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ABSTRACT

The study focused on examining the characteristics of partially coherent Lorentz-Gauss vortex beams in a
medium featuring a gradient refractive index. The study employed the ABCD matrix, deriving analytical expres-
sions for the cross-spectral density function based on the extended Huygens-Fresnel principle and the relation-
ship between the Hermitian Gaussian function and Lorentz distribution. The findings revealed that the topological
charge, coherence length, and gradient refractive index coefficient are pivotal factors influencing the beam’s be-
haviour in the medium. An increase in topological charge led to an expansion of the dark spot in intensity, while
the gradient refractive index plays a crucial role in altering the size and shape of the intensity periodically in the
medium and does not affect the dark spot in the middle of the beam. The findings from this study hold poten-
tial for applications in remote sensing and optical communications, making them valuable for further research

endeavors.
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1. INTRODUCTION

Lorentz-Gauss beams have revolutionized laser technol-
ogy, opening up new possibilities in applications such
as optical communications and remote sensing. These
beams are generated by a single-mode diode laser and
have been extensively studied in different mediums,
including uniaxial crystals [1], turbulent atmospheres [2],
through axicon optical system [3], and Kerr media [4].
With their unique properties, including a zero central
intensity and a spiral wave-front structure, these beams
have proven to be highly effective in their applications.
By using a spiral phase plate [5], a Lorentz-Gauss vortex
beam is produced, which has been extensively studied
in different mediums, including turbulent atmosphere[5],
and gradient-Index Medium([6]. Another crucial aspect
of a light beam is coherence. Low-coherence laser
beams, also known as partially coherent beams, exhibit
a number of intriguing characteristics, most notably
an extremely powerful self-reconstruction. There are

a lot of partially coherent laser beams that have been
studied, including the partially coherent rectangular
multi-Gaussian Schell-model vortex beam[7] and the
partially coherent Lorentz Gaussian vortex beam
(PCLGV)[8]. The partially coherent Lorentz-Gauss
vortex (PCLGV) beam passing through ABCD optical
systems has been discussed in many works[1, 9]. For
instance, studied Propagation of a Lorentz—Gauss
vortex beam through a paraxial ABCD optical system
[10]. The combination of the vortex and partially
coherent light characteristics makes these beams ideal
for use in optical communications and remote sensing.
Researchers continue to explore and develop this
exciting technology for new and innovative uses in the
future [11].

The gradient-index medium has proven to be a
versatile medium with numerous applications in fields
such as optical communication, focusing and image
formation, and optical fiber fabrication [12]. Scientists
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and researchers alike have been captivated by the
unique self-focusing capabilities of the gradient-index
medium, and as a result, there has been extensive
research on its properties. The propagation char-
acteristics of several model beams through GRIM
have been studied in the last few years, including
Bessel-Gauss beams [13], Lorentz-Gaussian vortex
beams[6], vortex Hermite-cosh-Gaussian beams[14],
Airy—Gaussian vortex beams[15], on-axis and off-axis
Bessel beams[16], and Gaussian vortex[12]. Despite
this, researchers are yet to conduct any studies on the
propagation of partially coherent Lorentz-Gauss vortex
beam (PCLGV) in a gradient-index medium (GRIN)
[17]. This knowledge gap presents an opportunity for
further exploration and could lead to the discovery of
new properties and applications of GRIN, particularly in
the fields of optics and communication.

The partially coherent Lorentz-Gauss vortex beam
is introduced for the gradient-index medium, and this
paper derives analytical propagation formula. To better
understand these beams’ behavior in different mediums,
the focusing properties and cross-spectral density of
the PCLGV beam in the GRIN medium are investigated
numerically. In addition, the effects of gradient refractive
index, coherence parameter, and topological charge on
the phase distribution and intensity are studied. This
research aims to provide a comprehensive perspective
on the behavior of these beams in various mediums.

2. MODEL OF A PARTIALLY COHERENT
LORENTZ-GAUSS VORTEX BEAM

At the source plane, the electric fields of the LGVB beam
can be expressed as[10]:

WoxWoy

(w3, +3) (w3, +3)
2.2 WM
exp (_Xo —&—2y0> o (xo+zy0) /
ZUO wo

where rg = (x, o) is the position vector at the source
plane zp, wo, and wy, are the parameters related to the
beam widths of the Lorentz part of Lorentz—Gauss vortex
in the x and y directions, respectively, wy is the waist
width of the Gaussian part of the Lorentz—Gauss vortex
beam, and M is the topological charge of Lorentz—Gauss
vortex beam. Based on the theory of coherence, the fully
coherent beam can be extended to a partially coherent
beam, and considering the generation of partially co-
herent beams, the cross-spectral density of the PCLGV
beam generated by Schell-model sources at the plane z

