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ABSTRACT: This paper investigates the
propagation  properties and orbital angular
momentum (OAM) flux density distribution of
partially  coherent beams embedded  with
noncanonical vortex pairs in free space. Based on
the generalized Huygens—Fresnel integral, an
analytical model of the cross-spectral density (CSD)
is derived. Numerical simulations are performed to
analyze how key parameters—including off-axis
distance, topological charge, noncanonical strength,
and coherence length—affect the spatial structure
and evolution of the OAM flux density. The results
show that the OAM flux density transitions from a
symmetric ring to a bifurcated lobe structure as the
off-axis distance increases. Both topological charge
and noncanonical strength significantly enhance the
magnitude and alter the morphology of the OAM
flux density. Furthermore, under noncanonical
conditions, the coherence length modulates the
rotational behavior and spatial extent of the OAM
profile. These findings provide insights into the
control of OAM in structured partially coherent
beams and suggest potential applications in optical
communications, particle manipulation, and beam
shaping.

KEYWORDS:orbital angular momentum  flux
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I. INTRODUCTION

In recent decades, optical fields carrying
orbital angular momentum (OAM) have garnered
significant attention due to their wide-ranging
applications in optical manipulation, communication,
imaging, and sensing[1-5]. Optical vortices, as
canonical carriers of OAM, exhibit helical phase
fronts and carry an OAM value ofla per photon,
wherelis the topological charge[6-7]. However, fully

coherent vortex beams are often susceptible to
degradation in complex media, prompting increased
interest in partially coherent beams, which
demonstrate enhanced robustness in turbulent or
noisy environments[8-11].

The orbital angular momentum flux density
provides essential information about the spatial
distribution and local density of OAM across the
beam profile. Recent advances have introduced
structured correlation functions, such as multi-

Gaussian, cosine-Gaussian, and twisted phase
modulations, to further tailor the behavior of
partially ~ coherent beam[12]. In particular,

noncanonical vortices, characterized by a complex
parameterQ, break the symmetry of conventional
vortices and provide additional degrees of freedom
for wavefront engineering. Emerging studies have
begun to explore the propagation characteristics and
OAM properties of partially coherent beams
embedded with noncanonical vortex pairs, revealing
distinctive features in their OAM flux density.

Despite these advances, most existing work
has focused on canonical vortex pairs or single
noncanonical vortices. The combined effects of
noncanonical strength, off-axis distance, topological
charge sign, and coherence length on the far-field
OAM flux density remain inadequately explored.

In this paper, we theoretically construct a
class of partially coherent beams incorporating
noncanonical vortex pairs. Using the generalized
Huygens-Fresnel integral, we analyze their OAM
flux density properties. Emphasis is placed on the
influence of the noncanonical factor, off-axis
distance, and coherence length on the distribution of
OAM flux density. This study aims to elucidate the
topological evolution and OAM control mechanisms
enabled by noncanonical vortex pairs, providing
theoretical insights for future applications in free-
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space communication, optical sensing, and high-

Il. THEORETICAL MODEL
In the polar coordinate system, the electric field of
the noncanonical optical vortex pairs in a scalar
beam at the source plane (z = 0) can be expressed
as[13]

E(r,00=F(G(r)exp(i¢) ()

where r= (x, y)is the position vector in the source
plane(z = 0), ¢ is an arbitrary phase, G(r) is a
Gaussian profilebeam with a waist width of wy, and
F(r) is the noncanonical vortex pairs function
described by[14]

F()=F(xy)=[(x—d)+ isgn(|1)Qy]\'1\ o
<[ (x+d) +isgn(l,)Qy]"

where |; and |, are the topological charges of the

optical vortex, d is the off-axis distance of the
noncanonical vortex pairs in the x-direction, and sgn

is the sign function. The complex parameter Q in Eq.

(2) denotes the noncanonical factor of the optical
vortex, and Q = %1 denotes the canonical or
symmetric vortex. Assuming that the statistical
distribution of any phase ( corresponds to the
correlation of the Scherr model[15]

2
C(lr,- r2|) = exp(—|rl -1, /az) ©)
where o is the transverse coherence length.

W (p,,p,,2)

(kY ik z}nz
_(Zﬂzj EXp{Zz(pl v:) PP,

2

1

dimensional information processing.

For the quasi-monochromaticoptical field, the CSD
of a partially coherent beam with noncanonical
vortex pairs at z=0 can be written as

W(r,,1,,0)=(E"(r,,0)E(r,,0)) (4
where <> denotes the ensemble averaging, k = 2n/A
is the wavenumber withibeing the beam
wavelength.

