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Abstract.  Using a numerical simulation, we investigate the possi-
bility of synthesising vortex laser beams with a variable orbital 
angular momentum by a hexagonal array of fibre lasers under a 
phase control of individual subapertures of the array. We report the 
requirements to the parameters of the device generating a vortex 
beam (number and size of subapertures, as well as their mutual 
arrangement). The propagation dynamics of synthesised vortex 
beams is compared with that of conventional Laguerre – Gaussian 
beams in free space and in a turbulent atmosphere. The spectral 
properties of the synthesised beam, represented as a superposition 
of different azimuthal modes, are determined during its propaga-
tion in free space. The energy and statistical parameters of the syn-
thesised and Laguerre – Gaussian vortex beams are shown to coin-
cide with increasing propagation distance in a turbulent medium. 

Keywords: optical vortex beams, array of fibre lasers, beam com-
bining, orbital angular momentum.

1. Introduction 

In  recent  decades,  laser  beams  having  an  orbital  angular 
momentum (OAM) [1 – 4] have attracted considerable atten-
tion  due  to  their  special  properties  that  are  important  for 
many practical applications [5 – 10]. Because of the presence 
of the transverse circulation component of the Poynting vec-
tor [2], these kinds of beams are called vortex beams. In par-
ticular, the possibility of using optical vortices for encoding 
and  transmitting  information  is  being  intensively  studied 
[8, 9]. Generation of vortex beams has become a new branch 
of modern optical science, i.e. singular optics [11]. 

There  are many approaches  to  the  generation of  vortex 
beams  with  controllable  parameters,  some  of  them  having 
been tested experimentally. These methods involve producing 
vortex  beams  by  a  coherent  superposition  of  vortex-free 
beams [12 – 15], direct formation of single or multiple vortex 
beams at the laser cavity output [16 – 20], or transformation of 
a Gaussian beam into a vortex beam out of the laser resona-

tor. The transducer may be a spiral phase plate [21, 22], a dif-
fraction phase hologram [23 – 25], a pair of cylindrical lenses 
[26], a Dammann zone plate [27] or a Moiré diffractive spiral 
phase  plate  [28],  phase  nanostructures  [29]  and  single-axis 
crystals  [30].  There  are  also methods  for  generating  vortex 
light beams based on the use of the polarisation properties of 
the beam [31 – 34], as well as on the microresonator technolo-
gies [35 – 37]. 

The most common methods for producing vortex beams 
are associated with a laser beam passing through spiral phase 
plates, or with the use of spatial light modulators (PSMs). In 
this case, a particular  spiral phase plate  functions only at a 
single wavelength  and does  not  allow  for  the  tuning of  the 
topological charge of the vortex. PSM-based devices can pro-
vide an arbitrary phase distribution; however, high-resolution 
PSMs are expensive and generate the desired phase distribu-
tion in the reflected light, which makes it impossible to make 
a  compact  experimental  setup.  In  addition,  liquid-crystal 
PSMs are sensitive to the polarisation of light, which reduces 
their efficiency and gives rise to problems when working with 
weak  signals.  Some  methods  for  generating  vortex  beams 
involve computer-generated holograms or special diffraction 
gratings. However, they, in turn, are ineffective in generating 
beams with certain topological charges. Microresonator tech-
nologies have been developed for specialised applications and 
are not yet available for routine use. 

The development of modern multiplexing optical commu-
nication technology based on the OAM requires the fabrica-
tion of  high-speed devices  to  generate  vortex  beams with  a 
tunable  topological  charge.  The  above-mentioned  PSM-
based methods are not sufficiently fast and usually ineffective 
in transformation of one type of the beam to another. They 
are capable of switching the beam OAM with a frequency of 
less than 1 kHz. Therefore, an urgent task is to develop new 
high-speed methods and devices  for  generating vortex  laser 
beams. These devices should be compact and relatively inex-
pensive, and  in some applications they should provide their 
operation at a high radiation intensity. 

In this paper, we investigate the possibility of generating 
optical  vortex  beams with  a  variable OAM by  an  array  of 
fibre  lasers. The method  involves  the phase control of  light 
from individual subapertures of a hexagonal array to create a 
phase incursion 2np in going round the synthesised beam cen-
tre. In this case, use is made of exotic laser beam engineering 
based  on  coherent  combining  of  beams  from  a  fibre  laser 
array  [38].  It  should be noted  that  the  formation of optical 
beams on the basis of a coherent array of beams with radial 
arrangement  has  been  discussed  previously  [39].  The  main 
advantage of the proposed method for synthesising a vortex 
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beam is a possibility of fast (with a frequency greater than 109 
Hz [40]) phase shift of subapertures providing a change in the 
OAM. 

