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Optical vortices are associated with orbital angular momentum (OAM) and play a significant role in optical commu-
nications. During propagation through turbulent atmosphere, optical vortices are subject to atmospheric turbulence, which
induces effects such as vortex annihilation. This paper investigates the interaction of two optical vortices during their prop-
agation through turbulent atmosphere. The results show that when the topological charge magnitudes of the two optical
vortices are m and n, they evolve into m+ n optical vortices, each with a topological charge magnitude of 1. As the propaga-
tion distance increases: when the topological charges of the two optical vortices have equal magnitudes but opposite signs,
the wavefront exhibits either no optical vortex or a pair of optical vortices with topological charges of +1 after sufficiently
long propagation; when the topological charges have unequal magnitudes and opposite signs, the wavefront contains m+n,
m-+n—2, or |m— n| optical vortices after sufficiently long propagation. These findings can provide theoretical guidance

for the control of optical vortex propagation.

Keywords: optical vortex, turbulent atmosphere, topological charge, orbital angular momentum (OAM)
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1. Introduction

Singular optics is an emerging branch of modern optics,
primarily focusing on phase singularities in light waves and
the topological structure of wavefronts.[!! Optical vortices rep-
resent a specific manifestation of phase singularities in light
waves and are intrinsically linked to OAM.?! At the core
of an optical vortex, the phase remains indeterminate, with
the intensity equaling zero.[*! Owing to its profound theoret-
ical significance!*>! and wide-ranging applications in optical

671 optical micromanipulation,#-101 optical

communications,
data storage,!!"'?! and quantum cryptography,!'3!4 this field
has attracted extensive research interest.

Chen et al. pointed out that optical vortices offer dis-
tinctive advantages for information encoding, particularly suit-
able for high-capacity optical communications, and identified
mode modulation/demodulation, mode processing, and mode
transmission as the three pillars of optical vortex commu-
nication networks.!!>l Zhang et al. proposed a mechanism
for generating optical spatiotemporal vortex pulses with fixed
central frequency and momentum, which they subsequently
verified experimentally.l'®! Chen et al. developed a novel
nanoscale vortex generation strategy that achieves precise con-
trol over the intensity and phase of transmitted light by ma-
nipulating the coupling of adjacent nanopillars, enabling the

TCorresponding author. E-mail: penghgao@163.com
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efficient nanoscale generation of vortex beams carrying differ-
ent topological charges.!'”l Jo et al. reported that spin—orbit
coupling in van der Waals materials can give rise to optical
vortices, demonstrating that an 8-pum-thick hexagonal boron
nitride crystal can produce optical vortices with topological
charges of +2.18! Peters er al. systematically expounded
a digital approach to the transmission of structured light in
turbulent atmosphere.!'”) Li ef al. experimentally generated
vector vortex pin-like beams and numerically simulated their
propagation through turbulent atmosphere, showing that such
beams exhibit significant advantages in mitigating turbulence

1201 Gao et al. studied the spiral spectrum and channel

effects.
capacity of a Gaussian beam carrying a fractional-order opti-
cal vortex and an edge dislocation during propagation in turbu-
lent atmosphere, revealing the relationship between wavefront
phase distribution and OAM modes.[*!! Saad et al. examined
the influence of turbulent atmosphere on the propagation char-
acteristics of modified anomalous vortex beams.??! Bai er al.
reported a new type of vortex beam and analyzed its chan-
nel capacity and bit error rate in propagation through turbulent
atmosphere.'?*! Duan et al., based on the Young’s double-slit
interference principle and using vortex beams as the coherent
light source, investigated the relationship between interference
patterns and topological charges.>*! Gao et al. explored the
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influence of edge dislocation on optical vortex propagation and
found that, in free space, the presence of an edge dislocation
renders higher-order optical vortices unstable, causing them to
evolve into two optical vortices.!?>! Lyu et al. designed a po-
larized optical multi-vortex generator.!*°! We will investigate
the propagation characteristics of two optical vortices, and ex-
plore the interaction between the two optical vortices under the
influence of turbulence perturbations in turbulent atmosphere.
The research conclusions will provide a theoretical basis for
the propagation control of optical vortices.