E (r9,0) =

X

= 0 can be expressed as[18]:
(E (r01,0) E* (ro2,0))

= /I(ro1,0)I(ro2,0) X p(xo1 — X02, Yo1 — Yo2),

Wi(ro1;702;0) = 2

where u(xo1 — X2, Y01 — Yo2) represents the spectral
degree of coherence and is represented as follows:

1(xo1 — X02,Yo1 — Yo2) =

(ror —x2)” (yor — yo2) 3)
P 202 207 !

when ¢ turns into infinity, p(xo1 — x02, yo1 — y02) = 1
thus becoming

W (ro1;102;0) = 1/ I(r01,0)I(ro2,0), (4)

and when ry; = rgp then
W (ro1;702;0) = I(r01,0) (5)

Substituting Eq. (1) into Eq.(3), partially coherent
Lorentz-Gauss vortex beam at the source plane can be
expressed as[11]:

1 WoxWoy

wM (o 2 2 2
wo o (wg, + x5,) (wa + ym)

2 .2

Xp1 + .

X exp (_01w2y01> x (x01 + iy )M
0

W(ro1;702;0) =

WoxWoy

2 2 (w2 412
(@ + x5;) (wa + yoz)

2 2
Xy + .
X exp (_02w2y02> X (xp2 — zy02)M
0

X

(xo1 —x02)* (o1 — yo2)?
x exp |— — ,
P [ 202 207
(6)
Where oy and o, are the spatial coherence length in
the x and y directions respectively . By considering in

Eq.(6), the relation between the Hermite-Gauss function
and the Lorentz distribution function [11]:

1
(w3, +2) (wg, +2)

Z Z A2ma2n

2w0xw0y m=0n= 7)

Hopy, ( X )H
Wox

Where Hj,, and H,, are the 2m and 2n order Hermite
polynomial, and H,,, can be expressed as[19]

Ho(x i (=DEEm)!

2m—2L
2m Li2m —2L)! :(2x) . (8)
Similarly, Hp,, can be expressed as in Eq.(8), only m
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replaced by n. And the expanded coefficients a,,, can be
rewritten as: [10]

A T ]
22s S {\/§e<1/4)2>< 9)

1 S
erfc {—] + (—1)*(2t—3)!!} }
valth

where erfc [x] = 1 — erf [x], and with an increasing in
numbers 2m the values of a,,, will dramatically decrease.
Now, recalling the following equation [19]:

% Mt
LY(M—L)!

MfL L

(x+iy)™ vk, (10)

then, Eq.(6) can be rewritten as[11]
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X exp

(11)

2.1. THE PROPAGATION OF A PARTIALLY CO-
HERENT LORENTZ-GAUSS BEAM IN A
GRADIENT-INDEX MEDIUM

Based on the optical matrix , the paraxial propaga-
tion of the partially coherent Lorentz-Gauss beam in
a gradient-index medium can be determined by the
Huygens-Fresnel integral as[9]:

- <2nB) /// W (ror, 7z, 0)

ikA
X exp {— B ((X(%l +y51) — (x5 +yéz))

W (r1,72,2)

ik ik
X +§(x01x1 +yoy1) — E(on?ﬁz + Yooy2)

_ﬂ;T? ( (x% + y%) - (x% + y%) ) } dxo1dyo1dxo2dyoz,

(12)

where A, B, and D are optical matrix components
that the optical medium determines, k = 27” is the wave

number, and A is the wavelength of the incident light.

Considering the case of the PCLGV beams propagating
in the gradient-index medium with the refractive-index
distribution is[12]:

1
n(r) ~ ngy <1 -5 2r2) ,

where f is a parameter associated with the parabolic
dependence of the refractive index, ng is the refractive
index at z axis , and r is the distance from the axis of
symmetry, and can be expressed as r?> = x> + y?, which
is the radial component. The optical matrix connected
with GRIM within the paraxial approximation is expressed

by[13]:
sin(pBz)
1o ) (14)

<A B> _ (
¢ b - cos(pz)

By recalling the following formulas [19, 20]

/:: x"exp (—px2 —I—qu) dx = nlexp (f) (Z)n
[3]
7 L (o)
0.5n ;
() ()0 ().