Without considering the technical implementation of the 
proposed system of the formation of vortex beams, we use a 
numerical simulation in this paper to examine the properties 
of  the  formation and propagation of vortex beams,  synthe-
sised from a various number of beamlets, in a turbulent atmo-
sphere.

2. Model of a vortex beam 

Due  to  the  fact  that  the analysis of  the  classical Laguerre –
Gaussian vortex beams has been widely discussed in the lit-
erature,  the  study  of  the  propagation  of  synthesised  vortex 
beams will be predominantly performed based on a compari-
son  with  the  characteristics  of  the  field  of  a  Laguerre--
Gaussian beam LGm
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nates; a is the beam radius; m is the radial mode index (in this 
study it is assumed to be equal to zero); and l is the value of 
the topological charge. 

The field of the synthesised vortex beam is the sum of the 
fields on the Na subapertures of the fibre laser array: 
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x csub  and  y
c
sub  are the coordinates of the subapertutre cen-

tre; and asub is the subaperture radius. In the case of a hex-
agonal  packing  of  beamlets,  a  central  beamlet  with  the 
coordinates x с = 0 and yс = 0 is absent. In addition, when 
forming a synthesised beam from multiple rings of beam-
lets  (Na  =  18,  36,  60  and  so  on),  inner  rings  can  be  also 
missing.  The  propagation  of  synthesised  and 
Laguerre – Gaussian beams is simulated by solving the par-
abolic  wave  equation  [41].  An  atmospheric  turbulence  is 
modelled by a set of phase screens with allowance for tem-
poral changes in the refractive index [42]. 

The amplitude and phase distributions of the field of the 
beam for a topological charge l = 3 are shown in Fig. 1. It can 
be seen that the number of subapertures constituting a syn-
thesised  vortex  beam,  similar  to  a  continuous  Laguerre –
Gaussian beams, governs the radius of a single subaperture. 
Furthermore, with this method of forming the vortex beam it 
is obvious  that  the number of  subapertures also determines 
the maximum possible value of the topological charge. 

3. Characteristics of a synthesised vortex beam 

3.1. Propagation in free space 

Figure 2 shows the amplitude and phase distributions of the 
field of a synthesised vortex beam with a topological charge 
l = 3 after  it propagates  in free space at a distance equal to 
half the diffraction length Ld = ka2 (k is the wave number of 
the  light),  which  corresponds  to  a  continuous 
Laguerre – Gaussian beam. One can see that the field ampli-
tudes and phases of the vortex beams synthesised from 18 or 
36 subapertures behave, during the propagation, similarly to 
the case of a Laguerre – Gaussian beam: there  is an annular 
distribution of the amplitude and a helical distribution of the 
phase with an incursion 2lp in going around the beam centre. 
However, during the propagation of a beam synthesised from 
six subapertures, the vortex component is not observed, and 
we can see only an interference pattern in the interaction of 
radiation from these apertures. This is obviously explained by 
the fact that the generation of a field with a nonzero orbital 
angular momentum l requires at least 3l sources of radiation. 
In this case, for a vortex beam with a topological charge l = 3 
to  be  formed,  one  should  use  at  least  nine  subapertures 
arranged circumferentially. 

In  studying  the  influence of  the  structure of  the  synthe-
sised beam (number of beamlet rings) on the formation of an 
optical vortex, we have found that the emission of the subap-
ertures located in the inner rings of the fibre laser array has 
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Figure 1. (a) Amplitude and (b) phase distributions of the fields of ( 1 ) 
Laguerre – Gaussian and ( 2 – 4 ) synthesised vortex beams with a topo-
logical charge l = 3. 
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Figure 2. (a)  Amplitude  and  (b)  phase  distributions  of  the  fields  of 
Laguerre – Gaussian and synthesised vortex beams presented in Fig. 1 
during their propagation in free space at a distance z = 0.5ka2. 
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little effect on the formation of the OAM of the synthesised 
vortex  beam.  In  this  case,  the maximum of  the  topological 
charge  lmax  is determined by  the number of  subapertures  in 
the outer ring and does not depend on the number of the inner 
rings. It should also be noted that for the topological charge 
values close to lmax, the smoothed amplitude and phase distri-
butions of the field are formed more rapidly (at smaller dis-
tances) in the presence of a single ring (when the inner rings 
are absent). 

