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Abstract: We study the propagation properties of a recently introduced class of structured
beams, radially polarized Hermite non-uniformly correlated (RPHNUC) beams, in a turbulent
atmosphere using the extended Huygens-Fresnel integral and investigate how the mode order
and coherence width play a role in resisting the degradation and depolarization effects of the
turbulence. In contrast with conventional vector partially coherent beams (PCBs) with uniform
(Schell-model) correlation structure, the interaction of the non-uniform correlation structure and
non-uniform polarization gives these beams the ability to self-heal their intensity distribution
and polarization over certain propagation ranges in turbulence. These properties suggest that
RPHNUC beams may be useful in a number of applications, in particular optical trapping and
free-space optical communications.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Due to its brightness, directionality, and monochromaticity, coherent laser light has been widely
used in military defense, medicine, industrial processing, optical communication systems and
other fields, playing a vital role in human social progress and economic development [1–5]. Free
space optical (FSO) communications is one of the leading laser applications, and compared with
traditional radio communications technology, it has many advantages. However, over significant
propagation distances, the laser beam will experience random wavefront fluctuations due to
atmospheric turbulence, leading to beam wander and intensity scintillation. This increases
the signal data error rate at the receiving end, limiting the performance of the communication
systems [6]. Therefore, it is of great scientific and practical importance to study how to reduce
the negative effects of atmospheric turbulence on laser beams.

It is now well-known that adjusting the coherence of structured beams is an important strategy
to improve the performance of laser beams in turbulence [7,8] and it is also a strategy to encode
information into the degrees of coherence for transmission [9]. In particular, laser beams with low
spatial coherence, labeled partially coherent beams (PCBs) [8], have lower turbulence-induced
negative effects than their fully coherent counterparts [6,10–13]. This resistance has been
physically explained from the perspective of the coherent mode representation [14,15], which
indicates that light is sent simultaneously through distinct non-interfering channels. Laser beams
with a Gaussian Schell-model degree of coherence, with a homogeneous (uniform) correlation
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structure, are the most familiar kind of PCBs and their propagation properties in free space
and turbulence have been studied extensively. However, since Gori et al. introduced a new
method for designing PCBs with novel correlation structures [16,17], lots of effort has been
focused on investigating the extraordinary propagation properties and increased resistance to
turbulent atmosphere of beams with these new correlations. Among the papers that have been
published since then include works on Laguerre-Gaussian correlated Schell-model beams, optical
coherence lattices, and Hermite-Gaussian correlated Schell-model beams. Such beams exhibit
many extraordinary, potentially beneficial properties and excellent resistance to turbulence on
propagation [18–22].
The aforementioned works focus on Schell-model sources, leaving many possible states of

spatial coherence unexplored. Another broad and extremely important class derived from the
formalism by Gori et al. is a spatially variant correlation function, i.e., non-uniformly correlated
(NUC) beams [23–28]. PCBs with non-uniform correlation structure display self-focusing and
self-shifting properties and it was shown that such beams can have, under certain circumstances,
not only lower scintillation but higher intensity than Gaussian Schell-model beams in turbulence.
Thus, NUC beams achieve both high intensity and low scintillation, especially desirable when
laser beams are used in FSO communications.
Polarization is also an important property of laser beams and manipulating polarization is

also an effective strategy to improve turbulence resistance of beams [29–31]. The effects of
polarization on the statistical properties of beams on propagation in turbulence, especially those
with non-uniform polarization (known as vector beams), have been studied extensively. In
particular, Gu et al. theoretically studied the scintillation of spatially coherent non-uniformly
polarized beams in turbulence, and found that such beams can reduce the scintillation through
polarization effects alone [29]; these results were confirmed by experiment [31].
The combination of polarization and coherence leads beams to have even better resistance

to turbulence. In particular, Wang et al. reported the scintillation of radially polarized PCBs
in turbulence [32]. Such beams have advantage for reducing turbulence-induced scintillation
than PCBs with uniform polarization. Additional studies have reported that the combination of
polarization and coherence can further reduce the negative effects induced by atmospheric turbu-
lence [33–36]. However, the aforementioned research focuses on the atmospheric propagation
properties of laser beams with polarization and uniform (Schell-model) correlation structure.
Little is known about the study of the propagation characteristics of beams with a combination of
polarization and non-uniform correlation structure. Thus, in this paper, our aim is to explore
the unusual propagation properties and resistance to turbulence of such beams, focusing on the
specific example of radially polarized Hermite non-uniformly correlated (RPHNUC) sources,
which were recently introduced [28].

