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Average Intensity of Partially Coherent Lorentz Beams
in Oceanic Turbulence

Dajun Liu" and Yaochuan Wang

Abstract—Partially coherent Lorentz beams have been introduced to describe the output of the diode
laser, which have been investigated due to the special spreading properties. The analytical expressions
of partially coherent Lorentz beam propagating in oceanic turbulence are derived. Using the derived
equations, the average intensity distributions of partially coherent Lorentz beam are analyzed and
discussed. It is shown that the partially coherent Lorentz beam with smaller coherence length will evolve
into the Gaussian-like beam faster, and the beam propagation in oceanic turbulence will spread faster
with increasing strength of oceanic turbulence. The results have potential application in underwater
optical communications and sensing.

1. INTRODUCTION

Recently, many new types of laser beams have been introduced to describe the output of diode laser.
Among them, Lorentz beam has been provided to describe the light field of diode laser [1]. Since
the model of Lorentz beams is introduced, the propagation properties of Lorentz and Lorentz-like
beams have been investigated by many scientists. In the past years, the properties of Lorentz and
partially coherent Lorentz beams propagating in uniaxial crystal have been illustrated and analyzed [2—
5]. The partially coherent Lorentz-Gauss beam propagating through ABCD optical system has been
investigated [6]. In the field of beam propagation in random media, the evolution properties of Lorentz-
like beam in random media have been widely investigated [7—14]. In the studies of nonparaxial
propagation, the nonparaxial propagation properties and far-field propagation properties of Lorentz-
like beam have also been widely studied [15-17].

With the application of laser technology in underwater, the evolution properties of laser beams
propagating in oceanic turbulence have been investigated. In recent years, the propagation properties
of various laser beams in oceanic turbulence have been illustrated and analyzed, including the
scintillation index of laser beam [18], mutual coherence function of laser beam [19], astigmatic stochastic
electromagnetic beam [20], partially coherent flat-topped vortex hollow beam [21], partially coherent
annular beam [22], Gaussian Schell-model vortex beam [23], stochastic electromagnetic vortex beam [24],
flat-topped vortex hollow beam [25], partially coherent Hermite-Gaussian linear array beam [26],
partially coherent four-petal Gaussian vortex beam [27], Gaussian array beam [28-30], partially coherent
cylindrical vector beam [31], chirped Gaussian pulsed beam [32], Lorentz beam [33] and partially
coherent four-petal Gaussian beam [34]. To the best of our knowledge, there has been no report on the
propagation analysis of partially coherent Lorentz beams propagating in oceanic turbulence. In this
paper, based on the derived equations, the average intensity of beams propagating in oceanic turbulence
has been analyzed, and influences of oceanic turbulence have been given.
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2. PROPAGATION OF PARTIALLY COHERENT LORENTZ BEAMS IN OCEANIC
TURBULENCE

In the Cartesian coordinate system, the cross-spectral density function of partially coherent Lorentz
beams generated by Schell-model source propagating along the z axis at the source plane z = 0 can be
expressed as [11]:
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where 119 = (210, ¥10) and rog = (220, y20) are the position vectors at the plane z = 0; wo, and wo, are
the beam width radius of the beam in the x and y directions, respectively. o, and o, are the coherence
length.

Based on the previous reports, the Lorentz distribution in Equation (1) can be written as [35]
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where N is the term number of the expansion; as,, and a9, are the expanded coefficients given in [35].
As the even number 2m and 2n increase, the value of expanded coefficients as,, and as, will decrease

dramatically. Therefore, N will not be too large in the numerical calculations. In this work, IV is chosen
as N = 5. The Hermite polynomial Ha,(z) in Equation (2) can be expressed as [36]:
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By submitting Equation (2) in Equation (1 ), the cross-spectral density function of partially coherent
Lorentz beams at the source plane z = 0 can be rewritten as:
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Based on the extended Huygens-Fresnel principle, the cross-spectral density function of partially
coherent beams propagating in oceanic turbulence can be expressed as [20-22]:
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where W (rq, o, 2) is the cross-spectral density function of partially coherent beam at the receiver plane
z; r = (x,y) is the position vector at the receiver plane z; A is the wavelength, and k = 27/ is the
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wave number; ¥(rg,r, z) is the solution to the Rytov method that represents the random part of the
complex phase for the oceanic turbulence. The asterisk denotes the complex conjugation. The last term
in Equation (6) can be written as:

{exp [y (r,r10) + 97 (1, r20)]) = exp {_M {(rlo —130)” + (r10 — r20) (r1 — 12) + (T1 — rzﬂ } (6)
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The spatial power spectrum of the oceanic turbulence ®(x) can be expressed as
D(r) = 0.388 x 1053 [1 42,35 ()] £ (1,6, x1)
X% [gz exp (—Ar7d) + exp (—Agd) — 25 exp (—ATS(S)] (8)

where ¢ is the rate of dissipation of dissipation of turbulent kinetic energy per unit mass of fluid, which
may vary in the rage from 107 m?s™3 to 10719 m?s73; n = 1073 is the Kolmogorov micro (1nner scale);
xT is the rate of dissipation of mean square temperature taking value in the range from 104 K?s~! to
10710K2s™ 1 Ap =1.863 x 1072, Ag = 1.9 x 1074, Apg = 9.41 x 1073, § = 8.284(kn)*/3 + 12.978(kn)?;
¢ is the relative strength of temperature and salinity fluctuations, which can vary in the rage from —5
to 0.