Therefore, the objective of this paper is to conduct a de-
tailed investigation into the evolution of two optical vortices
propagating through turbulent atmosphere. Section 2 presents
the field expression of a Gaussian beam carrying two optical
vortices at the source plane and derives the analytical expres-
sion of its cross-spectral density function during propagation
in turbulent atmosphere. Section 3 analyzes the propagation
of two noncanonical optical vortices with opposite topological
charge signs in turbulent atmosphere. Section 4 examines the
propagation of two canonical optical vortices with opposite
topological charge signs in turbulent atmosphere. Section 5
discusses the case of two optical vortices with identical topo-
logical charge signs. Finally, this paper provides a summary
of the main findings of the study.

2. Propagation model

At point (py, py) in a rectangular coordinate system, an
isolated n-fold degenerate intensity null can be expressed as

T (x,y)=[a(x—pe)+ily—py))?, (1)

where a is a dimensionless parameter associated with the
sign of the optical vortex’s topological charge and its phase
distribution, and ¢ denotes the magnitude of the topological
charge. The sign and magnitude of an optical vortex’s topolog-
ical charge are governed by the sign convention: >’ when the
phase increases in the counterclockwise direction, the topolog-
ical charge sign is positive (“+); otherwise, the topological
charge sign is negative (“—"). For an optical vortex with topo-
logical charge magnitude of /, the phase changes (increases)
by 2Irm. The topological charge of the optical vortex is repre-
sented by the combination of its sign and magnitude. ?’!

By embedding intensity nulls at (b, 0) and (—d, 0) into a
Gaussian beam using Eq. (1), the field expression of a Gaus-
sian beam carrying two optical vortices at the source plane can
be written as

s2+s2,
xexp(—" J), 2)

where s = (sy,$,) is a two-dimensional plane vector, wy is the
beam waist width, and c, like a, is a dimensionless parameter
related to the phase distribution and the sign of the optical vor-
tex’s topological charge. m and n denote the magnitudes of the
two optical vortices’ topological charges, respectively.
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Fig. 1. Phase distributions (a), (c), (¢) and normalized intensity distri-
butions (b), (d), (f) of a Gaussian beam carrying two optical vortices
at the source plane. a=1,c=1 (a), (b); a=1, c=—1 (¢), (d); and
a=—1,c=—1(e), ().

Based on Eq. (2), Figs. 1 and 2 illustrate the phase and
normalized intensity distributions at the source plane for a
Gaussian beam carrying two optical vortices. The calculation
parameters for Fig. 1 are wo =2 cm, a=1, ¢ =1 (a), (b),
a=1,c=-1(@),(d,a=—-1,c=—-1(), (f), b=1 cm,
d =1 cm, n =3, and m = 3. The parameters for Fig. 2 are
a=2,¢c=2(@), (b),a=2,¢c=-2(c), (d), and a = -2,
c = —2 (e), (f), with other parameters identical to those in
Fig. 1. According to Figs. 1(a), 1(b) and 2(a), 2(b), there ex-
ist two optical vortices with identical topological charges of
+3 at the source plane. Figures 1(c), 1(d) and 2(c), 2(d) show
two optical vortices with topological charges of +3 and —3,
respectively. Figures 1(e), 1(f) and 2(e), 2(f) indicate two op-
tical vortices both carrying topological charges of —3 at the
source plane. It is also evident from Figs. 1 and 2 that when
a = =£1 or ¢ = %1, the phase increment of the optical vortex
varies linearly, whereas for a = £2 or ¢ = £2, the phase incre-
ment is nonlinear. Therefore, the optical vortices in Figs. 1 and
2 correspond to canonical and noncanonical optical vortices,
respectively. The physical distinction between noncanonical
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optical vortices and canonical optical vortices lies in the num-
ber of OAM modes they correspond to. Canonical optical vor-
tices correspond to one OAM mode, while noncanonical op-
tical vortices correspond to multiple OAM modes. *%2° The
“multi-modes superposition” breaks the symmetric intensity
distribution of canonical optical vortices, causing the intensity
profile to deviate from the doughnut shape and exhibit more
complex characteristics.>-3!l This also explains why the in-
tensity distribution in Fig. 2 differs from that in Fig. 1. The
research can further promote the development of light inten-
sity modulation technology.
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Fig. 2. Phase distributions (a), (c), (¢) and normalized intensity distri-
butions (b), (d), (f) of a Gaussian beam carrying two optical vortices
at the source plane. a =2, ¢ =2 (a), (b); a =2, c = -2 (c), (d); and
a=-2,c=-2(e), (D).