2. Beam model and the formulas of RPHNUC beams propagation in turbulence

We do our study using coherence theory in the space-frequency domain, using the cross-spectral
density (CSD) matrix as the fundamental quantity characterizing the coherence and polarization
of the field. Using a Cartesian coordinate system, the CSD matrix of RPHNUC beams in the
source plane is expressed as,

←→W (r1, r2) =


Wxx (r1, r2) Wxy (r1, r2)

Wyx (r1, r2) Wyy (r1, r2)

 , (1)

where Wαβ (r1, r2) (α, β = x, y) are the elements of the CSD matrix of RPHNUC beams in the
source plane,

Wαβ (r1, r2) =
α1β2

4ω2
0

exp

(
−

r21 + r22
4ω2

0

)
µαβ(r1, r2), (2)
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and µαβ(r1, r2) represents the degree of coherence of RPHNUC beams [28],

µαβ(r1, r2) = G0 exp

[
−

(
r21 − r22

)2
r4c

]
H2m

(
r21 − r22

r2c

)
, (3)

with rc the coherence width, G0 = 1/H2m(0) a normalizing constant and H2m(x) denotes the
Hermite polynomial of order 2m.

The propagation of PCBs from the source plane z = 0 into an arbitrary plane z>0 in a turbulent
medium, under the paraxial approximation, can be described by the extended Huygens-Fresnel
principle [5],

Wαβ (ρ1, ρ2, z) =
(

k
2πz

)2 ∬ ∞

−∞

Wαβ (r1, r2) exp
[
−

ik
2z
(r1 − ρ1)

2 +
ik
2z
(r2 − ρ2)

2
]

× 〈exp [Ψ (r1, ρ1) + Ψ
∗ (r2, ρ2)]〉 d

2r1d2r2,
(4)

where Wαβ (r1, r2) and Wαβ (ρ1, ρ2, z) denote the elements of the CSD matrix of the beams in
the source and target plane, and Ψ (r, ρ) denotes the complex phase perturbation induced by the
refractive-index fluctuations of the random medium between r and ρ. The last term in Eq. (4)
can be expressed as [5]

〈exp [Ψ (r1, ρ1) + Ψ
∗ (r2, ρ2)]〉

= exp
{
−4π2k2z

∫ 1

0

∫ ∞

0
κΦn (κ) · {1 − J0 [|(1 − ξ)P + ξQ| κ]} d2κdξ

}
,

(5)

where P = ρ1 − ρ2 , Q = r1 − r2, J0 is the Bessel function of zero order and can be approximated
as

J0 [|(1 − ξ)P + ξQ| κ] ∼ 1 −
1
4
[(1 − ξ)P + ξQ]2 κ2. (6)

On substituting from the relation (6) into Eq. (5), we have

〈exp [Ψ (r1, ρ1) + Ψ
∗ (r2, ρ2)]〉

= exp
{
−

(
π2k2z
3

) [
(ρ1 − ρ2)

2 + (ρ1 − ρ2) · (r1 − r2) + (r1 − r2)2
] ∫ ∞

0
κ3Φn (κ) d2κ

}
,

(7)

where Φn (κ) is the spatial power spectrum of the refractive-index fluctuations of the turbulent
atmosphere.
Now, we may calculate the CSD matrix elements of RPHNUC beams in the target plane

by inserting from Eqs. (2) and (3) and (7) into Eq. (4), however, there are higher-order terms
in the CSD matrix of such beams and it is too difficult to calculate directly by the traditional
method of integration of Eq. (4). Expressing the beam model as the non-negtive definite kernel
in one-dimensional integral form introduced by Gori et al (see Eq. (3) in Ref. [28] ) and then
interchanging the orders of the integrals, we obtain the formula

Wαβ (ρ1, ρ2, z) =
∫

pαβ (v)Pαβ (ρ1, ρ2, v, z) dv, (8)

where Pαβ (ρ1, ρ2, v, z) is defined as

Pαβ (ρ1, ρ2, v, z) =
(

k
2πz

)2 ∬ ∞

−∞

V∗α (r1, v)Vβ (r2, v) exp
{
−

ik
2z

[
(r1 − ρ1)

2 − (r2 − ρ2)
2]}

× exp
{
−
π2k2z
3

[
(ρ1 − ρ2)

2 + (ρ1 − ρ2) · (r1 − r2) + (r1 − r2)2
] ∫ ∞

0
κ3Φn (κ) d2κ

}
d2r1d2r2.