(15)

(13)

cos(Bz)
noB sin(Bz)

n

(a+b)" Z

”‘LbL. (16)

By Substituting Eq.(11) into Eq.(12). After doing
straightforward and lengthy algebraic calculation, we can
obtain:

1 % T ’
W 7 7 =
(r1,72,2) ng (271B) (Zwoxw0y)

<oxp |55 ((548) - (3+12)) |
N N N N
X Z Z Z Z A2my 201 A2m; 21,

m1=0n1=0 my=0my=0

Mmoo M Mi(—i)ke

. g Ly!(M — Ly)! 7 Lo!(M — Lo)!
x W(x,z)W(y,z),

(17)
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where the expression of W(x, z) is given by:

1 27’]11)
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The expression of W(y, z) is given by

ik o (=DEEn)!
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in which ay, b, and c, are given by

ay = ! + ! 5+ ! + ikA (21a)
y ~ 7 D) P Ap 7/
Zwoy wO 20'y2 2B

2
1 1,1 kA 1(1
by=—+—F+-5—-5~——|55| . (@b
YU 2wd w207 2B ay( > (16)

1 [(iky\ 1 iky,
cy = — (ﬁ) @ ~ 5B’ (21c)
Equation(17) is the analytical expressions for a partially
coherent Lorentz-Gauss vortex beam propagating in a
gradient-index medium at the receiver plane z, and the
derived equations can be used to determine the propaga-
tion characteristics of a partially coherent Lorentz-Gauss
vortex beam propagating in a gradient-index medium. If
we put r{ = r, = rin Eq.(17), the intensity of a partially
coherent Lorentz-Gauss vortex beam propagating in a
gradient-index medium can be obtained. The spectral
degree of coherence for the laser beam given at the
receiver plane z can be expressed as[21]:

W(r1,12,2)
[W(r1,11,2)W(rp, 12, z)]%

Inserting Eq.(17) into Eqg.(22), one can calculate the
spectral degree of coherence. Based on the obtained
equations, the intensity and coherence properties of a
partially coherent Lorentz-Gauss vortex beam that prop-
agates in a gradient-index medium will be investigated in
the following section.

(22)

]/1(1’1,1"2, Z) -

2.2. SIMULATION AND DISCUSSION

In this section, the average intensity, phase, and vortex
properties of the partially coherent Lorentz-Gauss vortex
beam propagating in the gradient index medium are ana-
lyzed and illustrated using Eq.(17). We get the intensity
when we put r; = r;, into Eq.(17), while we get the phase
when we put ; = r and r, = 0 into Eq.(17) . The global
values of the parameters used for the calculations shown
in Table 1.

A n, x y z M
06 156 x O z 2

B 0x Oy W, Wox Wgy
0.25 3 3 2 3 3

Table 1. The global values of the parameters used in this
work unless otherwise stated in some parts of it. (zm unit, for
parameters that have a unit of length).

Figure.1 investigates the evolution the normalized av-
erage intensity of a partially coherent Lorentz-Gauss
vortex beams propagating in the gradient-index medium
with different values of M at different distances . It can
be found that a partially coherent Lorentz-Gauss vortex
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Figure 1. Cross section (y = 0) of normalized intensity for partially coherent Lorentz-Gauss vortex beams propagating through
the gradient-index medium with different values of M, at different distances.
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Figure 2. Cross section (y = 0) of normalized intensity for partially coherent Lorentz-Gauss vortex beams propagating through
the gradient-index medium with different values of wo, = wy,, at different distances.
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Figure 3. Normalized intensity and the phase distribution of the CSD function for partially coherent Lorentz-Gauss vortex beams

propagating through the gradient-index medium with different values of M =0,1...
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Figure 4. Normalized intensity and the phase distribution of the CSD function for partially coherent Lorentz-Gauss vortex beams
propagating through the gradient-index medium With different values of wo, = woy, at z = 6.25 ym.

beam can keep its propagate periodically in the direction
of z, and when M = 0, there is no dark spot in the middle,
and the higher the value of M, the wider the dark spot
and the greater the width of the beam.

Figures.3 show a cross-sectional view along the x-y
axis for both intensity and phase. Fig.3a is observed
that at z = 6.25 um, that the phase varies in evolution
according to M, whether it is even or odd, where the dark
spot in the middle of the beam represents the negative
value of the phase when M is an odd number, and this
spot decreases and the number of rings increases in its
middle and takes a quadrilateral shape as the odd num-
ber of M increases, while the orange spot in the middle

of the beam represents the zero value of the phase when
M is an even number and this spot decreases and the
number of rings around it increases with the increase of
the even number of M. However, fig.3b is observed that
atz = 12.5 ym when M = 0, the phase is equal to zero,
and as M increases, the number of rings increases, and
these rings merge to form four petals when M = 4,5,
and the size of the petals is greater at M = 5 compared
toM =4.

