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ABSTRACT

Based on the derived analytical formulae for the optical intensity and effective beam width of a partially
coherent rectangular multi-Gaussian Schell-model (RMGSM) vortex beam, we analyzed the evolution of
the effective beam width of a partially coherent RMGSM vortex beam propagating in an anisotropic
turbulent plasma using numerical examples. The numerical results demonstrated that the effective beam
widths in the x and y directions were similar. In studies on the influences of the source parameters, one can
see that an RMGSM vortex beam with a larger topological charge [ and beam waist w, or a smaller
correlation coefficient ¢ evolves into a beam with a larger effective beam width. However, the influence of
beam order was not evident. In addition, numerical examples proved that the effective beam width increases
with increasing propagation distance and refractive index fluctuation variance (n?) or decreasing anisotropy
parameter &, outer scale Ly, and inner scale [,. This study's results will be beneficial for applications in
free-space optical communications.
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1. Introduction:
The phenomenon of laser beams propagating

through atmospheric turbulence has garnered
significant interest in recent years due to its
applications in optical communication and
remote sensing [1, 2]. In reality, a hypersonic
plasma sheath forms around an aircraft as it
pierces the Earth's atmosphere at an extremely
high speed (hypersonic) because the gas

environment around the hypersonic aircraft rubs
against the aircraft's body [3, 4]. The
communication properties between vehicles and
radar can be significantly affected by the
existence of anisotropic turbulent plasma sheaths
around aircraft. This can impede communication
and cause break-in connections in certain cases
[5, 6]. The propagation of various laser beams in
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anisotropic turbulent plasma has received
significant attention over the past decades [7-11].
There has been much interest in the propagation
of optical beams with phase singularities in
turbulent atmospheres. Gbur and Tyson
proposed that in optical communications, the
topological charge may be wused as an
information carrier by looking at how vortex
beams, such as Laguerre-Gaussian beams,
propagate through weak-to-strong atmospheric
turbulence [12]. According to Wang et al.,
atmospheric turbulence has less impact on the
spreading of partially coherent vortex beams than
on partially coherent nonvortex beams [13].
Recent advancements in laser technology have
led to the introduction of novel rectangular
beams produced by multi-Gaussian sources. This
beam is called a rectangular multi-Gaussian
Schell-model (RMGSM) vortex beam. Free-
space propagation characteristics were also
investigated. The results showed that the
RMGSM vortex beam maintained its central dark
core over short propagation distances.
Subsequently, it eventually transforms into a
rectangular flat-topped beam with increasing
propagation distance [14]. To the best of our
knowledge, no research has been published on
the effect of turbulent plasma on the effective
beam width of RMGSM vortex beams.

In this study, we first derive an analytical
formula for the effective beam widths of an
RMGSM vortex beam through a turbulent
plasma. Second, we examine the effect of various
beam and plasma parameters on the effective
beam widths for an RMGSM vortex beam using
numerical simulation. Finally, conclusions of
this study are presented.

2. Theoretical Model
The cross-spectral density of the RMGSM vortex
beam at the plane z = 0 of the Cartesian system
can be written as [14, 15]:
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wherer{ = (x;,y;) is the position coordinate in
the plane z =0 (i = 1,2), [ is the topological
charge, wy is the beam waist of a Gaussian beam,
N, and N, are the numbers of Gaussian functions
that can control the flat part of the x and y
components, respectively, o is the correlation
coefficient.

Effective beam width is a useful parameter for
describing the spreading characteristics of a
beam. The effective beam width of the partially
coherent RMGSM vortex beam through the
turbulent plasma in the s-direction at plane z is
defined as [16]

(s =x,0ry)

©)

where I is the optical intensity, which depends on
variables x, y, and z , and (.) denotes the
ensemble average. In accordance with the
expanded Huygens-Fresnel integral formula, the
optical intensity of a partially coherent laser
vortex beam propagating through turbulent
anisotropic plasma is given by [17]

_ |, I s* 4G, 2) dx dy
= P ) dxdy
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where k = 2m/A is the wave number, A is the
wavelength, and 1y denotes the complex phase
turbulence due to the random medium, which can
be expressed as [9, 18]

