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Abstract—A modeling of a laser beam propagation through
the atmosphere has been developed and is reported in this paper.
The effects of scintillation are numerically simulated in a coupled
numerical solution. This solution has been done by using Navier-
Stokes, paraxial equations and a phase-screen model.

Index Terms—scintillation, thermal blooming, refractive index,
paraxial equation, Navier-Stokes equations

I. INTRODUCTION

Nowadays, high energy lasers (HEL) have many applica-
tions, for example: satellite communication [1], wireless power
transmission [2] and remote recharge of batteries [3]. The
fluid-laser interaction modeling for these uses is essential to
predict the laser beam quality and the power density at the
receiver. So, to improve and to predict results for some of
these applications an investigation of phenomena related to
the atmospheric propagation of the laser beam is required [1].
Some recent researches have been started to develop numerical
solutions whose velocity field and temperature fluctuations are
treated as dynamic variables [4], [5], in contrast to previous
studies where these variables were prescribed [6], [7].

Scintillation is random fluctuation in the atmosphere refrac-
tive index. These scintillations are directly associated with
temperature fluctuations caused by the creation of eddies in
the atmosphere as a consequence of the random distribution
of increased temperature fluctuations.

This work adds to the model developed in [4] the phe-
nomenon of scintillation using a phase screen scheme. The
distribution of temperature variations introduced in the model
is based on the Kolmogorov’s theory. Furthermore, the Navier-
Stokes equations (N-S) are solved taking into account the
interaction between the mean flow and these temperature
distributions.

II. FORMULATION

The basic model considers the paraxial wave equation and
the N-S Equations to calculate the variables of interest. The
paraxial wave equation for the eltric field is described as
follows:
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where, ns is the mean refractive index, nf is a small correction
to the refractive index, k is the wavenumber of the beam and
∇2

⊥ is the Laplacian in the transverse xy-plane.
The eq. (1) is coupled with the N-S:
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where u, v, P and T are the velocity in direction x, the
velocity in direction y, scalar pressure and temperature fields,
respectively and the dimensionless numbers are: Reynolds
(Re), Peclet (Pe), Richardson (Ri) and Stanton (St).

To incorporate scintillation effects in the solver the variables
are decomposed in a power series in first order approximation:

u(x, y, t, δ) = u0(x, y, t) + δu1(x, y, t) (6)

v(x, y, t, δ) = v0(x, y, t) + δv1(x, y, t) (7)

T (x, y, t, δ) = T0(x, y, t) + δT1(x, y, t) (8)

P (x, y, t, δ) = P0(x, y, t) + δP1(x, y, t) (9)

where δ is a scintillation parameter.
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Hence, to obtain the final formulation of the model, the
equations (6) to (9) are substituted into eq. (1) to (5).

To incorporate the turbulence into T1, the temperature
fluctuations term, in eq. (8), it is necessary to generate power
spectral density (PSD) based in Kolmogorov theory by using
a random function to each kx and ky in eq. (10), [1]:

T1(x, y) =

∞∑
n=−∞

∞∑
m=−∞

(r(kxm, kyn) + ji(kxm, kyn))×√√√√ 0, 49r
−5/3
0 e

−
k2
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k2
m

LxLy(k2xm + k2yn + k20)
11/6

ei(kxmx+kyny)

(10)

where r(kxm, kyn) and i(kxm, kyn) are standards gaussian
distributions, kxm and kym are the discretized scalar spatial
wave numbers in transversal directions, km = 5.93

l0
, k0 = 2π

L0
,

r0 is the atmospheric coherence diameter, l0 is the inner scale
of turbulence and L0 is the outer scale of turbulence.

In order to incorporate scintillation into the electric field,
a phase screen scheme is introduced at each step in the axial
direction as follows:

V (z +∆z) = V (z)eiδT1(z) (11)

where V is defined in eq. (1).