In the presence of free space, the CSD of apartially
coherent beam containing noncanonical vortex

pairsalong the z-axis follows a generalized
Huygens-Fresnel integral with the expression

W (p,,p,,2)
KV o o o o
=(2_7zz) ] w0

ik ik
><exp{—5(r1 —pl)2 +—(r,—p, )Z}drldr2

21

(®)

where p1 = (pxa, pyr) and p2 = (pe, py2) are two
arbitrary transverse position vectors in the receiver
plane (z>0).

Substitute EQs.(2)-(4) into eq.(5), we obtain the
CSD of the partially coherentbeams containing
noncanonical vortex pairs at the receiver plane in
free space as

_ 2
X EXp %(plx+p2x)2:|exp|:(-rlplx T,0,,) }

P,

i _ 200 L, 11, s+, S3+8,
<exp (Tlply T2p2y) :IZ Z z Z slz: z

p2 5=05,=05;=05,=0 & @,
Ltdhs L 0(=d) g
s (L —s,)!s,1(1,—s,) s, (1, —s;)!
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For scalar partially coherent beams, the distribution in their cross-sections, which is related

longitudinal OAM flux density also provides an to the resulting CSD by the expression
alternative way for investigating the spatial OAM

&
I-z = _?o Im[ylaxzw (pll Py Z) - Xiayzw (p1’ Py Z)]plzpzzp (1)
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where gorepresents the free space dielectric constant,
k=2m/A is wavenumber and W(py, p,, 2) is
determined by Eq. (6), respectively. We can study
its corresponding variation properties.

IH1. NUMERICAL SIMULATION AND
ANALYSIS
In this section, numerical simulation is
d=0 d= 04w,

Sine
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~M <10 n
Winm)
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used to study beam propagating in the free space,
and the initial parameters are set asA = 632.8nm,
Wo= 1mm, o = wy,d = 0.5wpand Rayleigh lengthz, =
kw?/2 unless otherwise stated.
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Figure 1. OAM flux density distributionof a partially coherent beam with a canonical vortex-pair for different
off-axis distances at z = 10 z,. (al)-(ad): I,=—1,=+1; (b1)-(b4): I;=1,=+2,

Figure 1 shows the OAM flux density of a
portion of the exciton beam at different off-axis
distances. As shown in the figure, when the off-axis
distance d = 0 and the beam profile exhibits circular
symmetry, the OAM flux density distribution forms
a ring-shaped pattern with a dark hollow center.As
the off-axis distance increases, the distribution splits
into two lobes surrounding the singularity. With
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further increase in off-axis distance, the two lobes
completely separate, and their maximum OAM flux
density also grows. Figs 1(a) and 1(b) demonstrate
that increasing the topological charge leads to an
increase in OAM flux density, indicating that OAM
flux density is influenced by both topological charge
and off-axis distance.
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Figure 1. OAM flux density distributionof a partially coherent beam with a noncanonical vortex-pair for
different transverse coherence lengths at z = 10 z,. (al)-(ad): l;:=—1,=+1; (b1)-(b4): I;=1,=+2.

Figure 2 shows the OAM flux density of a
partial coherent beam under different noncanonical

strengths. It can be observed that as the
noncanonical strength increases, the OAM flux
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density rotates accordingly, and as the noncanonical
strength grows, its maximum OAM flux density also
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Figure 3. OAM flux density distributionof a partially coherent beam with a noncanonical vortex-pair for
different noncanonical strengths at z = 10 z,. (al)-(b4): I,=—1,=+1; (c1)-(d4): l;=I,=+2.

Figure 3 displays the OAM flux density of
partially coherent beams with varying non-regular
intensities and coherence lengths. It can be
observed that under regular conditions, the OAM
flux density exhibits negligible variation with
increasing coherence length. Conversely, under
non-regular conditions, extending the coherence
length enhances the rotational degree of the OAM
flux density. For topological charges 11=12=+2, the
dark hollow region between the two lobes expands
as the coherence length increases.

1V. CONCLUSION
In this study, we systematically
investigated the propagation dynamics and OAM
characteristics of partially coherent beams
embedded with noncanonical vortex pairs in free
space. Through theoretical modeling and numerical

increasing off-axis distance, transitioning from a
symmetric ring structure to a bifurcated lobe
configuration. Moreover, both the topological
charge and the noncanonical strength were found to
enhance the magnitude and alter the morphology of
the OAM flux density. Notably, under
noncanonical conditions, the coherence length
plays a critical role in modulating the rotational
behavior and spatial extent of the OAM profile.