(9)
and Vα(β)(r, v) are the arbitrary kernel and pαβ(v) are the elements of the weighting matrix as
shown in Eq. (6) and Eq. (10) in Ref. [28].
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After a lengthy integral calculation, one obtains

Pjj (ρ, v, z) =
k2

16z2w2
0
(
|ξ |2 − ζ2

) exp
(
−

k2

4ξz2
ρ2

)
exp

[
−

k2 (ζ − ξ)2

4ξz2
(
|ξ |2 − ζ2

) ρ2]
×

{
ζ

2
(
|ξ |2 − ζ2

) − k2 (ζ − ξ)
4ξz2

(
|ξ |2 − ζ2

) [
1 +

(
ζ2 − ξζ

)(
|ξ |2 − ζ2

) ] ρ2j } , (j = x, y)
(10)

Pxy (ρ, v, z) =
k4 (ζ − ξ∗) (ζ − ξ) ρxρy

64z4w2
0
(
|ξ |2 − ζ2

)3 exp
(
−

k2

4ξ∗z2
ρ2x −

k2

4ξz2
ρ2y

)
× exp

[
−

k2 (ζ − ξ∗)2

4ξ∗z2
(
|ξ |2 − ζ2

) ρ2x − k2 (ζ − ξ)2

4ξz2
(
|ξ |2 − ζ2

) ρ2y] , (11)

Pyx (ρ, v, z) = P∗xy (ρ, v, z) , (12)

where ρx and ρy denote the coordinate component in the x and y direction, respectively, and

ξ =
1

4w2
0
− ik

(
v −

1
2z

)
+ ζ ; ζ =

1
3
π2k2z

∫ ∞

0
κ3Φn (κ) d2κ. (13)

We obtain the CSD matrix of RPHNUC beams after propagation by evaluating the integral
Eq. (8). One obtains the spectral intensity of RPHNUC beams in the output plane from the
expression,

S (ρ, z) = Wxx (ρ, ρ, z) +Wyy (ρ, ρ, z) = Sxx (ρ, z) + Syy (ρ, z) . (14)

One obtains the degree of polarization (DOP) of RPHNUC beams in the output plane from the
expression,

P (ρ, z) =

√√√√√√√
1 −

4Det
[
←→W (ρ, ρ, z)

]
{
Tr

[
←→W (ρ, ρ, z)

]}2 . (15)

The state of polarization (SOP) of vector PCBs can be characterized by the generalized Stokes
parameters or the polarization ellipse [37]. For vector PCBs, it is known that its CSD matrix can
be locally represented as a sum of a completely unpolarized portion and a completely polarized
portion [37,38], i.e.

←→
W (ρ, ρ, z) =←→W (u) (ρ, ρ, z) +←→W (p) (ρ, ρ, z) , (16)

where
←→W (u) (ρ, ρ, z) = ©«

A (ρ, ρ, z) 0

0 A (ρ, ρ, z)
ª®¬ , (17)

←→
W (p) (ρ, ρ, z) = ©«

B (ρ, ρ, z) D (ρ, ρ, z)

D∗ (ρ, ρ, z) C (ρ, ρ, z)
ª®¬ , (18)

and
A (ρ, ρ, z) =

1
2

[
Wxx (ρ, ρ, z) +Wyy (ρ, ρ, z)

−

√[
Wxx (ρ, ρ, z) −Wyy (ρ, ρ, z)

]2
+ 4

��Wxy (ρ, ρ, z)
��2] , (19)
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B (ρ, ρ, z) =
1
2

[
Wxx (ρ, ρ, z) −Wyy (ρ, ρ, z)

+

√[
Wxx (ρ, ρ, z) −Wyy (ρ, ρ, z)

]2
+ 4

��Wxy (ρ, ρ, z)
��2] , (20)

C (ρ, ρ, z) =
1
2

[
Wyy (ρ, ρ, z) −Wxx (ρ, ρ, z)

+

√[
Wxx (ρ, ρ, z) −Wyy (ρ, ρ, z)

]2
+ 4

��Wxy (ρ, ρ, z)
��2] , (21)