Figure.2 describes the evolution of the normalized
average intensity of partially coherent Lorentz-Gauss
vortex beams propagating in the gradient-index medium
with different values of wy, = w,, at different distances.
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Figure 5. Normalized intensity and the phase distribution of the CSD function for partially coherent Lorentz-Gauss vortex beams
propagating through the gradient-index medium with different values of oy = oy,.
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Figure 6. Normalized intensity and the phase distribution of the CSD function for partially coherent Lorentz-Gauss vortex beams
propagating through the gradient-index medium With different values of o, = 0y at z = 6.25 ym.

It can be found that the dark spot and the intensity width
increase when wy, = wy, increases, and these are when
the increase by wo, = woy is less or equal to wy, while
when wo, = wy, is greater than wy, there is no effect
of intensity along the z-axis. There is a uniqueness at
z = 2m, and at this distance, the dark spot decreases
in the middle of the intensity and the intensity width de-
creases with the increase of wy, = wp,. To illustrate
further, Fig. 4 displays the contour graph of the distribu-
tion of the intensity and phase distribution of the partially
coherent Lorentz-Gauss vortex beams propagating in
the gradient-index medium at z = 6.25 um with different
woyx = woy- We note that in the phase in which wo, = wo,
is less than wy, the phase appears as quadruple rings,
while when wo, = wy, is greater than wy, the mid-phase
ring appears circular, while the rings surrounding it are
irregularly shaped. All loops appear circular and reg-
ular when wy, = wp, = 10, and the number of loops
increases when wo, = wy, increases.

Figure.5 shows the effect of different coherence
lengths ¢ on the spectral degree of coherence of par-
tially coherent Lorentz-Gauss vortex beams at different
distances z in the gradient-index medium. One can see
that the greater the coherence length, the greater the
intensity a bonding of partially coherent Lorentz-Gauss
vortex beams in the gradient-index medium, and in val-
ues greater than o = 5, with increasing cohesion length,
the intensity of the beam is not affected. Similarly, phase
cohesion increases with increasing the coherence length
and is not affected by large values of bonding length.To
illustrate further, Fig. 6 displays the contour graph of
the distribution of the intensity and phase distribution of
the partially coherent Lorentz-Gauss vortex beams prop-
agating in the gradient-index medium at z = 6.25 um
with different ¢. One can see from these figures that
when the cohesion length is less than or equal to one,
the cohesion decreases, the width of the intensity in-
creases, and there is no dark spot as the length of the
bonding decreases. When the length of the cohesion is
greater than one, the bonding increases and the width

of the intensity decreases, and the dark spot grows in
the middle of the intensity with increasing the length of
the cohesion, while the phase increases the number of
rings and becomes irregular in shape approximately as
the value of the cohesion length increases.

Figure.7 shows the distribution of the normalized
intensity and phase of partially coherent Lorentz-Gauss
vortex beams propagating through the gradient-index
medium in the x-z plane (y = 0) with different values of 8
. As can be seen, the parameter 5 alone establishes the
periodic value; it has no effect on the beam width or dark
center. The evolution period of the partially coherent
Lorentz-Gauss vortex beams in the gradient-index
medium reduces with increasing parameter . While the
period of beam evolution increases when j decreases.
We can see in Fig. 7 that the phase is not affected by
but the number of cycles for both phase and intensity
of partially coherent Lorentz-Gauss vortex beams
propagating through the gradient-index medium.

3. CONCLUSION

In this paper, the theory of coherence is used to introduce
the partially coherent Lorentz-Gauss vortex beam in a
gradient-index medium. The extended Huygens-Fresnel
diffraction integral is then used to discuss the evolution
properties of the partially coherent Lorentz-Gauss vor-
tex beam propagating in a gradient-index medium. The
findings indicate that the black spot in the middle of the
Lorentz-Gauss vortex beam gradually grows as M in-
creases and continues to propagate periodically in the
direction of z. As the coherence length ¢ drops, the
beam width increases and the black spot gets smaller
proportionately. Furthermore, it is discovered that as
parameters o and M decrease, the beam loses its black
spot and changes into a Lorentz-Gauss-like beam. In
addition, the phase does not change significantly with
a change in wp, = wyy, o, or B, while it changes with a
change in M. Also, the shape of the phase depends on
the values of M if they are odd, the shape of the phase
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Figure 7. Normalized intensity and the phase distribution of the CSD function for partially coherent Lorentz-Gauss vortex beams
propagating through the gradient-index medium with different values of 8.
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differs from the even M values. While the gradient-index
medium parameter  affects the periodic propagation of
the beam in the medium, parameter g alone establishes
the periodic value with a periodical distance of L = 7t/ §;
it has no bearing on the beam’s breadth or the black
spot. The results of this paper can use in partially coher-
ent Lorentz-Gauss vortex beam optical communication,
optical trapping, and fiber communications.
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