By employing the following equation: 3?!

q |
(px+iy)? = lzfa #;l)! (px) (iy)"", 3)

Eq. (2) can be rewritten as
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The analytical expression for the cross-spectral density func-
tion of a Gaussian beam carrying two optical vortices at the

source plane (z = 0) is given by

Wo (s1,82,2=10)
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According to the generalized Huygens—Fresnel principle, 3]
the cross-spectral density function of a Gaussian beam carry-
ing two optical vortices propagating through turbulent atmo-
sphere can be expressed as

(L) S]] oo

<ew{ -3 [(s1- 0 <32—p2>2]}
x (exp[@” (p1,51) + @ (p2,52)]) ds1d sz, (6)

W(p17p27

where p; = (p1x,p1y) and po = (pax, p2y) are the position
coordinates of two points on the output plane, k is the wave
number defined by k =27 /A, and (-) denotes the phase fluc-
tuations induced by turbulence. These fluctuations can be ap-
proximated as!34!

{exp[@” (p1,81) + @ (p2,82)])

(51— 82)>+ (p1 — p2)* + (51— 82) (p1 — p2)
- . ()
0

/2 exp

where py = (0.545C,%k2z) =3/ represents the correlation
length of a spherical wave propagating through turbulent at-
mosphere, and C,Z, is the refractive index structure constant. A
larger value of C? corresponds to stronger atmospheric turbu-
lence.

By employing the following equation:[3?!

/ x"exp (—px* +2gx) dx
2 n
p p \pP

CIETR N
) m<w> (n=0,1,2,...) (8
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and performing the integration, the analytical expression for the cross-spectral density function of a Gaussian beam carrying two
optical vortices propagating through turbulent atmosphere is obtained as follows:

" plgh (—i)"il1 I

L(=b)7 3 mlen (i)™

! (d) )