Substituting Equation (3) into Equation (5) and recalling the following equations [36]:
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When r; = ry in Equations (11)—(15), the analytical expressions of partially coherent Lorentz beams
propagating in oceanic turbulence can be obtained, by using the derived equations, and the average
intensity of partially coherent Lorentz beams propagating in oceanic turbulence can be calculated and
analyzed.

3. NUMERICAL EXAMPLES AND ANALYSIS

In this section, based on the derived equations in the above section, the average intensity of the partially
coherent Lorentz beams propagating in oceanic turbulence are calculated and analyzed using numerical
examples. In the following numerical calculations, the parameters are set as A = 417nm, A = 417 nm,
Wor = 2MmM, 0y = 0y = 0 = 2mm, ¢ = —2.5, X7 = 107%K?2/s, and ¢ = 107" m?s~! in the whole paper.

First, the normalized average intensity of partially coherent Lorentz beams propagating in oceanic
turbulence are studied. The normalized average intensities of partially coherent Lorentz beam for
the different beam widths wo, = 2mm and wp, = 4mm are shown in Figures 1 and 2, respectively.
One finds that the partially coherent Lorentz beams propagating in oceanic turbulence will spread as
the propagation distance z increases, and the beam can keep its initial beam spot with the Lorentz
distribution at the short propagation distance. The circular partially coherent Lorentz beam will keep
its circular beam spot (Figure 1(a)), and the elliptical partially coherent Lorentz beam will keep its
elliptical beam spot (Figure 2(b)). When the propagation distance z increases to the far field, the
circular and elliptical partially coherent Lorentz beams will evolve into circular Gaussian beam. In
order to investigate the influence of beam widths on evolution properties, the cross sections (y = 0)
of partially coherent Lorentz beams propagating in oceanic turbulence for the different beam widths
woy = woy = w are illustrated in Figure 3. From Figure 3(a), it is found that the beam with larger beam
width has larger beam spot at short propagation distance, and as the propagation distance increases,
the beam with different beam widths at the source plane will have a similar beam spot in the far field,
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Figure 1. Normalized average intensity of the partially coherent Lorentz beam with wp, = 2mm
propagating in oceanic turbulence. (a) z = 15m, (b) 2 =30m, (¢) z =60m, (d) z = 120 m.

which can be explained as the partially coherent Lorentz beams with smaller width will have larger
speed of spreading as the propagation distance increases.

Second, the influences of coherence length o, = 0y = o on the average intensity of partially coherent
Lorentz beams are given in Figure 4. It can be found that the partially coherent Lorentz beams with
smaller coherence length will spread faster as the propagation distance z increases. The average intensity
of fully coherent Lorentz beam (o = inf) is also given in Figure 4, and it can be found that the Lorentz
beam will spread slower than partially coherent Lorentz beam when the beam propagates in oceanic
turbulence.

At last, the influences of oceanic turbulence on the average intensity of partially coherent Lorentz
beams propagating in oceanic turbulence are given in Figures 5-7. Form Figure 5, it can be seen that
the partially coherent Lorentz beam in oceanic turbulence with smaller £ will evolve into Gaussian-like
beam faster. When parameter € of oceanic turbulence is smaller, the strength of oceanic turbulence is
stronger. Figure 6 shows the influence of the relative strength of temperature and salinity fluctuations
¢ of oceanic turbulence on the average intensity of partially coherent Lorentz beams. One finds that the
partially coherent Lorentz beam in oceanic turbulence with larger ¢ will evolve into Gaussian-like beam
faster. When parameter ¢ is larger, the salinity of ocean water affects the strength of oceanic turbulence
more than temperature of ocean water, and in this situation, the strength of oceanic turbulence will
become stronger. From Figure 7, it is found that the partially coherent Lorentz beam in oceanic
turbulence with larger 1 of oceanic turbulence will evolve into Gaussian-like beam faster than the
beam with smaller x7, and in this situation, the strength of oceanic turbulence is stronger.
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Figure 2. Normalized average intensity of the partially coherent Lorentz beam with wp, = 4mm
propagating in oceanic turbulence. (a) z = 15m, (b) 2 =30m, (¢) z =60m, (d) z = 120 m.
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Figure 3. Cross sections (y = 0) of the partially coherent Lorentz beam propagating in oceanic
turbulence for the different w. (a) z = 15m, (b) z = 120 m.
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Figure 4. Cross sections (y = 0) of the partially coherent Lorentz beam propagating in oceanic
turbulence for the different 0. (a) z =15m, (b) 2 =30m, (¢) 2 =60m, (d) z =120 m.
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Figure 5. Cross sections (y = 0) of the partially coherent Lorentz beam propagating in oceanic
turbulence for the different €. (a) z = 15m, (b) 2 =30m, (c) 2 =60m, (d) z = 120m.
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Figure 7. Cross sections (y = 0) of the partially coherent Lorentz beam propagating in oceanic
turbulence for the different y7. (a) z =15m, (b) 2 =30m, (¢) z = 60m, (d) z = 120 m.

4. CONCLUSIONS

In this paper, based on the extended Huygens-Fresnel integral, the analytical propagation equations
of partially coherent Lorentz beams in oceanic turbulence are derived. Using the derived equations,
the average intensity of the partially coherent Lorentz beams in oceanic turbulence is analyzed and
discussed using the numerical examples in detail. It is found that the partially coherent Lorentz beams
propagating in oceanic turbulence will evolve into a Gaussian-like beam as the propagation distance
increases, and the beam with smaller coherence length will spread faster. The beam propagation in
stronger oceanic turbulence will spread rapidly as the propagation distance increases.
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