(exp [ (ry,1,2) + Y (1ry, 1, 2)]) =
exp{—D(2) [(ry —T)*]}.  (5)

where D(z) is the wave-structure function. If an
anisotropic turbulent plasma is employed, the
wave structure function is as follow [19]
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is the inner scale, m; = 4 — d isaconstant, d is
the fractal dimension for fully developed
turbulence, d = 2.6, and m; = 1.4. L, is the
outer scale (satisfy Ly/l, = Rg/“', R, =5x10°
is the Reynolds number), (n?) is the refractive
index fluctuation variance, ¢, and ¢, are
anisotropy parameters, I'(.) is the Gamma
function and U(.) is a confluent hypergeometric
function of the second type. Substituting Egs. (1),
(5), and (6) into Eqg. ((4), and applying the
following integral and expressions [20, 21]:

- !
(ot i) = ) e ), ()

t=0

JAST Vol. 1| No. 3]2023|

JAST

n/2

H (x) = (=1)° n!

=0 sl (n — 2s)! ()", ®)

+00

t
T
f xt exp(—px? — 2qx) dx = t! ’E (g)

—00

2 t/2

The optical intensity of an RMGSM vortex beam
propagating in turbulent plasma at plane z is
obtained as follows:
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On substituting Eq. (10) into Eq. (3) , after
integral calculations, the effective beam width of
a partially coherent RMGSM vortex beam in
turbulent plasma is obtained as follows:

A(s,2)

Ws(z) = Ao (19)
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Figure 1 : Intensity distribution of partially coherent RMGSM vortex beam with different
propagation distances z in turbulent plasma: (@) z = 1m,(b)z= 2m,and(c)z= 3m.

3. Results and discussion

In this section, we study the effects of various
beam and plasma parameters on the effective
beam width of a partially coherent RMGSM
vortex beam propagated in anisotropic turbulent
plasma using a set of numerical examples. The
following parameters are supposing, unless
stated otherwise: the beam parameters are: N; =
N, =3, | =2 oc=1mm,wy,=1cm, 1=
1550nm and the turbulent plasma parameters are
& =2, § =1, (nf)=073x1072°, [, =5x
107®m, Lo =0.1m (which satisfied the
conditions in Ref. [19]).

Figure 1 shows the evolution of the intensity
distributions of a partially coherent RMGSM
vortex beam with [ = 2 in turbulent plasma,
where the intensity distribution is plotted for
different propagation distances z (1,2,3) m. As
can be seen, the intensity distributions of a
partially coherent RMGSM vortex beam
propagating through turbulent plasma undergo
several stages of evolution. A central dark core
exists in the z = 0 plane. At z = 2m, an
intensity profile with a central dip was observed.
Ultimately, it transforms into a Gaussian shape
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as the propagation distance increases to z = 3 m.
As shown in Figurel , the effective beam widths
in the x and y directions follow a similar
variational rule. Thus, the following analysis is
only shown in the x-direction w,(z).

Figure 2 illustrates the changes in the effective
beam width of the partially coherent RMGSM
vortex beam for different beam parameter values
(beam order N; = N,, topological charge I,
correlation coefficient o, and beam waist wy)
versus propagation distance z in the turbulent
plasma. From the curves in Figure 2(a), it can be
observed that w,(z) gradually increased with
propagation. In addition, the partially coherent
RMGSM vortex beams with different N, = N,
values (5, 10, and 15) exhibit almost the same
spreading features (see Figure 2(a)); thus, the
effects of N, = N, on w,(2) can be ignored. From
Figure 2(b), it can be observed that w,(z)
gradually increased with propagation. When the
propagation distance is from 0 to 1m, the
effective beam width shows little change.
However, this change was significant when the
propagation distance was z > 1m. In addition,
we found that w, (z) increased with increasing L.
Figure 2(c) shows w, (z) of the partially coherent
RMGSM vortex beam for different values of o

JAST Vol. 1| No. 3| 2023 |
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(0.1 mm, 0.4 mm, and o). Figure 2(c) shows that
wy(z) gradually increases with propagation.
However, a partially coherent RMGSM vortex
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beam with a smaller ¢ has a larger w, (z) value as
the propagation distance z increases. Thus, a
larger

(b)

