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Abstract
The analytical expression of the cross-spectral density of partially coherent
elegant Laguerre-Gaussian beams propagating in free space has been derived.
The coherence vortex properties of such beams have been investigated. The
effect of the beam parameters, including the topological charge, radial mode
index and coherence length on the coherent vortex, is analyzed. The results
show that the higher order (lth) of coherent vortices split to lth first order of
coherent vortex. New coherent vortices of opposite sign appear, and then
pairs of coherent vortices form. The propagation distance and coherence
length affect the generation of coherent vortices, while the radial mode index
doesn’t affect the coherent vortices. These results might be helpful for potential application of such beams in optical communication.
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1. Introduction
Vortex beam has been widely studied due to its special properties [1] [2], such as
the helical phase structure, the phase singularity, the dark hollow area and the
orbital angular momentum. These special properties make it suitable for applying in optical communication [3], optical manipulation [4] and quantum information [5]. Recently, the study of optical vortex has been extended to partially
coherent fields. According to the partial coherence theory [6], partially coherent
beams don’t possess a well-defined phase and are characterized by statistical
properties. Therefore, the characteristics of vortex beam vanish under low coherence case. For example, partially coherent vortex beam does not possess the
DOI: 10.4236/opj.2020.106017 Jun. 29, 2020

159

Optics and Photonics Journal

M. Dong, Y. J. Yang

typical region of zero intensity, and hence does not possess any obvious phase
singularities [7]. This makes it difficult for studying vortex beam with low coherence. In 2003, Schouten et al. [8] examined two-point correlation function of
partially coherent beams using the Young’s interference experiment. It was
shown that there exist phase singularities of the spectral degree of coherence of
the field at pairs of points. Such phase singularities are termed as “coherence
singularities”. Further investigation showed that the phase of spectral degree of
coherence possesses a vortex structure around these singular points [9]. The new
term “coherence vortices” is used to refer to them. These findings reveal that the
vortex structure of partially coherent vortex beam is just “hidden” in the correlation function. Since then, these new physical phenomena and concepts arise a lot
of interest [10]-[15]. Many investigations revealed that there is an intimate relationship between optical vortices produced by a coherent field and the corresponding coherent vortices produced by a partially coherent beam [16]. As the
coherence length decreases, the optical vortex can evolve into coherent vortex.
Recently, researchers group showed that the phase distribution of the cross
spectral density of partially coherent vortex beams possesses rich information
[17] [18]. It was shown that the number of coherent vortex is equal to the topological charge. It provides a way to measure the topological charge of partially
coherent vortex beams. The results can also apply to other fields, such as information transmission and imaging.
On the other hand, partially coherent elegant Laguerre-Gaussian (eLG) beams,
as the natural extension of partially coherent standard Laguerre-Gaussian (SLG)
beams, represent a typical kind of partially coherent vortex beams [19]. They
have been widely investigated. For example, the propagation properties of partially coherent ELG beams are less affected by the turbulence [20] [21], and the
spreading of such beam is slower through the free space and the turbulent atmosphere. The coherence properties of partially coherent eLG beam are quite
different from corresponding SLG beam [22]. As far as we know, the coherent
vortex properties of partially coherent ELG beams have not been studied. In the
paper, we have derived the analytical expression of the cross spectral density
function of a partially coherent eLG beam propagating in free space. The effect
of topological charge, radial mode index and coherence length on the coherent
vortices have been analyzed.

2. Coherence Vortex of Partially Coherent eLG Beams
Consider the electric field distribution of an eLG beam at the source plane (z =
0) [19]:
l

 ρ2 
 ρ2
 ρ 
=
E
( ρ ,θ ;0 )   Llp  2  exp  − 2
 w0 
 w0 
 w0


 exp ( −ilθ )


(1)

where ρ and θ are the radial and azimuthal coordinates, respectively, w0 is the
beam waist width of the fundamental Gaussian mode, Llp is the Laguerre polyDOI: 10.4236/opj.2020.106017
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nomial with the radial mode index p and topological charge |l|.
Based on the partial coherence theory, the cross spectral density of a partially
coherent beam at the source plane can be written as [6]:
W ( ρ1 , ρ2 , 0 ) = E ∗ ( ρ1 , 0 ) E ( ρ2 , 0 )

where

⋅

(2)

denotes an ensemble average, ρi = ( ρi , θi ) is a position vector of a

point in the source plane. Here we assume a partially coherent light source in the
initial plane with field correlation properties described by a Gaussian-Schell
correlator:

 ( ρ − ρ )2
C ( ρ1 , ρ 2=
, 0 ) exp  − 1 2 2

δ







(3)

where δ is the coherence length.
Substituting Equation (1) and Equation (3) into Equation (2), the cross spectral density of a partially coherent eLG beam at the source plane can be expressed as:
l

ρ ρ 
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W ( ρ1 , ρ2 , 0)  1 2 2  Llp  12  Llp  22
 w0 
 w0   w0
 ( ρ − ρ )2 
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 ρ12 + ρ 22 
 exp  −

w02 



(4)

