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Abstract: The results of a computer simulation of laser beams focused by a combined multichannel
array system in the atmosphere are presented. Beam propagation on atmospheric paths is considered
taking into account the influence of turbulence and time-dependent thermal blooming interactions.
The increase in the maximum intensity of the focal spot due to the optimization of the initial power
density of the emitting aperture is estimated. It is shown that the scaling of the optimal initial power
in multichannel arrays preserves the proportional dependence of the maximum intensity in focus
with an increase in the number of channels. For wave-optics simulation, custom made software was
developed based on the split-step method and modified for parallel algorithms using the functions of
the Intel ® Math Kernel Library.
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1. Introduction

Propagation of laser beams in a turbulent atmosphere is accompanied by fluctuations
of the wavefront phase. These random perturbations, caused by inhomogeneities of
refractive index along the propagation path, lead to irradiance fluctuations near the focal
plane as well as significantly reduce the maximum average intensity of the laser spot [1]. In
addition, the atmospheric air is an absorbing medium and with an increase in the initial
radiation power density a heating effect called thermal blooming (TB) occurs [2,3]. These
two physical phenomena are serious obstacles to the transmission of laser energy through
the atmosphere [4,5].

To mitigate atmospheric distortions, adaptive optical systems (AOS) are being de-
veloped that use deformable mirrors (DM) and conventional monocular optics (tele-
scopes). At the same time, recent studies show that the newly emerging multichannel
systems—combined beam arrays, have advantages over traditional AOS [6–12].
Piston-phase control using fiber-integrated phase shifters in an array of coherent beams
can be considered as a segmented approximation to wavefront correction using DM in
conventional AOS [7]. The benefits of coherent beam combining include scalability in size
and power and extremely high operational frequency compared to DM mirrors [8].

Coherent (CBC) and partial coherent (PCBC) beam combining systems are the subject
of intense theoretical and experimental studies [6–18]. CBC of fiber array with a hexagonal
ring distribution was studied using computer simulations in [6]. Comparative efficiency
analysis of fiber array and conventional beam director systems in volume turbulence
was discussed in [7,8]. Numerical analysis of the effects of aberrations on coherently
combined fiber laser beams was performed in [9,10]. Laser beam projection with an adap-
tive array of fiber collimators and theoretical analysis of atmospheric compensation were
considered in [11,12].

Thermal blooming, as well as turbulence, limits the ability to focus a high-power laser
beam in the atmosphere. TB is a nonlinear effect caused by the interaction of radiation
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with an absorbing medium [2,3]. An attempt to increase the maximum intensity at the
focus by increasing the initial power density in the emitting aperture eventually leads to
saturation and then to a decrease in the intensity of the focal spot. Such an advantage
of multichannel CBC arrays over traditional monocular systems as the scalability of the
output power becomes important when mitigating atmospheric TB [13–18].

This article discusses the possibility of PCBC focusing on atmospheric paths, taking
into account the joint influence of diffraction, turbulence, and thermal blooming interactions.
We consider the optimization of the initial power density of the emitting aperture, as well
as the possibility of scaling the PCBC arrays by increasing the number of channels. For
wave-optics simulation, which requires large computational costs, custom made software
was developed based on the split-step method and modified for parallel algorithms [19]
using the functions of the Intel ® Math Kernel Library.

2. Mathematical Statement and Algorithms

A theoretical study by computer simulation of the combined influence of atmospheric
turbulence fluctuations and nonlinear thermal blooming of a propagating beam was carried
out by joint numerical solution of the system of two equations: the wave Equation (1) for
the complex amplitude U(r,z,t) of optical field and time-dependent transport Equation (2)
for variations in the refractive index n. Taking into account the wind motion vector V(Vx,
Vy) in the transverse direction to propagation axis this system of equations is:

2ik0
∂U(r, z, t)

∂z
+
[
∇2
⊥ + 2k2

0ñ(r, z, t)
]
U(r, z, t) = 0 (1)

∂ñ(r, z, t)
∂t

+

(
Vx

∂

∂x
+ Vy

∂

∂y

)
ñ(r, z, t) = R(z) · I(r, z, t) (2)

where r = {x, y},ñ(r, z, t) are variations in the refractive index of atmospheric air;
k0 = 2π/λ is the wave number of radiation of a given wavelength; I(r, z, t) is the inten-
sity of the radiation; and R(z) = α(z)(∂n/∂T)/

(
Cp(z)T(z)ρ(z)

)
is a nonlinear parameter,

where α is the absorption coefficient, Cp is the specific heat at constant pressure, ρ is the
density of air at constant pressure, and T is the ambient temperature.