w 1,P2,2) =
(P P ) 112:"0 l]!(n—l])! Zogl (ll_el)' =0 rl!(m_rl)! fl:Of]!(l’]—fl)!W(z)(ner)
LonlaRi" & bl (—b)2T I omic2i™T? 2 nl (d) R RC6
X
=0 lz. (I’l — lz)! =0 62! (lz — ez)! =0 }”2! ( — }’2) 0 f2 (rz —fz) '47172 2
(Pre—p2r)’ + (P1y—p2y)® ik
X exp [ = = (Pl Pl — PR p3)) | GG, ©)
Py z
where
2 [eﬁfl} h e1+f1—2h S1 e1+f1—2h1—s
o = et (B ) Z a | (1 +/i = 2h)'By <1> (10)
Afi’lJFfl 4 (e; + f1 —2hy) ! 51=0 si!(er + fi —2h1 —s1)! Pg 7
C _ (62+f2+el +fl —Zh] _sl)!B;2+f.2+€1+f]72h1*51 o BZ £
2= A§2+f2+€1+f1—2h1—51 p Az As
E|:€2+f2+€l‘;f1 —2h; —s1 ] Ah2
x o 2 : (an
=0 4th 2(€2+f2+€1+f1—2/’l]—S1—2h2)!h2!
n []+m r] P
C: = (n_ll+m_r1 Z A13
3 VR A 4 (n =1, +m—ry —2h3) 3!
y n—ly+m—ry 72h3 (I’l _ ll +m— r— 2h3) |B§2 (1) n—lj+m—r; 721’1375‘2 (12)
=0 spl(n—=bL+m—ry—2h3—s)! po2 ’
(n —bhAm—rdn—I +m—r —2h;— SZ) !Bzflermferrn—l] +m—ry 72h3*52\/ﬁ Bi
G = n—l+m—ry+n—I+m—r1—2h3—s; €xp X
A2 7 VA3 2
E n—ly+m—rp+n—Ilj+m—ry1—2h3—sp
x | : | (0.254,)" (13)
1= B (n—L+m—ry+n—1I +m—r —2h3—s1—2hy) hy!
|
In Cy, G5, C3, and (4, the expressions of Ay, Ay, By, By, B3, are determined through the equation set below: 136
and By are as follows:
! {Re[u (p1,02,2)] =0, (18)
ikl 1 ik 1 Im 1 (p1,p2,2)] =0,
Ar=sto tog A=s oot s (14) .
w Po o Po 1Pg where Re and Im denote the real and imaginary parts, respec-
B — ikpie  (P1x—pax) tively.
2z 208
By = Bi _ ikpy  pix— P (15) 3. Interaction of two noncanonical optical vor-
2 2 . . . . .
Aipg 22 2pg tices with opposite topological charge signs
By = ikpiy _ (P1y —p2y) propagating through turbulent atmosphere
2 27
¢ 2P 3.1. Case of equal topological charge magnitudes
By ikpyy | piy— P2y
By = T, > - (16) Figure 3 illustrates the phase distributions of the spectral
A1pg <z 2p;

degree of coherence for a Gaussian beam carrying two non-

According to the definition of spectral degree of coherence, [+ canonical optical vortices after propagating through turbulent
atmosphere over certain distances. The calculation parame-

W (p1,p2,2)
u(p1,p2,2) = (I7)  tersare A =1.06 um, wo =3 cm,a=—2,c=2,b=1cm,

[ (p1,2)1(p2,2)]"*

where I(p;,z) = W(pi, pi,z) (i = 1, 2) represents the optical
intensity at point (p;, z). The positions of the optical vortices

d=1cm,n=1,m=1(@-d),n=2,m=2(e)-(h),n=3
m =73 (i)~(1), p1 = (2 cm,2 cm), and C2 = 1015 m~2/3. As
shown in Figs. 3(a)-3(d), at the source plane, the Gaussian
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beam carries two noncanonical optical vortices with topolog-
ical charges of +1 and —1, respectively. As the propagation
distance increases to z = 0.2 km and z = 0.6 km, both vortices
remain present, though their spatial positions change. When
the propagation distance reaches z = 2 km, the optical vortices
are no longer observed, indicating that annihilation has oc-
curred at a certain propagation distance. From Figs. 3(e)-3(h),
two noncanonical optical vortices with topological charges of
+2 and —2 are present at the source plane. At z=0.2 km, each
of these optical vortices has evolved into two vortices with
topological charges of +1 or —1. At z = 0.6 km, one pair of
optical vortices with topological charges of 41 and —1 has an-
nihilated, leaving two optical vortices remaining. Atz =2 km,
two optical vortices with topological charges of +1 and —1
still exist. Figures 3(i)-3(1) show that for a Gaussian beam
carrying two noncanonical optical vortices with topological
charges of +3 and —3, the optical vortices at the source plane

3

> ()
2 2
1
0 0
-1
-2 -2
_3 :
—3 2 -1 0 1 2 3
3
® =0.2km
2
1
0
-1
-2

_3 2 -1

2 -1 0 1 2

31
302 -l

z=02km 4 ()
2

ol

-2

4

4

2

4

4

2

4

evolve into three optical vortices with topological charges of
+1 and three with topological charges of —1 during propa-
gation in turbulent atmosphere. As the propagation distance
increases, two optical vortices with topological charges of +1
and two with topological charges of —1 annihilate due to the
effects of turbulence, leaving only two optical vortices with
topological charges of +1 and —1.

