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A B S T R A C T

A new beam array called radial phased-locked Laguerre-Gaussian correlated Schell-model (LGCSM) beam array is
presented, the beamlet of this beam array is partially coherent beam with Laguerre Gaussian-Schell model cor-
relation. The propagation expression of a radial phased-locked LGCSM beam array in free space is derived. It is
aimed to give the effect of beam parameters on evolutions of beam array composed by LGCSM beam. The radial
phased-locked LGCSM beam array has unique properties on propagation, the intensity of such beam array will
evolve from a beam array composed of Gauss beams into a beam array formed of LGCSM beams. Furthermore, the
intensity evolutions of such beam array are modulated by coherence length and beam order of beamlets. The
obtained results are important in areas such as light field shaping, and free space optical communication.
1. Introduction

Recently, beam array has been widely studied due to its potential
application in FSO and high-power laser system. The coherent laser beam
arrays in turbulence have been analyzed [1, 2, 3, 4]. Partially coherent
beams (PCBs) have widely been researched due to their advantages in
turbulence [5], and models of beam array composed of PCBs are intro-
duced. The properties of the beam array composed of the Gaussian
Schell-model (GSM) beams are analyzed [6, 7, 8, 9, 10, 11]. In addition,
new models of beam array are also introduced, such as random arrays
[12], twist GSM array beams [13], radial phased-locked (PL) Lorentz
beam array [14], radial PL rotating elliptical Gaussian beam array [15],
radial PL partially coherent standard Hermite-Gaussian beam [16], radial
PL partially coherent anomalous hollow beam array [17], radial PL
partially coherent elegant Laguerre–Gaussian beam array [18], PL
radially-polarized vector fields array [19], radial PL multi-GSM beam
array [20], and rotating anisotropic GSM array beams [21]. Until now,
most PCB arrays are related to GSM beams or multi-GSM beams. Thus, it
is interesting to consider the beam array composed of a beam
with a special correlation function. Recently, a new beam called
Laguerre-Gaussian correlated Schell-model (LGCSM) beam has been
proposed [22]. Henceforth, the evolutions of LGCSM vortex beam [23],
twisted LGCSM beam [24], elliptical LGCSM beam with a twist [25],
rectangular LGCSM beam [26, 27, 28], radially polarized LGCSM beam
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[29], LGCSM with a twist phase [30], rotational elliptical LGCSM beam
[31] are researched. From previous work, one can find that the dark
hollow beam profile can be modulated by the parameters of LGCSM
source on propagation. Hence, it gives a way to produce the beam array
composed by dark hollow beam profile. It will be very interesting to
consider the laser array composed by LGCSM beams, and the intensity of
beam array can have linear, rectangular and radial distributions [14, 32,
33]. In this work, a new beam array called radial phased-locked LGCSM
beam array is produced, which has M LGCSM beamlets. The
cross-spectral density (CSD) of radial PL LGCSM beam array in free space
is obtained, and the effects of beam parameters on evolution of a radial
PL LGCSM beam array are discussed.

2. Analytical expression of an LGCSM beam array

At the source plane, the CSD for an elliptical LGCSM beam can be
described as [22].
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where w0 is the beam width; δ0x and δ0y are the coherence widths. In Eq.
(1), L0n is the Laguerre polynomial.

Considering the scheme of a radial PL beam array, and setting this
beam array is composed of M beamlets, the center of random beamlet is
located at ðRmx;RmyÞ and which is given as
Figure 1. The intensity pattern of the radial PL circular LGCSM beam array at the
source plane for the different M. (a)M ¼ 3, (b) M ¼ 4, (c) M ¼ 4, (d) M ¼ 6.

2

Rmx ¼R cos φm (2)
Rmy ¼R sin φm (3)

φm ¼m
2π
M
;m ¼ 1;2;⋯M (4)

In Eqs. (2), (3), and (4), ðRmx;RmyÞ and φm are the center and phase of
the beamlet.

Now we introduce the expression of a radial PL beam array composed
of M elliptical LGCSM beamlets, the CSD of a radial PL elliptical LGCSM
beam array can be expressed as
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Figure 2. Cross-sections of intensity pattern of the radial PL circular LGCSM
beam array with M ¼ 4 at source plane. (a) different R, (b) different w0.



Figure 3. The normalized intensity of the radial PL circular LGCSM beam array
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When δ0x ¼ δ0y in equation (5), a radial PL elliptical LGCSM beam
array becomes radial PL circular LGCSM beam array. When n ¼ 0, this
beam array will reduce to a radial PL GSM beam array. Figure 1 shows the
normalized intensity of a radial PL circular LGCSM beam array with w0 ¼
10mm and R ¼ 80mm for the different M (M ¼ 3 in Figure 1a, M ¼ 4 in
Figure 1b,M ¼ 5 in Figure 1c andM ¼ 6 in Figure 1d). The cross-sections
of a radial PL circular LGCSM beam array with M ¼ 4 for the different R
and w0 are shown in Figure 2. As R increases, the distance between
beamlets of this beam array will increase (Figure 2a). When R remains
same, the widths of beamlets will increase as w0 increases (Figure 2b).
Thus, the intensity pattern of this beam array can be controlled by beam
parameters R and w0.

Recalling the following equation [34].
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Substituting Eqs. (6) and (7) into Eq. (5), the CSD of a radial PL
elliptical LGCSM beam array can be rewritten as
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3. Propagation of an LGCSM beam array

When a radial PL LGCSM beam array propagates through free space,
the CSD of this beam array can be written by the extended Huygens-
Fresnel principle [5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19,
20, 21].
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with k ¼ 2π=λ, and λ is the wavelength.
Recalling the following equations [34].
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On substituting Eq. (8) into (9) and considering Eqs. (10) and (11),
the CSD of a radial PL LGCSM beam array in free space is get as
with M ¼ 3 at several distances. (a) z ¼ 100m, (b) z ¼ 200m, (c) z ¼ 300m, (d)
z ¼ 400m.
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Figure 4. The normalized intensity of the radial PL circular LGCSM beam array
with M ¼ 4 at several distances. (a) z ¼ 200m, (b) z ¼ 400m.