The initial conditions for a single laser beam in a multichannel system in the
cross-section z = 0 were specified as a super-Gaussian model with a beam profile steepness
index mG, amplitude U0, initial radius, a0 and focus length F:

U(x, y, 0) = U0 exp

(
−1

2

[
(x2 + y2)

mG

a2
0

+ i
(x2 + y2)

F2

])
(3)

The propagation path along the z axis, according to the split-step algorithm used in
the calculations, was divided into discrete sections, the number of which in numerical
simulations varied depends on turbulence strength. Random variations in the refractive
index ñ(r, z) caused by atmospheric turbulence were specified as a discrete set of layers in
form of phase screens:

ñ(r, z) =
M

∑
m=1

[
δ(z− zm)

∫ zm

zm−1

ñ
(
r, z′
)
dz′
]
= −k0

−1
M

∑
m=1

[δ(z− zm)ϕm(r)] (4)

where {zm} are the layer coordinates, m = 1, . . . , M. The phase perturbations ϕm(r) in each
layer were assumed to be statistically independent, homogeneous, and isotropic random
two-dimensional fields with a power-law spatial spectral density as the Karman model:

Φn(κ) = 0.033C2
n

(
κ2

L + κ2
)−11/6

exp
(
−κ2/κ2

m

)
(5)
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where Cn
2 is the structural characteristic of atmospheric turbulence, and kL and km are the

wave numbers of the outer and inner scales of turbulence, respectively.
For the numerical solution of the Equation (1), the split-step method was modified

using parallel algorithms of the fast Fourier transform [19]. The transport Equation (2)
for forced convection caused by wind was solved numerically using the absolutely stable
four-point running difference scheme, which allows you to vary the angle of the transfer
vector relative to the horizontal. The split-step method used to simulate the propagation in
a randomly inhomogeneous medium is illustrated in Figure 1, which shows the focusing
of a single super-Gaussian beam. The transverse plane of the emitter (x, y, 0) is shown in
the upper left corner and the focal plane (x, y, L) is shown in the lower right corner. The
turbulent phase screens drift from left to right in the transverse wind direction along the
horizontal x axis.
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Figure 1. Illustration of beam propagation in a turbulent atmosphere, performed by the simulation
program. In the upper left corner is the transverse plane of the emitter (x, y, 0) and in the lower right
corner is the focal plane (x, y, L).

To verify the developed software, the calculation results were compared with the
known analytical solutions obtained in the additive approximation, which is valid in the
region of small perturbations [20]. The discrepancy between the compared characteristics,
such as the effective radius of the beam and the maximum intensity at the focus, is initially
small (no more than 5%), but tends to increase with an increase in both the initial beam
power density and the structural turbulence constant Cn

2. This behavior in the discrepancy
between the results of numerical and analytical solutions is expected and is explained by
the fact that the analytical approximation has a limited scope. In particular, it does not
describe such distinguishing features of the TB effect as asymmetrical wind shift of the
beam as well as the power density saturation effect [15,16].

3. Results and Discussion

Thermal blooming limits the focusing of a high-power laser in atmospheric paths. An
increase in the initial power density first leads to saturation and then to a decrease in the
intensity of the focal spot. Here, we consider the optimization of the initial power density
of the emitting aperture, as well as the possibility of scaling the PCBC arrays by increasing
the number of channels.