Therefore, Fig. 3 demonstrates that when a Gaussian
beam carrying two noncanonical optical vortices with opposite
topological charge signs propagates through turbulent atmo-
sphere: when m = n = 1, the two optical vortices annihilate as
the propagation distance increases; when m = n > 1, the two
optical vortices evolve into m + n optical vortices with topo-
logical charge magnitudes of 1 as the propagation distance in-
creases, and with further propagation, annihilation occurs, and
at sufficiently long distances, two optical vortices with topo-
logical charges of 41 and —1 remain on the wavefront.

4 2 0 2 4 6 -4 -2 0 2 4 6
(g) z=0.6km ¢ ) z=2km
-1 4 4—1"'1 ‘
2
0
2
-4
-6 |
4 2 0 2 4 6 -4 -2 0 2 4 6
® 0.6km 6 () z=2km
& !
2
0
-2
-4
-6
-
4 2 0 2 4 6 4 -2 0 2 4 6
™

Fig. 3. Phase distributions of the spectral degree of coherence for a Gaussian beam carrying two noncanonical optical vortices after propagating
through turbulent atmosphere at certain distances. The abscissa and ordinate represent p,, and p,y, respectively, in units of cm. n =1, m =1 (a)-

(d),n=2,m=2(e)-(h),and n =3, m =3 (i)—(1).
3.2. Case of unequal topological charge magnitudes

Figure 4 shows the phase distributions of the spectral
degree of coherence for a Gaussian beam carrying two non-
canonical optical vortices propagating through turbulent atmo-
sphere. The calculation parameters are n = 1, m = 2 (a)—(d),
n=1,m=3()-th),n=2,m=3@G)-1),andn=2,m=4
(m)—(p), with other parameters identical to those in Fig. 3. As

shown in Figs. 4(a)—4(d), when a Gaussian beam carries a
noncanonical optical vortex with a topological charge of —1
and another with +2, during propagation through turbulent
atmosphere, the noncanonical optical vortex with a topolog-
ical charge of 42 evolves into two optical vortices with topo-
logical charges of +1 at z = 0.2 km, while the optical vortex

with a topological charge of —1 remains. Atz = 0.6 km and
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z = 2 km, the three vortices still exist. From Figs. 4(e)—4(h),
when the two noncanonical vortices carried by the Gaussian
beam have topological charges of —1 and +3, the optical vor-
tex with a topological charge of +3 evolves into three optical
vortices with topological charges of +1 as the propagation dis-
tance increases, while the position of the optical vortex with a
topological charge of —1 shifts. As propagation continues,
four vortices persist across the beam wavefront. As shown in
Figs. 4(1)—4(1) and 4(m)—4(p), when the Gaussian beam car-
ries two noncanonical vortices with topological charges of —2

and +3, or —2 and +4, respectively, both noncanonical op-
tical vortices evolve into multiple optical vortices with topo-
logical charge magnitudes of 1 at z = 0.2 km during propaga-
tion through turbulent atmosphere, conserving total topolog-
ical charge in the process. At z = 0.6 km, an optical vortex
with a topological charge of —1 and an optical vortex with
a topological charge of +1 on the wavefront have undergone
annihilation, while the remaining optical vortices persist. At

z = 2 km, the optical vortices present at z = 0.6 km still exist.

g ™
5 1 .|
| J

q10 1 2 3'3-5 2 10 1 2

™
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"6 4 20 2 4 6
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4 20 2 4 6

z=2km

20 2 4 6

Fig. 4. Phase distributions of the spectral degree of coherence for a Gaussian beam carrying two noncanonical optical vortices propagating
through turbulent atmosphere. The abscissa and ordinate represent po, and pyy, respectively, in units of cm. n =1, m =2 (a)-(d), n =1,

m=3(e)—(h),n=2,m=3 (i)-(1), and n =2, m = 4 (m)—(p).

