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Abstract.  Based on a genetic algorithm, we have solved the problem 
of finding the parameters of optical Gaussian pulses which make 
their efficient nonlinear combining possible in one of the peripheral 
cores of a 7-core hexagonal fibre. Two approaches based on indi-
vidual selection of peak powers and field phases of the pulses 
launched into the fibre are considered. The found regimes of 
Gaussian pulse combining open up new possibilities for the develop-
ment of devices for controlling optical radiation.

Keywords: multicore fibre, nonlinear Schrödinger equation, genetic 
algorithm, nonlinear combining of pulses.

1. Introduction

One of  the modern  technologies  for  increasing  the  strength 
characteristics of metal products in manufacturing is the use 
of short high-power laser pulses. The surface of the processed 
metal  product  is  subjected  to  the  action of  a  train of  high-
power optical pulses. Each pulse irradiates a certain point on 
the product surface. For the generation of high-power optical 
beams, various schemes of linear pulse combining are used in 
practice [1, 2]. An important requirement to such schemes is 
the need for a precise control of the field phases of the com-
bined beams to maintain the output pulse coherence. 

Earlier,  using  a  numerical  simulation,  a  possibility  for 
optical  pulse  combining  and  compression  using  nonlinear 
effects  arising  in multicore optical  fibres has been demon-
strated  [3,  4].  Such a nonlinear  scheme has  several  advan-
tages compared to conventional linear schemes [5, 6]. In par-
ticular, the requirement to the control of the field phases of 
combined pulses can be substantially weakened. In this case, 
efficient combining can be achieved by selecting the param-
eters of the input pulses, with the fibre characteristics being 
unchanged. 

In this paper, using a hexagonal multicore fibre, we dem-
onstrate a fundamental possibility of developing a device for 
nonlinear  combining  of  pulses  capable  of  generating  high-

power optical pulses, each coming out from a chosen core of 
the multicore fibre. Because in this case the generated pulses 
are  produced  as  a  result  of  nonlinear  combining  of  optical 
pulses, this device can be used, for example, for metal product 
compaction. However, as was shown in previous works [3, 4], 
when introducing completely identical Gaussian pulses, their 
combining in a hexagonal optical fibre may only occur in the 
central  core.  Therefore,  the  main  task  in  this  case  was  to 
determine the conditions ensuring efficient combining of opti-
cal pulses not in the central, but in any other core by adjusting 
the parameters of these pulses.

2. Mathematical model

A 7-core hexagonal fibre of length L was chosen for the stud-
ies (Fig. 1). In the numerical simulation of the optical pulses 
with  the  fields Unm  propagating  through  the  fibre,  use was 
made of  a  discrete-continuous  nonlinear  Schrödinger  equa-
tion (NSE) for normalised values [3, 4]:

¶
¶

¶
¶ ( ) | | 0i z

U
t
U CU U Unm nm

nm nm nm2

2
2

+ + + = ,  (1)

where
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Figure 1. Scheme of the 7-core hexagonal fibre under study.
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To numerically solve this system of equations, a generalised 
split-step method was applied, which consists  in calculating 
the  matrix  exponential  in  the  frequency  domain  using  the 
Pade approximation [7]. As initial pulses, we used Gaussian 
pulses with the fields
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Here Pnm is the peak power of initial pulses; and a, t and f are 
the  chirp, width  and phase  shift  of  the  pulses,  respectively. 
Because  of  the  large  number  of  variable  parameters,  the 
genetic  algorithm  which  is  widely  used  for  solving  optical 
problems  served  as  a  search  tool  [8 – 14].  Its  ready-to-use 
Python-language software was implemented in the form of a 
DEAP package  [15], which  allows parallel  computations  in 
the  distributed  memory  systems  using  the  SCOOP  library 
[16]. In the genetic algorithm, a vector of values describing the 
parameters of Gaussian pulses launched into the fibre (peak 
powers, widths, chirps and phases) was chosen as the geno-
type of each individual in the population. Due to the problem 
symmetry, for a 7-core hexagonal fibre, it is possible to con-
sider  the  parameters  of  only  five  pulses,  thus  reducing  the 
optimisation  problem  dimension.  As  the  fitness  function 
value for each individual in the population, we used the max-
imum  value  of  the  combining  efficiency  [the  ratio  of  the 
energy  fraction  located  in  the peripheral  core  (–2, 0)  to  the 
total  energy E  launched  into  fibre]  which  can  be  achieved 
when  pulses  with  the  predetermined  parameters  (genome) 
propagate  through  the  fibre under  consideration. Thus,  the 
energy contained in the pedestal of the combined pulse was 
not taken into account.