D (ρ, ρ, z) = Wxy (ρ, ρ, z) . (22)

The spectral intensities of the completely polarized portion and the completely unpolarized
portion are given as

S(p) (ρ, z) = Tr←→W (p) (ρ, ρ, z) , S(u) (ρ, z) = Tr←→W (u) (ρ, ρ, z) . (23)

The SOP of the completely polarized portion can be characterized by the polarization ellipse.
The major and minor semi-axes of the ellipse, A1 and A2, as well as its degree of ellipticity, ε, and
its orientation angle, θ, are related to the elements of the CSD matrix←→W (ρ, ρ) by the following
relations [38],

A1,2 (ρ) =
1
√
2

[√(
Wxx (ρ, ρ) −Wyy (ρ, ρ)

)2
+ 4

��Wxy (ρ, ρ)
��2

±

√(
Wxx (ρ, ρ) −Wyy (ρ, ρ)

)2
+ 4

[
ReWxy (ρ, ρ)

]2]1/2 , (24)

θ (ρ) =
1
2

arctan

[
2Re

[
Wxy (ρ, ρ)

]
Wxx (ρ, ρ) −Wyy (ρ, ρ)

]
, (25)

ε (ρ) =
A2 (ρ)

A1 (ρ)
. (26)

In Eq. (24), the signs “ + ” and “ − ” between the two roots correspond to A1 and A2, respectively.
With the above formulas, one can explore the propagation properties of RPHNUC beams in the

turbulent atmosphere. Under the condition of Φn = 0, our formulas reduce to those of RPHNUC
beams in free space, which we have discussed in Ref. [28].

3. Propagation properties of RPHNUC beams in turbulence

Using the expressions we derived above, we next study the propagation properties of RPHNUC
beams in turbulence. In the following numerical examples, we assume that the turbulence obeys
Kolmogorov statistics and we adopt the von Karman spectrum for the power spectrum of the
index-of-refraction fluctuations of the atmospheric turbulence, which is expressed as [39]

Φn (κ) = 0.033C2
n

(
κ2 + κ20

)−11/6
exp

(
−κ2/κ2m

)
, (27)

where C2
n is a generalized refractive-index structure parameter, κ0 = 2π/L0 and κm = 5.92/l0

with L0 and l0 being the outer and inner scale of turbulence. The parameters of the beams and
the turbulence are set as w0 = 1cm, λ = 632.8nm, C2

n = 5 × 10−15m−2/3, L0 = 1m and l0 = 1mm.
For these parameters, the Rytov variance at d km satisfies the expession σ2 = 0.283d11/6.
We begin by comparing the evolution of the intensity of RPHNUC beams with conventional

radially polarized partially coherent (RPPC) beams, which possess a uniform correlation structure.
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Figure 1 shows the normalized intensity and corresponding cross-line of RPPC beams and
RPHNUC beams at different distances in turbulence with different mode orders. We confirm
that the beam profile of RPPC beams reduce from a dark hollow core to Gaussian distribution
gradually in short propagation distance in turbulent atmosphere, as was studied in detail in Ref.
[40]. This in turn indirectly indicates that the radial polarization structure is lost on propagation,
as we will see later. In contrast, we find from Figs. 1(b) and (c) that, for two different mode
orders, RPHNUC beams evolve in a nontrivial manner, manifesting rings of different sizes,
sometimes multiple rings, at different intermediate distances, which is similar to its propagation
properties in free space (see Fig. 1 in Ref. [28]), while at long propagation distance, the dark core
of RPHNUC beams becomes shallower on propagation and eventually degrades to a Gaussian
intensity profile. One can explain this phenomenon by the fact that the influence of turbulence can
be neglected and the free-space diffraction plays a ring-shaped role at short propagation distance,
thus the propagation properties of RPHNUC beams in turbulence is similar to those in free space.
With a further increase of the propagation distance, the influence of turbulence accumulates and
plays a dominant role, and the ring-shaped beam profile evolves into Gaussian distribution beam
profile at long distances due to the isotropic influence of turbulence. It is worth noting that the
evolution properties of the intensity are closely related to the mode order, the conversion from
the ring-shaped distribution to Gaussian distribution becomes slower as the mode order increase,
which suggests that RPHNUC beams with large mode order are less affected by turbulence.