Therefore, as shown in Fig. 4, when a Gaussian beam car-
rying two noncanonical optical vortices propagates through
turbulent atmosphere and the two optical vortices have un-
equal magnitudes and opposite signs of topological charges,
the following phenomena are observed: when the smaller of
the two topological charge magnitudes equals 1, the optical
vortex with a topological charge magnitude greater than 1

evolves into multiple optical vortices — each with a topolog-
ical charge magnitude of 1 — as the propagation distance in-
creases; with further propagation, these optical vortices on the
wavefront remain stable. When the smaller topological charge
magnitude of the two optical vortices is greater than 1, both
optical vortices evolve into multiple optical vortices with topo-

logical charge magnitudes of 1 as the propagation distance in-
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creases. With continued propagation, an optical vortex with
a topological charge of —1 and another with +1 undergo an-
nihilation, while the remaining optical vortices remain stable.
In addition, when the two noncanonical optical vortices have
unequal magnitudes and opposite signs of topological charges,
the total topological charge remains conserved during propa-
gation.

4. Interaction of two canonical optical vortices
with opposite topological charge signs propa-
gating through turbulent atmosphere

4.1. Case of equal topological charge magnitudes

Figure 5 illustrates the phase distributions of the spec-
tral degree of coherence for a Gaussian beam carrying two
canonical optical vortices after propagating through turbulent
atmosphere over certain distances. The calculation parame-
tersarea=—1,c=1,n=1,m=1(@-d),n=2, m=2
(e)—(h), and n = 3, m = 3 (i)—(1), with other parameters iden-
tical to those in Fig. 3. As shown in Figs. 5(a)-5(d), when
the Gaussian beam carries one canonical optical vortex with a
topological charge of —1 and another with +1, the two opti-
cal vortices undergo annihilation as the propagation distance
increases due to the influence of atmospheric turbulence. Ac-

: {C)
2

cording to Figs. 5(e)-5(h), when the Gaussian beam carries
one canonical optical vortex with a topological charge of —2
and another with 42, during propagation through turbulent at-
mosphere, the optical vortex with a topological charge of —2
evolves into two optical vortices with topological charges of
—1, while the optical vortex with a topological charge of +2
evolves into two optical vortices with topological charges of
+1. As the propagation distance increases, one pair of optical
vortices with topological charges of +1 and —1 annihilates
first, followed by annihilation of the remaining pair. As shown
in Figs. 5(1)-5(1), when the Gaussian beam carries canonical
optical vortices with topological charges of —3 and +3 during
propagation through turbulent atmosphere: at z = 0.2 km, the
optical vortex with a topological charge of —3 and the opti-
cal vortex with a topological charge of +3 have respectively
evolved into three optical vortices with topological charges of
—1 and three with topological charges of +1; at z = 0.6 km,
only one optical vortex with a topological charge of +1 and
one optical vortex with a topological charge of —1 remain on
the wavefront, while the other optical vortices have already un-
dergone annihilation; at z = 2 km, no optical vortices remain
on the wavefront, indicating that the optical vortices present at

z = 0.6 km have also annihilated.
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Fig. 5. Phase distributions of the spectral degree of coherence for a Gaussian beam carrying two canonical optical vortices after propagating
through turbulent atmosphere at certain distances. The abscissa and ordinate represent py, and p,y, respectively, in units of cm. n =1,

m=1@-(d),n=2,m=2(e)-(h),andn =3, m =3 (i)—(1).
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4.2. Case of unequal topological charge magnitudes

Figure 6 shows the phase distributions of the spectral de-
gree of coherence for a Gaussian beam carrying two canoni-
cal optical vortices propagating through turbulent atmosphere.
The calculation parameters are n = 1, m = 3 (a)—(d), n = 2,
m = 3 (e)—(h), with other parameters identical to those in
Fig. 5. As shown in Fig. 6, when the Gaussian beam carries
two canonical optical vortices with topological charges of 43
and —1 or +3 and —2 during propagation through turbulent

