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Abstract

In this paper, we investigate the effect of the wind speed on the thermal blooming of a laser beam
propagating in the rain. In view of simulations, we obtain the contour distribution of the laser beam
and calculate the change in air density by changing the wind speed for different rain rates. We find
that with increase in the rain rate, the effect of the wind speed on the thermal blooming enhances.
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1. Introduction

In recent decades, the study of a laser beam propagating in air has become a hotspot [1-4]. When the
laser beam propagates in air, it will experience many linear and nonlinear effects. Thermal blooming is
one of the most important effects. The thermal blooming is not only related to the initial powers of the
laser beam, but also related to the wind. The effect of the wind directions on the thermal blooming has
been studied by Le Wang et al. [5]. They found that the down-wind direction will weaken the thermal
blooming, and the up-wind direction will strengthen the thermal blooming. The effect of the wind speed
on the thermal blooming has been studied in [6,7]. These studies are based on air as the transmission
medium. When the laser beam propagates in the rain, what is the effect of the wind on the thermal
blooming? In this work, we study the effect of the wind speed on the thermal blooming of a laser beam
propagating in the rain.

This paper is organized as follows.

In Sec. 2, we adopt the method elaborated in [8] for calculating the scatter and absorb of raindrops.
We present the results of numerical simulations in Sec. 3 and give the summary in Sec. 4.

2. Model and Theory

2.1. The Effective Permittivity of the Rain

When the laser propagates in the rain, the medium is a mixture of raindrops and air. The effective
permittivity e.¢ of the rain at high frequencies can be calculated by [9,10]

Eeff = 5a(1 + Xe)a (1)
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where Y. is the polarization rate of the raindrops. At high frequencies, it can be written as

Tmax N r . (r

- _/ ( )21_1,2,3 g;(r) ar. @)
P 3€a — (1) Zj:1,2,3 Ljg;(r)

N(r) = 8000 exp(—8.2R™921r) | (3)

where g, is the permittivity of air. We choose the raindrop spectrum N (r) as the Marshall-Palmer
spectrum [11] in units m~3-mm™!. Also, here, R is the rain rate in units mm/h, r is the radius of the
raindrop in units mm, L; denotes the depolarization factor for the spherical raindrop (r < 1 mm) [12],
and g;(r) is the polarization rate of the raindrop at high frequencies [8,13].

2.2. The Scalar Wave Equation in the Rain

The equation of the laser-beam propagation in the rain medium can be written as follows [14]:

E
2 _
\Y E_:U'Ogeffw_ov (4)
E(xaya Z)t) = 90(5372172) exp(th_ikz) ) (5)
0? 0? 0?
where E is a slowly varying electrical field, V? = —— 4+ —— + ——, jug is the magnetic permeability,
ox? Oy 022

k = 2mng/\ is the the wavenumber, w = kc/ng, with ng being the refractive index for the undisturbed
atmosphere, and A is the initial laser wavelength. Substituting Eq. (5) into Eq. (4), we obtain the
parabolic equation of of the laser-beam propagation in the rain; it reads

Oy 0?02 5 [n2
2ik—==—5+— k* | —(1 1] . 6
Lo <ax2 ta7) ¢t ng( Xe)—1| ¢ (6)
Before solving this equation, we also need to calculate the air refractive index n,, which is determined
by the air density change Ap as follow [14]:

n2 Ap
S0 a9(ng —1)=F 7
(1) 7

where pg is the density for the undisturbed air.

2.3. The Hydrodynamic Equation

We assume that the wind direction is perpendicular to the direction of the laser-beam propagation;
then the steady-state hydrodynamic equation for the change in the air density reads [15]

9Ap _ (v—1)

Vo =T 2 al | (8)

where v is the wind speed, ¢, is the sound speed, 7 is a specific heat ratio, « is the absorption coefficient
of the air, and I is the laser intensity.
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3. Numerical Simulations

We solve numerically the model equations (6)—(8) with the initial electric-field-intensity amplitude
(10(‘%.7 Y, Z)‘ZZO = Yo €XP [ - (x2 + y2)/(2a2)] ) (9)

where «a is the initial beam radius, and ¢g = \/P/ma?, with P being the initial power. The parameters
are given in Table 1.

In Fig. 1, we show the contour distributions of Table 1. The Parameters of the Model.
the laser beam for different wind speeds v and rain
rates R. One can see that the effect of thermal
blooming decreases with increase in v and R. This
is due to the fact that strong wind and rain take

PW|XApm|am| v |z kn| c,m/s
10° | 106 | 0.1 |[14] 3 | 339.5597

away a lot of laser energy, the laser energy absorbed by the air will decrease, and the corresponding air
density change Ap will also decrease, resulting in a decrease in the thermal blooming effect.
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Fig. 1. The contour distributions of the laser beam for different wind speeds v and rain rates R.
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In Fig. 2, we show the dependence of the air density
change Ap on the wind speed v for different rain rates. 10°
We can see that there is a negative exponential growth
of Ap with respect to v. At R = 0 mm/h, Ap ~ v~ 040; 10
at R = 50 mm/h, Ap ~ v %% and at R = 100 mm/h, <
Ap ~ v79%0  From this relation, we learn that, with
increase in the rain rate R, the effect of the wind speed v el
on the thermal blooming enhances.

4. Summary 10

3
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\'
In this paper, we investigated the effect of the wind

speed on the thermal blooming of a laser beam propa- Fig. 2. The dependence of the air density change
gating in the rain. Numerical simulations performed Ap on the wind speed v for different rain rates R =
showed that the rain rate and wind speed play an im- 0(s), R =50 mm/h (), and R = 100 mm/h (V).
portant role in the thermal blooming, namely, strong wind and rain can decrease the effect of the thermal
blooming. On the other hand, we found that there is a negative exponential growth of Ap versus v, and
with increase in the rain rate R the effect of the wind speed v on the thermal blooming enhances.
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