In the framework of the paraxial approximation, the cross spectral density of
such beam propagating in free space can be expressed [20]:
2

 k 
W ( ρ1 , ρ2 , z ) = 
 ∫ ∫ W ( ρ10 , ρ20 , 0 )
 2π z  ∞
2
2 
 ik
× exp − ( ρ1 − ρ10 ) − ( ρ1 − ρ20 )   d 2 ρ10 d 2 ρ20


 2z

(5)

where k = 2π λ is wavenumber; z is the distance in free space.
The spectral degree of coherence is defined as [9]:

µ ( ρ1 , ρ2 ) =

W ( ρ1 , ρ2 )

(6)

S ( ρ1 ) S ( ρ2 )

where S ( ρ ) = W ( ρ , ρ ) is the spectral density. Since the spectral density is
non-zero for the partially coherent beam, the position of coherence vortices at
pairs of points

( x1 , y1 )

and

( x2 , y2 )

can be expressed as:

Re W ( ρ1 , ρ2 )  = 0

(7)

Im W ( ρ1 , ρ2 )  = 0

(8)

where Re, Im denote the real and imaginary parts, respectively.

3. Numerical Simulation
Based on equations above, we can investigate the phase distribution of the
cross-spectral density of partially coherent elegant LG beams in free space. The
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parameters are set as: λ = 532nm , w0 = 1mm , δ = 1mm , r2 = ( 0.5w0 , 0 ) ,
R = π w02 λ is Rayleigh distance.

Figure 1 shows the effect of the topological charge l on coherent vortices of

partially coherent eLG beams with radial mode index p = 1 at different propagation distances. From Figure 1(a), we can see that there is phase singularity and a
circular dislocation at the distance z = 0. The phase around singularity clockwise
increases 2π, which corresponds to the coherent vortex with topological charge
of “+1”. The position of coherent vortex is same as that of optical vortex. With
increasing propagation distance, the phase singularity remains stable, however
the circular dislocation becomes unclearly. The contour lines of phase become
curve and clockwise rotate. When the propagation distance further increases, a
new coherent vortex with topological charge of “−1” appears. Thus, a pair of coherent vortices forms and the total angular momentum becomes zero. When the
topological charge l > 1, we can see that the phase increases 2πl around phase
singularity at z = 0. The coherent vortices of high order (lth) are not stable, split
to lth first order coherent vortex. The corresponding coherent vortices of opposite sign of topological charge forms. Thus, the total angular momentum becomes zero. Particularly, we note that the position of the coherent vortex (No.1)
always exists and remains stable while the position of other coherent vortices
changes during propagation. We can see that is due to the fact that the coherent
vortex of No.1 is inherent and created by vortex beam [23]. Other coherent vortices are produced by vortex beam propagating through free space.
Figure 2 gives the effect of radial index p on the coherent vortices of partially
coherent eLG beams with topological charge l = 1. The other parameters are
same as those in Figure 1. We can see that the number of the circular dislocation

Figure 1. The effect of the topological charge l on the coherent vortex at different propagation distance. (a) l = 1; (b) l = 2; (c) l = 3.
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represents the value of radial mode index p. With the propagation distance increases, the circular dislocation becomes not clearly. When the beam arrives at
the Rayleigh distance, the information of circular dislocation disappears. However, the vortex structure and phase singularity still exist. We can conclude that
the radial mode index doesn’t affect the coherent vortices.
Figure 3 shows the effect of the coherence length on coherence vortex of such

Figure 2. The effect of the radial mode index p on coherent vortices at different distance.
(a) p = 1; (b) p = 2; (c) p = 3.

Figure 3. The effect of coherence length on the coherent vortices at Rayleigh distance. (a)
l = 1, p = 1; (b) l = 2, p = 1; (c) l = 3, p = 1.
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a beam with radial index p = 1 in the Rayleigh distance. The other parameters
are same as those in Figure 1. We can see that there isn’t any radial mode index
information. Under the high coherent case, the position of coherence vortex is
same as that of optical vortex. As the coherence length decreases, the opposite
sign of coherence vortex appears from infinity, and the pair of coherence vortices moves closer. The coherent vortices of higher order (lth) begin to split and
become lth first order coherent vortex. The corresponding of coherent vortex of
opposite sign of topological charge begins to appear. When the coherence further decreases, the pairs of coherence vortex move closer and begin to vanish.

4. Conclusion
The analytical expression of the cross-spectral density function of partially coherent elegant Laguerre-Gaussian beams propagating in free space has been derived. According to the definition of coherent vortices, the coherent vortices
properties of such a beam propagating in free space are investigated. The results
show that the distance and the coherence length affect the propagation properties of the coherent vortex. When the propagation distance increases or the coherence length decreases, the coherent vortices of higher order (lth) split to lth
first order of coherent vortex, then the corresponding coherent vortex of opposite sign appears. The pairs of coherent vortices form. During propagation, the
radial mode index disappears and it doesn’t affect the coherent vortices properties. These finding can help to explore such beams in potential application in
optical communication.
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