3 (a) 3
2 2

atmosphere, as the propagation distance increases, the opti-
cal vortex with a topological charge magnitude greater than 1
eventually evolves into multiple optical vortices each having
a topological charge magnitude of 1, while the total topologi-
cal charge remains conserved throughout this evolution. When
the beam propagates over a sufficiently long distance, the num-
ber of optical vortices with topological charge magnitudes of
1 remaining on the wavefront equals the absolute value of the
difference between the topological charges of the two initial
optical vortices.

z=0.4km

6 (d ©z=2%km

2
4
6
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Fig. 6. Phase distributions of the spectral degree of coherence for a Gaussian beam carrying two canonical optical vortices propagating through
turbulent atmosphere. The abscissa and ordinate represent p, and pay, respectively, in units of cm. n =1, m = 3 (a)~(d), n = 2, m = 3 (e)—(h).

S. Interaction of two optical vortices with identical topological charge signs propagating through

turbulent atmosphere

Figure 7 illustrates the phase distributions of the spectral degree of coherence for a Gaussian beam carrying two optical

vortices after propagating through turbulent atmosphere over certain distances. The calculation parameters are a =1, ¢ = 1,
n=2,m=3(@-(d),a=2,c=2,n=2, m=73 (e)-(h), with other parameters identical to those in Fig. 3. As shown in
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Fig. 7. Phase distributions of the spectral degree of coherence for a Gaussian beam carrying two optical vortices propagating through turbulent
atmosphere. The abscissa and ordinate represent P, and pay, respectively, in units of cm. a =1,c=1,n=2,m=3 (a)«(d),a=2,c=2,n=2,

m =3 (e)~(h).
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Fig. 7, when a Gaussian beam carries two optical vortices with
identical topological charge signs — regardless of whether
they are canonical or noncanonical optical vortices — the two
optical vortices evolve into multiple vortices with topological
charge magnitudes of 1 as the propagation distance increases.
The distances between these vortices gradually increase with
further propagation. In addition, for two optical vortices with
identical topological charge signs, the total topological charge
remains conserved during propagation through turbulent at-
mosphere.

6. Conclusion

Based on the generalized Huygens—Fresnel principle, an
analytical expression for the cross-spectral density function
of a Gaussian beam carrying two optical vortices propagating
through turbulent atmosphere was derived to study the inter-
action between the two optical vortices during propagation.
First, the field expression of the Gaussian beam carrying two
optical vortices at the source plane was given, and the phase
distribution at the source plane was analyzed. It was found
that for the dimensionless parameters a or ¢ = +£1, the opti-
cal vortex exhibits a linear phase increase, characteristic of a
canonical vortex, whereas for a or ¢ = £2, the nonlinear phase
increase indicates a noncanonical vortex. Subsequently, the
interaction of two optical vortices with opposite topological
charge signs during propagation in turbulent atmosphere was
investigated. The results show that when the two optical vor-
tices have equal topological charge magnitudes (m = n) and
m > 1, no optical vortices or only two optical vortices with
topological charges of 41 and —1 remain on the beam wave-
front after sufficiently long propagation. When the two optical
vortices have unequal topological charge magnitudes (m # n)
and the smaller one equals 1, there exist m+n or |m — n|
optical vortices with topological charge magnitudes of 1 on
the wavefront after sufficiently long propagation. Finally, the
case of two optical vortices with identical topological charge
signs was analyzed, revealing that as the propagation distance
increases, both optical vortices evolve into multiple vortices,
each with a topological charge magnitude of 1. Further, the
total topological charge of a Gaussian beam carrying two op-
tical vortices remains conserved during propagation through
turbulent atmosphere. Besides, we numerically simulate the
evolution behavior of two optical vortices in different atmo-
spheric turbulence strengths, and find that the conclusion is
still valid. The evolution difference between canonical and
noncanonical optical vortices is due to the fact that the OAM
modes carried by the beam itself are disturbed by atmospheric
turbulence, and the energy of the OAM modes is redistributed.
The findings of this study provide theoretical guidance for the
application of optical vortices in optical communications.
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