Figure 5. The normalized intensity of the radial PL elliptical LGCSM beam array
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Tthe intensity of a radial PL LGCSM beam array at plane z is given as
[35].

Iðρ; zÞ¼ΓMðρ; ρ; zÞ (18)

4. Numerical simulations and discussions

By using Eqs. (12), (13), (14), (15), (16), (17), and (18), the evolu-
tions of intensity distributions of a radial PL LGCSM beam array
composed of M beamlets in free space are illustrated and analyzed. The
parameters about the radial PL LGCSM beam array in numerical simu-
lation are λ ¼ 532nm, w0 ¼ 10mm, R ¼ 100mm and n ¼ 2. The intensity
with M ¼ 4 at several distances. (a) z ¼ 200m, (b) z ¼ 400m.
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Figure 6. Cross-sections of intensity pattern of the radial PL circular LGCSM
beam array with M ¼ 4 for the different δ0x ¼ δ0y at several distances. (a) z ¼
200m, (b) z ¼ 300m.

Figure 7. Cross-sections of intensity pattern of the radial PL circular LGCSM
beam array withM ¼ 4 for the different n at several distances. (a) z ¼ 200m, (b)
z ¼ 300m.
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profile of a radial PL circular LGCSM beam array with M ¼ 3 and δ0x ¼
δ0y ¼ 1:5mm propagating through free space at several distances are
shown in Figure 3. Comparing Figure 1 with 3, it is seen that beamlets of
this beam array can remain the initial Gaussian distribution (Figure 3a);
the larger the distance is, the beamlet will gradually become a beam with
ring pattern, while intensity at center of the beamlet is not zero
(Figure 3b); As the distance increases further, the beamlets will translate
into a dark hollow center beam, and the beam array has translated into a
beam array composed of three circular LGCSM beams (Figures 3c and
3d). As M increases to M ¼ 4 (Figure 4), the radial PL circular LGCSM
beam array with M ¼ 4 and δ0x ¼ δ0y ¼ 1:5mm has a similar evolution
phenomenon with beam array with M ¼ 3 (Figures 3b and 4a), and this
beam array at a longer distance is composed of four circular LGCSM
beams (Figure 4b). The phenomenon that the dark hollow center of
beamlets is caused by LGCSM sources, the LGCSM beam will evolve into
dark hollow beam profile on propagation [22].

When coherence length δ0x 6¼ δ0y , a radial PL elliptical LGCSM beam
array with M ¼ 4, δ0x ¼ 1:5mm and δ0y ¼ 1:2mm is illustrated in
Figure 5. One sees that the radial PL elliptical LGCSM beam array will
have similar evolution to the circular LGCSM beam array (Figures 4a and
5a). While, the radial PL elliptical LGCSM beam array with δ0x ¼ 1:5mm
and δ0y ¼ 1:2mm will evolve into a beam array with four elliptical dark
5

hollow beams as distance increases (Figure 5b). Comparing Figures 3, 4,
and 5, one can conclude that the intensity distribution of radial PL
LGCSM beam array at the long distance can be controlled by setting
different beam parameters M, δ0x and δ0y .

To view the influence of δ0x ¼ δ0y on intensity of the radial PL LGCSM
beam array, Figure 6 gives the cross-sections of intensity of the radial PL
circular LGCSM beam array with M ¼ 4 for the different δ0x ¼ δ0y . As
distance increases to z ¼ 200m (Figure 6a), it is seen that the intensity of
the dark center of beamlets for the circular LGCSM beam array with
larger δ0x ¼ δ0y has larger intensity. Thus, the beamlets of a radial PL
LGCSM beam array with smaller δ0x ¼ δ0y will evolve into LGCSM beams
faster as distance increases (Figures 6a and 6b). So, the small coherence
length δ0x ¼ δ0y is beneficial for radial PL LGCSM beam array evolving
into beam array composed by the dark hollow beam profile.

The influences of order n of Laguerre polynomial on the evolution of
intensity for the radial PL LGCSM beam array withM ¼ 4 and δ0x ¼ δ0y ¼
1:3mm are illustrated in Figure 7. One can see that the beamlets of radial
PL LGCSM beam array with larger nwill translate into dark hollow center
beams faster (Figure 7a at z ¼ 200m, Figure 7b at z ¼ 300m). Comparing
Figure 6 with Figure 7, one can conclude that the intensity of the radial
PL LGCSM beam array can be controlled by choosing distance z, coher-
ence length and beam order n.
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5. Conclusions

In summary, the new type beam array named the radially PL LGCSM
beam array is introduced, the intensity distribution of this beam array has
radial distribution. The CSD of such beam array propagating through free
space are derived. The effects of beam parameters on intensity of such
beam are studied during propagation. It is found that such beam array
will translate from a beam array composed of Gaussian intensity distri-
bution into a beam array composed ofM circular or elliptical dark hollow
beam profile, and beamlets are LGCSM beams. Furthermore, the beam-
lets of radial PL LGCSM beam array with smaller δ0x ¼ δ0y and larger n
will evolve into LGCSM faster as distance increases. The results are useful
for laser shaping. Thus, this method provides a way for introducing a
beam array with dark hollow beam profile, and using the similar process
of derivation of radial PL LGCSM beam array, the rectangular or linear
beam array composed by LGCSM beamlets can also be obtained.
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