3. Results of modelling

Two  approaches  to  the  determination  of  Gaussian  pulse 
parameters were investigated, in which a combined pulse can 
be obtained in one of the peripheral cores of a 7-core fibre.

The first approach is simpler in terms of practical imple-
mentation (experimentally). Its essence lies in the selection of 
the peak power magnitude of each optical pulse separately. In 
this case, the width and chirp for all the pulses are the same, 
but they are also chosen to maximise the pulse combining effi-
ciency. The initial phases of all the pulses are zero. Thus, the 
total number of parameters in the optimisation problem being 
solved,  i.e.  the  genome  size  of  an  individual  in  the  genetic 
algorithm is 7. The values of these parameters for the initial 
population are uniformly distributed random variables from 
the specified intervals. As was mentioned above, the combin-
ing efficiency of these pulses, obtained after calculation of the 
propagation of Gaussian pulses through the fibre, served as a 
fitness function to evaluate the ‘quality’ of an individual. 

If  we  do  not  impose  any  additional  restrictions  on  the 
genomes of  separate  individuals,  then,  in order  to obtain  a 
pulse at the output of the peripheral core, which ensures max-
imal combining efficiency, a chirped pulse with a peak power 
exceeding the peak power of the remaining pulses by several 
orders  of  magnitude  must  be  launched  into  the  core.  Of 
course, this solution is trivial. Therefore, we introduce below 
a  limitation  on  the  spread  of  the  peak  powers  of  initial 
Gaussian pulses: 

 
max
min

P
P
nm

nm  < M,  (3)

where M is the modulation depth.

It  turned out  that  if  the  peak powers  of  the  introduced 
pulses differ by no more than twice, the attainable maximum 
efficiency of their combining is 28 %. If the peak powers differ 
by no more than five times, the maximum efficiency consti-
tutes 53 % (Fig. 2a). In the case of a tenfold difference in the 
peak powers, the maximum efficiency turns out equal to 69 %. 

The second approach is more complicated from the engi-
neering viewpoint, since it requires the phase control of initial 
pulses.  It  is  proposed  to make  the  peak  power,  width  and 
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Figure 2. Intensity  dynamics  of  optical  pulses  for  the  regime  with  a 
maximum combining efficiency, obtained by the genetic algorithm us-
ing (a) peak power modulation (M = 0.2) or (b) phase selection.
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Figure 3. (Colour online) Combining efficiency h of Gaussian pulses in 
the central core (0, 0) of the 7-core hexagonal fibre as a function of the 
width t and peak power P of the initial pulses. The white dashed curve 
corresponds to the parameters of Gaussian pulses at which their com-
bining  is  possible  at  a distance of z/L =  0.8,  as  in  the  case  shown  in 
Fig.  2b. 
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chirp equal for all the input pulses, but, in doing so, to select 
the  phase  of  each  pulse  separately  and maximise  the  pulse 
combining efficiency in the peripheral core by selecting eight 
parameters.  As  a  result,  using  the  genetic  algorithm,  we 
obtained a regime allowing 95 % of energy of all the injected 
pulses to be combined at a distance of z/L = 0.8 (Fig. 2b).

An  important  condition  for  the  functioning  of  the  pro-
posed device  is  the possibility of combining of pulses at the 
same distance, both in the central core and in the peripheral 
one. Figure  3  shows  the  dependence  of  the  combining  effi-
ciency of Gaussian pulses in the central core of a 7-core hex-
agonal fibre [4]. In this case, the dynamics of Gaussian pulses 
with the same peak power P and width t was simulated. The 
white  dashed  line  indicates  the  regimes  in which  the  pulses 
launched into the fibre were combined at a distance of z/L = 

0.8, as in the case of the best regime of pulse combining in the 
peripheral core, found by means of phase selection. Figure 3 
shows that at a distance of z/L = 0.8, the pulses can be com-
bined in the central core with an efficiency of about 90 %.

Also, we  investigated  the  stability  of  the  found  regimes 
with respect to various fluctuations (Fig. 4). We studied the 
change in the distance to the point of pulse combining along 
the fibre as one of the most important characteristics of the 
proposed scheme of nonlinear combining. 