III. NUMERICAL RESULTS

First, the set of dimensionless numbers: Reynolds, Re =
1000; Prandtl, Pr = 1; Richardson, Ri = 6×105; and Stanton,
St = 1

3 is used in model presented in [4]. The initial laser
beam distribution is defined by:

V (x, y, z = 0, t = 0) = e−
π
2 (x2+y2) (12)

The coupled N-S and the paraxial equation are solved
by means of the finite difference method with the split-step
Fourier method [4]. The parameters to obtain the numerical
solution are described in [4].

Eqquation (10) produces the coefficients for T (ωx, ωy),
where ωx and ωy are angular frequencies, which can be seen
in the Fig. 1a. According to [8], the turbulence is described
by the following parameters: outer scale is L0 = 1 [m] and
the inner scale l0 = 1 [cm] in eq. (10), [8].

Afterwards, by applying the FFT in the data shown in
Fig. 1, the temperature fluctuations in transversal direction are
obtained (Fig. 1b).

(a) (b)

Fig. 1. Temperature fluctuations T1(z = 0, t = 0) with Re = 1000, Pe =
1000, Ri = 10.e4 with St = 1

30
, L0 = 1 [m] and l0 = 1 [cm] (a)

T1(ωx, ωy) based in eq. (10) (b)T1(x, y) initial fluctuations for temperature
in transverse plane.

Applying the data shown in Fig. 1 in eq. (11), with the
initial electric field amplitude given by Eq. (12), the effect of
scintillation over the laser bean intensity is obtained (Fig. 2)

(a) (b)

(c) (d)
Fig. 2. Laser beam intensity V (x, y, z = 1, t = 5 × 10−5) using coupled
laser-fluid solver presented in [4] plus scintillation effects varying parameter
δ. (a) V (x, y, z = 1, t = 5 × 10−5) for δ = 0.1. (b) V (x, y, z = 1, t =
5× 10−5) for δ = 0.5. (c) V (x, y, z = 1, t = 5× 10−5) for δ = 0.7. (d)
V (x, y, z = 1, t = 5× 10−5) for δ = 1.

Fig. 2 shows the initial condition of the model, where
the laser beam distribution is under no effect of scintillation.
In such condition, the dimensionless grid screen and time-
step are, respectively, ∆z = 1 and ∆t = 5 × 10−5. The
unique parameter which was changed from Fig. 2a to 2c is
the scintillation factor δ. As δ increases from 0.1 to 1, the
scintillation effect which is almost imperceptible in Fig. 2a
started to be relevant in Fig. 2c.

In order to analyze the effects of scintillation across the
time evolution of the solver, which was explained in [4], a
study with the same set of dimensionless numbers and a fixed
scintillation factor δ = 0.1 was developed. As shown in Fig.
3, the inclusion of scintillation in the time evolution promotes
in the solution, as time evolves, a greater relevance of random

2023 SBMO/IEEE MTT-S International Microwave and Optoelectronics Conference (IMOC)

167
Authorized licensed use limited to: UNIVERSIDADE DE SAO PAULO. Downloaded on March 11,2024 at 14:22:58 UTC from IEEE Xplore.  Restrictions apply. 



(a) (b)

(c) (d)
Fig. 3. Time evolution of the electric field amplitude V (x, y) coupled solver
including the effects of scintillation for a factor scintillation δ = 0, 1. a)
V (x, y, , z = 1, t = 5.e − 5), b) V (x, y, z = 20, t = 1.e − 3), c)
V (x, y, z = 60, t = 3.e− 3), d) V (x, y, z = 80, t = 4.e− 3)

temperature variations for this δ when it is compared to the
thermal blooming of the solver described in [4].

The reason for this observation is the magnitude of scintilla-
tion factor, which is used δ = 0.1. The objective in presenting
the Fig. 3 was to highlight the random phase changes in the
model. To observe the coupling of thermal blooming with
scintillation two factors are needed in this solver: a reduction
in magnitude of the scintillation factor and a longer time
evolution than Fig. 3d, t = 4.e − 3, which will be done in
future works.

CONCLUSION

A numerical analysis of a gaussian laser beam atmospheric
propagation was carried out and the effects of scintillation
in the laser propagation was described. An analysis of the
coupling of thermal blooming and scintillation effects was
shown.
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