In order to more clearly examine the evolution of the distribution of light intensity as it
degenerates to a Gaussian distribution, Fig. 2 shows the ratio of the spectral intensity on the
optical axis (ρ = 0) to the maximum intensity in the transverse plane. We find from Fig. 2(a) that
the ratio of RPPC beams increase from 0 (i.e., intensity on optical axis is 0) to 1 (i.e., the beam
profile reduces to a Gaussian distribution), gradually. The ratio of radially polarized NUC beams
(with m = 0) increases rapidly over a short propagation distance, and then increase gradually
to 1. Strikingly, when m , 0, i.e., RPHNUC beams, the ratio also increases rapidly over short
distances, after which it increases gradually to a maximum, then it decreases to a fixed value,
and then increases again very slowly. The phenomenon illustrates that the RPHNUC beams can
keep the ring-shaped intensity distribution over much longer distances than RPPC beams with a
conventional uniform correlation structure. Furthermore, RPHNUC beams with a larger mode

Fig. 1. Density plot of the normalized intensity of (a) RPPC beams and RPHNUC beams
upon propagation in turbulence at different distances with different mode orders (b) m = 0
(c) m = 1.
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order can keep the ring-shaped beam profile much better than a beam with lower mode order.
Over short propagation distances, the value of the ratio first increases rapidly then increases
gradually: we interpret this phenomenon as arising from the interplay between the intensities of
the outer ring and inner ring and the effects from turbulence.

Fig. 2. Ratio of the spectral intensity on the optical axis (ρ = 0) to the maximum intensity
in the transverse plane of RPHNUC beams versus the propagation distance z in turbulence
for different values of (a) the mode order and (b) the coherence width.

Figure 2(b) shows the ratio of the spectral intensity in the optical axis to the maximum intensity
in the transverse plane of RPHNUC beams versus the propagation distance z in turbulence for
different values of the initial coherence width. One confirms that RPHNUC beams with low
coherence can better maintain the ring-shaped beam profile at long propagation distance in
turbulence; this is in contrast with RPPC beams, which typically lose their center ring more
rapidly as coherence decreases. From these results, we can see that RPHNUC beams with low
coherence display better turbulence resistance.
In Fig. 3, we illustrate (a) the normalized intensity distribution of RPHNUC beams on

propagation, along with (b) its completely polarized part and (c) its completely unpolarized part
for mode order m = 1. One finds from Fig. 3 that the dark core of intensity becomes shallower
on propagation, due to the growth of an unpolarized bright spot, as shown in Fig. 3(c). The
completely polarized part keeps its dark hollow beam profile invariant on propagation.
In order to observe the contribution of the completely polarized part of the intensity and the

completely unpolarized part more clearly, in Fig. 4 we calculate the evolution of the normalized
power of the completely polarized portion versus the propagation distance z in the turbulent
atmosphere (the variation of the completely unpolarized portion is easy to get according to
Fig. 4),

η(l) (z) =

∬ ∞
−∞

〈
I(l) (ρ, z)

〉
d2ρ∬ ∞

−∞
〈I (ρ, z)〉 d2ρ

, (l = p, u) , (28)

here, η(p) (z) and η(u) (z) denote the normalized powers of the completely polarized portion and
the completely unpolarized portion of RPHNUC beams, respectively.

For the convenience of comparison, the corresponding results of RPPC beams are also shown
in Fig. 4(a). As shown in Fig. 4(a), for RPPC beams, the power of the completely polarized
portion decreases rapidly, i.e., it transits to the completely unpolarized portion on propagation
in turbulence due to the influence of the initial spatial coherence and turbulence; we call this
phenomenon coherence-induced and turbulence-induced depolarization, as predicted in Ref.
[40]. One also confirms from Fig. 4(a), over short propagation distance, that the power of the
completely polarized portion of RPHNUC beams decreases first, then increases, while with
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Fig. 3. Normalized intensity distributions of (a) RPHNUC beams, (b) its completely
polarized part and (c) its completely unpolarized part with m = 1 on propagation in
turbulence.