The effect of phase fluctuations of initial pulses was con-
sidered, which were simulated using the function C pd  having a 
uniform distribution in the interval [– dp;  dp]. Thus, the initial 
fields of the pulses had the form

( ) ( ) ( )exp iU t U t Cnm nm p= - d
u .  (4)
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Figure 4. Impact of (a, b) the phase spread dp, (c, d) time delays dt and (e, f) coupling coefficient fluctuations sc at the distances ( 1 ) z0, ( 2 ) zmin and 
( 3 ) zmax to the point of Gaussian pulse combining in the peripheral core (–2.0). Plots in (a), (c) and (e) correspond to the regime obtained by the 
selection of peak powers (M = 0.2); plots in (b), (d) and (f) correspond to the regime obtained by the selection of phases. The characteristics are 
found by averaging over a set of 2000 simulation results.
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The parameter dp was varied from 0 to p. For each of its 
100 values, 2000 calculations were performed. Based on these 
calculations we obtained an average value of the distance to 
the combining point z0, and also its minimum (zmin) and max-
imal  (zmax)  values. Calculations  showed  that  the  combining 
scheme  remains  stable  at  dp !  [0;  p/20]  in  the  case  of  the 
regime previously considered, in which the peak powers were 
simulated, and also at dp ! [0; p/5] in the case of phase selec-
tion (Figs 4a and 4b).

We  investigated  the  effect  of  time  delays  between  the 
pulses given by the function C td  having a uniform distribution 
in  the  interval  [– dt;  dt].  The  perturbed  initial  fields  of 
Gaussian pulses were taken in the form

( ) ( )U t U t C tnm nm= - d
u .  (5)

The simulation results showed that the scheme stability in 
the  case  of  phase  selection  is  only  observed  for dt !  [0;  t], 
where  t  =  19.755  is  the  width  of  initial  pulses  (Fig.  4d). 
However,  the  regime  found  by  selecting  the  peak  powers 
turned out extremely sensitive to the fluctuations of this type 
(Fig.  4c)  and  requires  that  the  time  difference  between  the 
pulses should not exceed the value of t/20.

In the fabrication of multicore optical fibres, it is extremely 
important that the fibre cross section geometry remains con-
stant  throughout  its  length. However,  small  fluctuations  in 
the distance between the cores, in the radii of cores, and also 
in the refractive index distribution are unavoidable. All that 
strongly affects the value of the coupling coefficient C between 
the  cores;  therefore,  this  aspect was  also  studied.  The  cou-
pling coefficient fluctuations were simulated using the Wiener 
random process DC(z). The coupling coefficient  in  this case 
was represented in the form

C(z) = C0 + DC(z),  (6)

where C0 is the average value of the coupling coefficient (C0 = 
1 in the model under consideration). This approach allowed a 
relatively smooth change in the coupling coefficient along the 
fibre. Calculations showed that the proposed scheme of opti-
cal pulse compression and combining is sufficiently stable to 
a change  in  the coupling coefficient between  the cores. The 
main characteristics start to significantly deteriorate when the 
standard  deviation  sc  (z  =  0)  of  the  coupling  coefficient 
exceeds 10 % for the regime with the peak power selection and 
15 % for the regime with phase selection. This requirement is 
feasible  in  practice,  since,  in  the  production  of  multicore 
fibres, the distance between the cores fluctuates by a value not 
exceeding 3 % – 5 %.  In  this case,  the characteristic  length at 
which these changes occur constitutes ~10 m. Thus, using a 
sufficiently  short  (up  to  10  m)  optical  fibre,  the  proposed 
scheme  will  be  resistant  to  possible  nonuniformities  in  its 
structure

4. Conclusions

In this paper, we have proposed the use of a genetic algorithm 
for finding the parameters of optical Gaussian pulses, which 
allows  their  effective  nonlinear  combining  in  one  of  the 
peripheral cores of a 7-core hexagonal fibre. Two approaches 
based on individual selection of the peak powers and phases 
of  the pulses  launched  into the optical  fibre are considered. 
The values of peak powers of Gaussian pulses are determined, 
at which the combining efficiency in peripheral cores reaches 

69 %. When selecting the field phases of the pulses introduced 
into  the  fibre,  the  combining  efficiency  of  about  95 %  was 
obtained.  The  found  regimes  of Gaussian  pulse  combining 
open new possibilities  for the development of optical radia-
tion controlling devices. This technique may find application 
in the problems of signal processing, fibre lasers, cryptogra-
phy, and in many other problems.
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