Effective bewm width (mm)

0 500 1000 1500 2000 2500 3000

z(mm)

(d)

— wp=08cm

we=1 cm

Kffective beam width (mm)

0 500 1000 1500 2000 2500 3000
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Figure 2: Effective beam width of the partially coherent RMGSM vortex beam versus the propagation distance z in the
turbulent plasma for the different : (a) beam order N, = N,, (b) topological charge I, (c) correlation coefficient o, and (d)
beam waist wy.

correlation coefficient, the lower the influence of
turbulence on the spreading of beam width.
Figure 2(d) shows w, (z) of the partially coherent
RMGSM vortex beam for different w, (0.8 cm,
1, and 1.5 cm) in the turbulent plasma. From
Figure 2(d), it can be observed that w,(2)
gradually increased with propagation. In
addition, the effective beam width increased with
an increase in wy; this indicates that the beam
with a smaller beam waist was less affected by
the turbulent plasma.

Figure 3 illustrates the changes in the effective
beam width of the partially coherent RMGSM

JAST Vol. 1| No. 3]2023|

vortex beam for different values of the plasma
parameters (anisotropy parameter ¢,, refractive
index fluctuation variance (n?), outer scale Ly,
and inner scale [,) versus the propagation
distance z in the turbulent plasma. In Figure 3(a),
we plotted w,(z) of the partially coherent
RMGSM vortex beam for different values of ¢,
(1,3,6). It is evident from Figure 3(a) that the
anisotropy parameter of the turbulent plasma
significantly affects the spreading properties of
the partially coherent RMGSM vortex beam. The
partially coherent RMGSM vortex beam spread
more rapidly as ¢, decreased.
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Figure 3(b) plots w,(z) of the partially coherent
RMGSM vortex beam for different values of
(n?). From the curves in this figure, it can be
observed that w,(z) gradually increased with
propagation. The effective beam width also
increases with an increase in turbulence strength
(n?). In Figure 3(c) and 3(d), w,(z) of the
partially coherent RMGSM vortex beam
(a)
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propagating in the turbulent plasma is shown for
different L, and [,, respectively. From Figure
3(c) and 3(d), it can be observed that all the
curves gradually increase with propagation. In
the far field, w, (z) decreased with increasing L,
and [,. This means that, for turbulent plasma with
larger values of L, and [,, its effect on the beam
is less.

T (b) v

asf
— (n}) = 0.2x107%°

(u}) = 0.6x10-3

2000

0 500 1000 1500 2000 2500

Z(mm)

(d)

45
- = )-*
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Figure 3: Effective beam width of the partially coherent RMGSM vortex beam versus the propagation distance z in
the turbulent plasma for the different : (a) anisotropy parameter &, (b) refractive index fluctuation variance (n?), (c) outer
scale Ly, and (d) inner scale 1.

The results shown in the previous figures are
owing to the partially coherent vortex beam
being impacted by turbulence and diffraction as
it propagates. The  diffraction  effect
predominates early in the passage of the vortex
beam. The effect of turbulence became more
prominent as the propagation distance of the
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vortex beam increased in the anisotropic
turbulent plasma, which spread the beam spot.

4. Conclusion

In this study, based on the extended Huygens-
Fresnel integral, analytical expressions for the
optical intensity and effective beam width of a
partially coherent RMGSM vortex beam
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propagating through anisotropic turbulent
plasma is derived and used to study the evolution
of the effective beam width using numerical
examples. The results indicate that the partially
coherent RMGSM vortex beam propagating
through turbulent plasma loses its central dark
core and transforms into a beam that resembles a
Gaussian as the propagation distance z increases.
We also found that the effective beam widths in
the x- and y-directions are similar. The source
parameters [, g, and w, affect the effective beam
width of a partially coherent RMGSM vortex
beam in turbulent plasma. The effective beam
width was relatively larger for larger
parameters [ and w,, and o was smaller for the
source. The effect of N; = N, on the effective
beam width can be disregarded. In addition, the
numerical results demonstrate that the effective
beam width increases with the propagation
distance, and a partially coherent RMGSM
vortex beam propagating in turbulent plasma
with smaller &, Lo, and [, or larger (n?) will have
a larger effective beam width.
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