Figure 3 shows the amplitude and phase distributions of 
the  field  of  the  vortex  beam  synthesised  by  the  fibre  laser 
array consisting of three, two and one subaperture rings. One 
can see that  in the case of free-space propagation the phase 
surface of the synthesised beams takes a characteristic spiral 
form, and the integral of the phase over a circle of radius rmax 
= áarg max[A(r, j)]ñj [A(r, j) is the field amplitude] is equal to 
12p. Note, however, that this sufficiently smooth phase distri-
bution of the field of the vortex beam synthesised by the fibre 
laser array is observed at some distance from the initial plane 
z = 0. In the initial part of the path, there is an interference of 
the fields of all subapertures of the fibre lasers, which does not 
allow one to determine correctly the OAM value of the syn-
thesised beam. 

Figure 4 shows the dynamics of the amplitude and phase 
distributions of the fields of Laguerre – Gaussian and synthe-
sised beams propagating in free space. One can see that at the 
initial  stage  of  propagation,  the  distribution  of  the  field 
amplitude  exhibits  periodic  structures,  to which  the  distor-
tions of  the helical  phase  surface  correspond. Then,  due  to 
diffraction  the  phase  of  the  synthesised  field, whose  ampli-
tude distribution takes a continuous ring-shaped appearance, 
is  smoothed.  It  should  be  noted  that  the  continuous 
(smoothed) phase distribution is formed much earlier than a 
uniform annular distribution of  the  field  amplitude. At  the 

same time, at a sufficiently large distance from the transmitter 
system (in this case, for z > 0.5ka2), the amplitude and phase 
distributions  of  the  field  of  the  synthesised  beam  virtually 
coincide with the corresponding distributions for a Laguerre –
Gaussian beam. 

Note that in the case of a hexagonal packing of the syn-
thesised vortex beam at a topological charge l multiple of six, 
one can observe a rotational symmetry in the distribution of 
both amplitude and phase of  the  field. For values of  l,  not 
multiples of six, there is a distortion of the symmetry of the 
phase distribution. Figure 5 shows the amplitude and phase 
distributions of the field of the vortex beam synthesised from 
36  subapertures  with  different  values  of  the  topological 
charge.  It  can be  seen  that  the distribution of  the  radiation 
intensity, regardless of l, always exhibits a hexagonal symme-
try. In the field phase distribution for l = 1 – 3 a single disloca-
tion point is formed on the optical axis. In this case, the phase 
incursion in the integration along the contour passing through 
local maxima of the field intensity around the centre point is 
2lp. For l = 4, 5 (not multiple of six), six hexagonally (sym-
metrically) arranged dislocation points of the wavefront are 
formed, as well as one (for l = 5) or two (for l = 4) additional 
dislocation  points  of  an  ‘opposite  sign’  on  the  optical  axis. 
Thus,  in  this  case,  the  phase  incursion  in  the  integration 
along the contour passing through the local maxima of the 
field intensity around the centre point is also equal to 2lp. For 
l = 6, six hexagonally arranged dislocation points of the wave-
front are formed, which in the integration along the contour 
passing through the  local maxima of  the field  intensity also 
provide a phase incursion equal to 2lp. 

It  is  obvious  that  the  interference  field  structure  of  the 
synthesised vortex beam in the initial part of the propagation 
path will introduce distortions in the OAM. The effect of the 
nonuniform  field  structure  of  the  synthesised  beam  on  its 
characteristics can be evaluated by using an expansion of the 
field in the azimuthal modes of the vortex beam: 
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Then, to identify the topological charge of the synthesised 
vortex beam we  should  calculate  the  fraction of  the  energy 
corresponding to different-order modes n: 
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Figure 6 shows the energy dynamics of the modes Pn of 
the synthesised vortex beam with a topological charge l = 1. 
In view of the restrictions used in the numerical simulations, 
we  have  performed  the  decomposition  of  ten  modes  (n  = 
–3 ¸ +6).  It can be seen  that  in contrast  to a conventional 
vortex beam, for which all the energy is concentrated in the 
fundamental mode of the order of  l,  the propagation of the 

a
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Figure 3. (a, c) Amplitude and (b, d) phase distributions of the field of 
the synthesised vortex beam with a topological charge l = 6 in the initial 
plane (a, b) and at a distance z = 0.2ka2 (c, d). 
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synthesised beam at the  initial part of the path  is accompa-
nied by an energy transfer between the modes with different 
values of n. In the initial plane, 50 % of the energy is contained 
in the vortex-free zero-order mode. Then, as the beam propa-
gates, the energy of the mode with n = 1, whose order is equal 

to  the  given  topological  charge  l  =  1,  increases  sharply  to 
60 %, and after it again decreases down to 10 % – 30 % at point 
z = 0.125ka2 corresponding to the minimum of the effective 
size  of  the  synthesised  beam. Upon  further  beam propaga-
tion, the energy of the mode with n = 1 increases monotoni-

z/(ka2) = 0 0.02 0.0625 0.125 0.25 0.5

a

b

c

d

Figure 4. Dynamics of the amplitude and phase distributions of the fields of (a) Laguerre – Gaussian and (b – d) synthesised vortex beams ( l = 2) 
during their propagation in vacuum. 



