 40/m and 20/m,
respectively; the corresponding initial beam distributions are shown in Figure 1:

From Figure 1, it can be seen that there are different intensity distributions with
the different parameters a. As parameters a decreases, the ring spot of Bessel–Gaussian
beam decreases gradually. This is because the ring spot of the Bessel–Gaussian beam is
determined by the product of a and r. The smaller a is, the larger the ring spacing of
Bessel–Gaussian beam is; that is to say, when the waist of the Gaussian part is certain, the
smaller a is, the more similar the zero-order Bessel–Gaussian beam is to the Gaussian beam.
The larger a is, the more similar the zero-order Bessel–Gaussian beam is to the Bessel beam.

In order to quantitatively study the effect of turbulence on different zero-order Bessel–
Gaussian beams, we set the propagation distance of the beam to be 3 km. As a comparison,
the spot distributions of different zero-order Bessel–Gaussian beams propagating 3 km
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in a vacuum are shown in Figure 2. Compared with Figure 1, after propagating 3 km
in a vacuum, the spot of the corresponding zero-order Bessel–Gaussian beam basically
maintains its original distribution characteristics.
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in vacuum, where (a) a = 80/m, (b) a = 60/m, (c) a = 40/m, (d) a = 20/m.

For the same propagating distance in turbulent atmosphere, that is, z = 3 km, the spot
distributions with C2

n = 10−14m−2/3 are shown in Figure 3. Compared with Figure 2, due
to the influence of turbulence, the ring spots began to degrade. From Figure 3, it can be
seen that the smaller the value of a, the less significant the effect of atmospheric turbulence.
Correspondingly, the smaller the value of a, the fewer rings it corresponds to. This effect
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can also be seen from the change in peak value: the larger a is, the more obvious the drop
in peak value.
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Figure 3. Intensity distribution of the zero-order Bessel–Gaussian beam when it propagates 3000 m
in turbulent atmosphere with C2

n = 10−14m−2/3, where (a) a = 80/m, (b) a = 60/m, (c) a = 40/m,
(d) a = 20/m.

If the strength of turbulence is increased, that is, C2
n = 5× 10−14m−2/3, the corre-

sponding beam spot distributions propagated 3 km in turbulent atmosphere are shown
in Figure 4. Similarly, the more obvious the initial ring spot is, the greater the impact of
turbulence.
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n = 5× 10−14m−2/3, where (a) a = 80/m, (b) a = 60/m, (c) a = 40/m,
(d) a = 20/m.
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With a further increase in the turbulence intensity, the spot distributions of zero-order
Bessel–Gaussian beam propagated 3 km with C2

n = 10−13m−2/3 in turbulent atmosphere
are shown in Figure 5. Similarly, the more obvious the initial ring spot is, the more it will
be affected by turbulence.
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Figure 5. Intensity distribution of the zero-order Bessel–Gaussian beam when it propagates 3000 m
in turbulent atmosphere with C2

n = 10−13m−2/3, where (a) a = 80/m, (b) a = 60/m, (c) a = 40/m,
(d) a = 20/m.

In order to illustrate the effectiveness of the judgment factor proposed in this paper,
we calculate the similarity of beam spots corresponding to Figures 3–5 with Figure 2,
respectively. The smaller the similarity of light intensity, the greater the impact of turbulence
on it.

The vacuum frequency domain radius rω for the different Bessel modulation factors,
the coherence length ρω of atmospheric turbulence in frequency domain, the ratio of rω

and ρω, namely the parameter τ which is used to quantitatively describe the turbulence
influence, and the similarity S compared with Figure 2 are given in Table 1 for different
atmospheric turbulence strengths.

It can be seen from Table 1 that the larger the parameter τ, the smaller the similarity of
the beam, which means a laser beam with larger parameter τ is less affected by atmospheric
turbulence. When the parameter τ is smaller than two, the similarity is approximately
equal to one, which means the effect of atmospheric turbulence can be ignored. If the
parameter τ is less than 6, the similarity can reach 0.99. That is to say, the parameter τ used
to quantitatively describe the effect of atmospheric turbulence in this paper is effective and
consistent with the change in similarity of the laser beam. At the same time, we can also
see that the more obvious the ring, the greater the influence of atmospheric turbulence on
the Bessel–Gaussian beam. The results can be explained as follows: micro vortex structure
and turbulence-scale changes can play a similar role to the diffraction effect in optical
systems, which can reduce the local intensity changes of the laser beam and achieve a
certain degree of smoothness. When the laser beam passes through the turbulence, the
irregular distribution of turbulence, changes in turbulence scale, and the interaction of
vortices will smooth out the non-uniformity and fluctuations of the laser beam, making it
more uniform and stable. A laser beam with more obvious rings has a higher frequency;
thus, the influence of the beam affected by turbulence is more obvious.
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Table 1. The parameters of the zero-order Bessel–Gaussian beam after propagating 3000 m in
atmosphere with different turbulence strengths.

a (m−1) rω (m−1) ρω (m−1) T S

C2
n =

10−14m−2/3

80 81 43 1.8 1.0

60 62 43 1.4 1.0

40 44 43 1.0 1.0

20 27 43 0.6 1.0

C2
n =

5× 10−14m−2/3

80 81 16.6 4.9 0.993

60 62 16.6 3.7 0.997

40 44 16.6 2.6 0.999

20 27 16.6 1.7 1.0

C2
n =

10−13m−2/3

80 81 11 7.4 0.977

60 62 11 5.7 0.991

40 44 11 4.0 0.997

20 27 11 2.6 0.999

4. Summary

Apart from adaptive optics technology, turbulence’s impact on laser propagation can
also be reduced through light field modulation techniques and the design of initial light
fields. This paper proposes a criterion for quantitatively describing the effect of turbulence
on laser beam propagation in atmospheric turbulence. This criterion not only provides a
quantitative description of turbulence’s impact but also offers a method for initial beam
design. To illustrate its effectiveness, this paper uses Bessel–Gaussian beams as an example
and conducts a quantitative study on the effect of atmospheric turbulence on the laser
beam based on this criterion. The results indicate that the criterion is consistent with the
description using the similarity of the laser beam. Based on this criterion, it can be inferred
that under the same conditions, the more apparent the initial beam spot ring, the greater
the impact of the atmospheric turbulence on the Bessel–Gaussian beams. The physical
mechanism behind this phenomenon can be explained by the fact that laser beams with
more pronounced ring structures have higher frequencies, and atmospheric turbulence has
a more noticeable impact on them.
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