Fig. 4. Variation of the normalized powers of the completely polarized portion of RPHNUC
beams versus the propagation distance z for (a) different values of the mode order and (b) the
coherence width in turbulence.
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increasing propagation distance, the power of the completely polarized portion decreases again.
Furthermore, we find from Figs. 4(a) and (b), such beams with larger mode order and low
coherence exhibit high power of the completely polarized portion over long propagation distance.
We interpret the small fluctuation in the curve over short propagation distance as arising from the
interplay between the intensities of the outer ring and inner ring and the effect from turbulence.
Thus, one can say the non-uniform correlation structure plays a role of resisting coherence- and
turbulence-induced depolarization of RPHNUC beams on propagation.
Now we analyze the degree of polarization (DOP) of RPHNUC beams on propagation in

turbulence. It is to be noted that the chosen values of the mode order of RPHNUC beams have
been increased to highlight the difference of the value of the DOP. We calculate in Fig. 5(a)
that the DOP (cross line ρy = 0) of RPHNUC beams at propagation distance z = 500m and
in Fig. 5(b) the DOP of such beams at point (5mm, 5mm) versus the propagation distance z
for different values of the mode order. For the convenience of comparison, the DOP of RPPC
beams on propagation in turbulence also have been shown in Fig. 5. One finds from Fig. 5
that, upon propagation in the turbulent atmosphere, a dip appears in the distribution of the DOP.
The dip of DOP of RPPC beams is obviously larger than which of RPHNUC beams, which
means vector PCBs with non-uniform correlation structure exhibit much better resistance to
depolarization than vector PCBs with uniform correlation structure. Furthermore, it is clear that
the mode order affects the DOP on propagation in turbulence and usually the value of the DOP
increases as the value of the mode order m increases, which means the mode order plays a role of
anti-depolarization on propagation.

Fig. 5. DOP of RPHNUC beams (a) at z = 500m (cross line ρy = 0); (b) at point
(5mm, 5mm) versus the propagation distance z in turbulence for different mode order.

Figure 6 shows the evolution of the DOP of RPHNUC beams at certain propagation distance
at z = 500m versus the coordinate in ρx-axis and at certain point, again using a reference point
(5mm, 5mm), versus the propagation distance in turbulence for different values of the correlation
width of such beams. One confirms that the variation of the DOP on propagation in turbulence is
also closely determined by the coherence width, and the DOP decreases more rapidly with high
coherence, which means we can also adjust the coherence of RPHNUC beams to improve the
resistance to depolarization induced by turbulence.
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Fig. 6. DOP of RPHNUC beams (a) at z = 500m (cross line ρy = 0); (b) at point
(5mm, 5mm) versus the propagation distance z in turbulence for different coherence width.

4. Summary and observations

We have studied the propagation properties of RPHNUC beams in turbulence and found that
the propagation properties of such beams are quite different from those of vector PCBs with
conventional uniform correlation structure in turbulence. We have showed that RPHNUC beams
can better keep the original beam profile and polarization state over a greater propagation
distance in turbulence, and RPHNUC beams with large mode order and/or low coherence are
less affected by turbulence than such beams with small mode order and/or high coherence and
vector conventional partially coherent sources.

It is worthwhile to say a few words about the physics that leads such beams to have their
unusual properties. As seen from Eq. (3), the degree of coherence of a RPHNUC beam is
azimuthally invariant, and depends only on the radial positions of the two observation points. As
discussed in [28], the fluctuations in such a beam may be interpreted as a fluctuating wavefront
curvature of the beam, which overall produces a broadened self-focus spot at long propagation
distances. Since this curvature is radially symmetric, it does not distort the radial polarization of
the beam or its axial intensity null. In contrast, the fluctuations of a Schell-model beam may be
interpreted as a fluctuating tilt of the beam, which distorts both the polarization distribution of
the beam as well as the position of the axial zero, causing both to disappear on propagation.
We have also seen that higher-order modes maintain their dark core over longer distances on

propagation than lower-order modes. For higher-order modes, the beam self-focuses at a closer
distance than lower-order modes, which indicates it spreads more rapidly over long propagation
distances. This can be seen, for instance, in the rightmost panels of Fig. 1, and the plot ranges
used. Because the beam components are propagating at a much larger angle with respect to
the beam axis, the turbulence is less likely to scatter them back along the axis. This suggests a
trade-off: one can maintain a dark hollow core of RPHNUC beams over longer distances, but at
the cost of more overall beam spreading.

Our results show that the beams with combination of polarization and non-uniform correlation
structure show more resistance to turbulence, and have a number of degrees of freedom,
polarization and/or non-uniform coherence, which can be tailored for the individual application
needs. This flexibility can be used to improve the characteristics of beams in FSO communications.
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