This section discusses (1) the power density optimization for one six-channel array,
(2) the influence of mutual orientation of two six-channel PCBC on distortions of TB with
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crosswind, (3) optimization of power density for three six-channel PCBC arrays, and (4) the
final simulations of all the above multichannel PCBC systems on slant atmospheric paths
with a length of 2 to 6 km.

The following parameters were chosen as initial for all simulations: structure constant
of the refractive index of atmospheric turbulence near the
ground Cn

2 = 5.10−14 m−2/3, absorption coefficient α = 0.1 km−1, ground wind speed
V = 3 m/s, transverse wind velocity vector directed horizontal from left to right, trace
elevation angles = 25◦, 45◦. All calculations were performed for the configuration of a
six-channel PCBC array. The diameter of each channel beam was set equal to 2a0 = 10 cm,
the radiation wavelength λ = 1µm, initial power of each beam channel P0 = 3 kW, initial
intensityI0 = P0/πa0

2 = 38.2 W/cm2.

3.1. One Six-Channel PCBC Array

The initial conditions for Equations (1) and (2) were set in the form of an array of
super-Gaussian beams. Expression (3) was used with the index value mG = 10, which
gives the filling factor value of each aperture close to 1. The intensity distribution of the
six-channel system in plane z = 0 is shown in Figure 2a where the initial intensity (power
density W/cm2) is indicated at the top. The dotted line on the axis in the center shows a
region with a size equal to the diameter of a single aperture.
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Figure 2. Initial transverse distribution of intensity and phase of a simulated 6-channel beam array:
(a) intensity; (b) coherent phase (CBC); (c) partial coherent phase (PCBC).

The initial coherent phase of the CBC array is shown in Figure 2b. To simulate
non-coherent PCBC, random phase shifts in the (−π, π) range were added to each channel
at every time-step, as shown in Figure 2c.

The diffraction patterns of the CBC and PCBC arrays focused at a distance L = 5 km are
shown in Figure 3a,b, respectively. The shown average intensity of PCBC was calculated by
the Monte Carlo method by averaging random data over a set of 1000 samples (Figure 3b).
Here and below, two-dimensional intensity distributions are shown on a logarithmic scale
and their cross-sections (shown at the bottom of the frame) are shown on a normalized
linear scale. Comparing the maximum intensity values on these frames above, it can
be noted that the PCBC model leads to a decrease in intensity compared to CBC by a
multiple of the number of channels (by a factor of six), as it should be. Figure 3c shows
the average intensity distribution at the CPBS focus at the same distance in a turbulent
atmosphere with TB as an example. The time-averaged intensity was calculated by av-
eraging the instantaneous intensity patterns over a time of ~1 s, excluding the transition
interval τ = 2a0/v.
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To maximize the beam intensity in thermal blooming, laser systems such as CBC or
PCBC can be optimized. For fixed size of emitting aperture, one can find the optimal
radiation power at which the value of the maximum beam intensity reaches saturation.
Such simulations were carried out for turbulent atmospheric slant paths with an elevation
angle of 25◦ at distances of 3, 4, 5, and 6 km, and the results are presented in Figure 4.
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The dependence of the optimal power value on distance tends to decrease with
increasing distance. For all simulation scenarios presented below, the value of 3 kW of the
initial power was chosen as optimal. For a radiating aperture with a diameter of 10 cm,
this value corresponds to the optimal value of the initial power density (intensity) equal to
38.2 W/cm2.

Qualitatively, the process of modeling air heating by a powerful laser beam is il-
lustrated in Figure 5. Here, the phase distortion tails formed by the TB in the direction
of the transverse component of the wind velocity vector are shown at various distances
from the radiating aperture along the propagation path. At the beginning of the path, the
contribution of turbulent inhomogeneities exceeds the temperature gradients caused by
absorption (Figure 5a). As the distance from the emitter increases, the narrowing of the
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focused beam leads to an increase in its intensity in the absorption zone and an increase in
thermal distortions (Figure 5b,c), which reach a maximum near the focal plane (Figure 5d).
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3.2. Two Six-Channel PCBC Arrays

Due to the fact that the Earth’s atmosphere is constantly in wind motion, the low
probability of the occurrence of stagnant zones along the distant propagation paths makes
it possible not to consider their influence [4]. At the same time, the presence of wind
and the beam shift caused by TB can lead to the mutual influence of high-power beam
channels in combining systems. To assess the influence of the orientation of beam arrays
relative to the wind direction, a focusing system consisting of two six-channel PCBC arrays
was considered.