This work provides deeper insight into the
manipulation of OAM in partially coherent beams
via noncanonical vortex pairs, offering potential
applications in optical communication, particle
manipulation, and beam shaping. Future studies
could extend this model to turbulent media or
explore experimental validations of the predicted
phenomena.

simulations, the CSD function was derived and REFERENCES

analyzed, revealing the influence of key [1]. M. S. Soskin and M. V. Vasnetsov,

parameters—including off-axis distance, "Singular optics," in Progress in Optics, vol.

topological charge, noncanonical strength, and 42, Elsevier, 2001, pp. 219-276.

transverse coherence length—on the spatial [2]. Y. Shen, X. Wang, Z. Xie et al., "Optical

distribution of the OAM flux density. vortices 30 years on: OAM manipulation
The results demonstrate that the OAM from topological charge to multiple

flux density distribution evolves significantly with

DOI: 10.35629/5252-0709213218 [Impact Factorvalue 6.18| ISO 9001: 2008 Certified Journal  Page 217



\_)hi International Journal of Advances in Engineering and Management (IJAEM)
Volume 7, Issue 09 Sept. 2025, pp: 213-218 www.ijaem.net

S

IJAEM

[3].

[4].

[5].

[6].

[7]1.

[8].

[9].

[10].

[11].

[12].

[13].

[14].

singularities," Light: Science &
Applications, vol. 8, no. 1, p. 90, 2019.

Y. Bai, H. Lv, X. Fu et al., "Vortex beam:
generation and detection of orbital angular
momentum  [Invited],” Chinese Optics
Letters, vol. 20, no. 1, p. 012601, 2022.

G. Gbur and T. D. Visser, "Coherence
vortices in partially coherent beams,” Optics
Communications, vol. 222, no. 1-6, pp.
117-125, 2003.

G. Gbur, T. D. Visser, and E. Wolf,
"Hidden' singularities in partially coherent
wavefields,” Journal of Optics A: Pure and
Applied Optics, vol. 6, no. 5, p. S239, 2004.
J. Courtial, K. Dholakia, L. Allen, and M. J.
Padgett, "Gaussian beams with very high
orbital angular  momentum,”  Optics
Communications, vol. 144, no. 4-6, pp.
141-142,1997.

V. V. Kotlyar, A. A. Kovalev, and A. P.
Porfirev, "Astigmatic laser beams with a
large orbital angular momentum,” Opt.
Express, vol. 26, no. 1, p. 141, 2018.

N. B. Simpson, K. Dholakia, L. Allen, and
M. J. Padgett, "Mechanical equivalence of
spin and orbital angular momentum of light:
an optical spanner,”" Opt. Lett., vol. 22, no.
1, pp. 52-54, 1997.

K. Ladavac, D. Grier, Microoptomechanical
pumps assembled and driven by holographic
optical vortex arrays, Opt. Express 12 (6)
(2004) 1144-1149.

M. P. Lavery, F. C. Speirits, S. M. Barnett,
and M. J. Padgett, "Detection of a spinning
object using light’s orbital angular
momentum,” Science, vol. 341, no. 6145,
pp. 537-540, 2013.

A. Nicolas, L. Veissier, L. Giner, E.
Giacobino, D. Maxein, and J. Laurat, "A
quantum memory for orbital angular
momentum photonic qubits," Nat. Photonics,
vol. 8, no. 3, pp. 234-238, 2013.

Z. R. Mei and O. Korotkova, "Cosine-
Gaussian Schell-model sources,” Opt. Lett.,
vol. 38, no. 14, pp. 2578-2580, 2013.

D. M. Palacios, I. D. Maleev, A. S.
Marathay et al., "Spatial correlation
singularity of a vortex field,"” Physical
Review Letters, vol. 92, no. 14, p. 143905,
2004.

G. Molina-Terriza, E. M. Wright, and L.
Torner, "Propagation and control of
noncanonical optical vortices,"” Optics
Letters, vol. 26, no. 3, pp. 163-165, 2001.

[15]. L. Mandel and E. Wolf, Optical Coherence

and Quantum Optics. Cambridge, U.K.:
Cambridge Univ. Press, 1995.

DOl

: 10.35629/5252-0709213218

[Impact Factorvalue 6.18| ISO 9001: 2008 Certified Journal

Page 218