  V.P. Aksenov, V.V. Dudorov, V.V. Kolosov730

cally and saturates at a level of 90 % – 95 %. A similar behav-
iour  of  the  mode  composition  of  the  synthesised  beam  is 
observed  for  other  values  of  the  topological  charge.  Thus, 
when the synthesised vortex beam propagates a distance z > 
0.2ka2,  its  properties  begin  to  coincide  with  those  of  the 
Laguerre – Gaussian beam. 

4. Propagation in a turbulent atmosphere 

In applications related to the propagation of vortex beams in 
the atmosphere, an important issue in the case of generation 
of beams by a fibre laser array is the study of the propagation 
of  these beams  through  turbulent  inhomogeneities  [43 – 45]. 
Figure  7  shows  the  results  of  calculation  of  the  radiation 
intensities  of  synthesised  vortex  beams  and  a  classical 
Laguerre – Gaussian beam. It can be seen that the distribution 
of  the  average  intensity  of  the  synthesised  beams  and  a 
Laguerre – Gaussian beam virtually coincide. In this case, the 
intensity  fluctuation  dispersion  decreases  with  increasing 
number  of  beamlets,  which  form  a  vortex  beam,  and 
approaches the values corresponding to a Laguerre – Gaussian 
beam. 

Figure 8 illustrates the probability density function of the 
radiation  intensity  of  the  synthesised  vortex  beam  and  the 
Laguerre – Gaussian beam at several points across the beam 
cross sections. It is seen that the dependence is mainly deter-
mined  by  the  average  value  of  the  radiation  intensity  at  a 
given point and is virtually independent of where it is located 
(at the beam centre or at its periphery). One can also note that 

the probability density function for the Laguerre – Gaussian 
and synthesised beams at the given parameters of the problem 
is almost identical. This suggests that the propagation of the 
synthesised vortex beams in a turbulent medium in the condi-
tions when the energy of the mode, the order of which is equal 
to a specified topological charge, becomes maximum, is simi-
lar to the propagation of traditional vortex beams with a con-
tinuous field distribution. 

5. Conclusions 

Thus, the method proposed in this paper allows one to syn-
thesise vortex beams with a controlled OAM. It is shown that 
the maximum value of the topological charge lmax of the syn-
thesised beam with a hexagonal packing is determined by the 
number of subapertures in the outer ring and does not depend 
on the number of subapertures in the inner ring. In addition, 
for  a  topological  charge  close  to  lmax,  the  formation  of  the 
smoothed  amplitude  and  phase  distribution  of  the  field  is 
faster  (at  smaller  distances)  in  the presence of  a  single  ring 
(when the inner rings are absent). 

During the propagation of the synthesised beam at the ini-
tial part of the path, there is a transfer of energy between the 
azimuthal  different-order  modes.  In  the  initial  plane,  the 
main part of the energy is contained in the vortex-free zero-
order mode. Then, upon further propagation of the beam, the 
energy of the mode, the order of which is equal to the given 
topological  charge,  increases  (in most  cases,  nonmonotoni-
cally) and saturates at a level of 90 % – 95 %. 

a

b

Figure 5. (a) Amplitude and (b) phase distributions of the field of the synthesised vortex beam from 36 subapertures at a distance z = 0.2ka2 for 
different values of the topological charge. 
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Figure 6. Dynamics Pn of the synthesised vortex beam propagating in free space and having a topological charge l = 1 at Na = (a) 6, (b) 18 and 
(c) 36. 
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The propagation of such beams in a turbulent atmosphere 
is similar to that of well-studied vortex beams with a continu-
ous field distribution. It is shown that the statistical charac-
teristics of the synthesised vortex beams propagating through 
turbulent  inhomogeneities  almost  coincide  with  those  of 
Laguerre – Gaussian beams. It should be noted that the prob-
ability density function of the radiation intensity of the syn-
thesised vortex beam on the axis coincides with the probabil-
ity density function of the radiation intensity at the periphery 
of the beam with the same average value.
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