Figure 6 shows the results of PCBC modeling on a slant 5 km path with the elevation
angle of 45◦ for two options for the arrays orientation relative to the transverse wind
direction—the longitudinal (above) and transverse (below). In the first case (Figure 6a), due
to the mutual influence of the heating zones by the channels (Figure 6b), the asymmetric
beam broadening is the largest (Figure 6c), which leads to the worst value of the maximum
average intensity <I>max = 208.1 W/cm2. In the second variant (Figure 6d), there is no
mutual influence (Figure 6e), the distribution of the average intensity in the focal spot
is more compact (Figure 6f), and the value <I>max = 333.3 W/cm2 increases by 1.6 times
compared to the first case.

3.3. Three Six-Channel PCBC Arrays

A simulated system configuration of three six-channel PCBC arrays is shown in
Figure 7a. One sample frame from a set of random instantaneous intensity distributions in
the cross-section of the focal plane is shown in Figure 7b. The instant picture is characterized
by intensity peaks in the form of bright spikes with a high maximum intensity value
(1297.7 W/cm2 in frame upside). The spikes are the result of atmospheric turbulence,
thermal blooming, and random interference of channel beam interactions. This effect of
amplification of intensity fluctuations due to TB in comparison with ordinary fluctuations
in a turbulent atmosphere is rather complicated and requires separate consideration.
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To assess the possible influence of scaling the PCBC system (due to an increase in the
number of channels) on the value of the optimal power of one channel, calculations similar
to those considered in Section 3.1 were carried out. From a comparison of Figure 8 with
Figure 4 it can be seen that the qualitative behavior of the dependence graphs, as well as
the value of the optimal power (3 kW) for the considered distances, practically coincide.

The final simulation results of all the above multichannel PCBC systems are presented
in Figure 9. The simulations were carried out for turbulent atmospheric slant paths with a
length of 2 to 6 km, an elevation angle of 25◦, and the structure characteristic of refractive
index near the groundCn

2 = 5.10−14 m−2/3.
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<I>max = 280.9 W/cm2.
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Figure 8. Initial power optimization graphs for three 6-channel PCBC systems on the
atmospheric paths.

The graphs presented in Figure 9 show an inversely proportional dependence of the
maximum average intensity in the focal plane on the distance and a directly proportional
dependence on the number of channels with the tendency to slow down the relative
increase in intensity.
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4. Conclusions

The results of numerical simulations show a significant impact of thermal and tur-
bulent distortions on the focusing of multichannel PCBC arrays. The maximum average
intensity of the focused beam array drops rapidly with increasing distance to target in-
versely proportion to the path length.

Simulation of high-power laser beam propagation in a turbulent atmosphere shows
that it is possible to calculate the optimal initial power density of the emitting aperture, at
which the value of the maximum intensity at the focus reaches its maximum (the resulting
increment can reach up to 30%).

The mutual influence of beams in a multichannel system due to TB with crosswind
leads to additional losses of the average intensity, which can be optimized by choosing the
initial configuration of the PCBC (1.6 times magnification factor obtained). When bringing
several high-power beams into focus, the interaction of turbulence and TB causes the
appearance of strong spikes of power density, which leads to an additional amplification of
its fluctuations.

Scaling the initial power in multichannel PCBC arrays preserves the proportional
dependence of focal spot intensity with an increase in the number of channels. The relative
increase in intensity tends to slow down with an increase in the number of beams in
the PCBC.

The development of multichannel laser systems designed to operate in the atmo-
sphere requires further research and simulations. The effect of enhancement of inten-
sity fluctuations due to the turbulence–TB interaction is quite complex and requires
separate consideration.
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