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Properties of multi-Gaussian Schell-model beams carrying an edge
dislocation propagating in oceanic turbulence*
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Hong-Ming Yin(F*#19), and Hai-Yang Zhong(ff )
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(Received 24 May 2019; revised manuscript received 27 June 2019; published online 17 September 2019)

Based on the theory of coherence, the model of multi-Gaussian Schell-model (MGSM) beams carrying an edge
dislocation generated by the MGSM source is introduced. The analytical cross-spectral density of MGSM beams carrying
an edge dislocation propagating in oceanic turbulence is derived, and used to study the evolution properties of the MGSM
beams carrying an edge dislocation. The results indicate that the MGSM beam carrying an edge dislocation propagating
in oceanic turbulence will evolve from the profile with two intensity peaks into a flat-topped beam caused by the MGSM
source, and the beam will evolve into the Gaussian-like beam due to the influences of oceanic turbulence in the far field.
As the propagation distance increases, the MGSM beam carrying an edge dislocation propagating in oceanic turbulence
with the larger rate of dissipation of mean-squared temperature (1) and ratio of temperature to salinity contribution to the
refractive index spectrum (¢) or the smaller rate of dissipation of kinetic energy per unit mass of fluid (€) evolves into the

flat-topped beam or a Gaussian beam faster.

Keywords: oceanic turbulence, multi-Gaussian Schell-model source, edge dislocation, laser propagation, av-

erage intensity.
PACS: 42.68.Xy, 42.68.Ay, 42.25.Bs

1. Introduction

The properties of laser beams propagating in underwater
oceanic turbulence were widely investigated due to their ap-
plications in wireless optical communications and laser sens-
ing. So far, the power spectrums of oceanic turbulence have
been introduced by many researchers.[':?! Until now, a vari-
ety of laser beams propagating in turbulent ocean have been
studied based on the power spectrum of oceanic turbulence.
The evolution properties of coherent laser beams propagat-
ing in oceanic turbulence have been studied, such as higher
order mode laser beam,! Lorentz beam, Lorentz Gauss
beam, ! Lommel-Gaussian beam, [®! Gaussian beam, "] Gaus-

9 vector

1

sian pulsed X wave,!®! radially polarized beam,!
beam, ' rotating elliptical chirped Gaussian vortex beam, !

13,141 and chirped Gaus-

ultra-short pulse,m] Gaussian array,[
sian pulsed beam.!'3! On the other hand, it can be found that
partially coherent beams have advantage over fully coherent
beams for mitigating the effect of turbulence.!'®) The evolu-
tion properties of various partially coherent beams propagat-
ing in oceanic turbulent were discussed, such as partially co-

[17] partially coherent

herent flat-topped vortex hollow beam,
Lorentz—Gauss beam,[!®! partially coherent Lorentz—Gauss
vortex beam,[!”) stochastic beams, " astigmatic stochastic
electromagnetic beam,?!! partially coherent four-petal Gaus-

[22]

sian beam, partially coherent four-petal Gaussian vor-

tex beam,!??! partially coherent Hermite—Gaussian linear ar-
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ray beam,?*! radial phase-locked partially coherent Lorentz—
Gauss array beam,!”! radial phase-locked partially coher-
ent standard Hermite—Gaussian beam,[?%! phase-locked par-
tially coherent radial flat-topped array laser beam,!”’! Gaus-
sian Schell-model vortex beam,!?8 stochastic electromag-
netic vortex beam,[?”! partially coherent anomalous hol-
low vortex beam,% multi-Gaussian Schell-model beam,!!
rectangular multi-Gaussian Schell-model beam,?! electro-
magnetic multi-Gaussian Schell-model beams with astig-
matic aberration, 33 stochastic electromagnetic higher-order

Bessel-Gaussian beam, 34

optical wave and short-term
beam,3>! and random electromagnetic multi-Gaussian Schell-
model vortex beam.[*®) The beams generated by the multi-
Gaussian Schell-model (MGSM) source can evolve into the
flat-topped beam as the propagation distance increases.>” It
is very interesting to ask what will happen if the MGSM beam
carries an edge dislocation. Thus, we will firstly introduce the
model of multi-Gaussian Schell-model (MGSM) beams carry-
ing an edge dislocation, and then discuss the evolution prop-
erties of the MGSM carrying an edge dislocation propagating
through oceanic turbulence in this paper.

2. Model of MGSM beams carrying an edge dis-
location

In the Cartesian coordinate system, the electric field of
a Gaussian beam with an edge dislocation at the plane z =0
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takes the form[38!

5%
E(r9,0) = (pxo—yo+d)exp| —— -], (1)

where p and d are the slope and off-axis distance of the edge
dislocation, 79 = (xo, o) is the positon vector, wo, and wy, are
the beam waist of the Gaussian beam along the x and y direc-
tions.

Considering the multi-Gaussian Schell-model source, 1371
the cross-spectral density (CSD) of the MGSM beams carry-

ing an edge dislocation can be expressed as

W (x10,¥10,%20,¥20,0)

x%o y%o

= (pxi0—ywo+d)exp | —— — =
W,

Ox Oy

x%o y%o
X (pxao—yn+d)exp | ——3 — =3
Ox WOy

AE)er

(x10 —x20)°
2m6§

(o —yw)?
2m6§

; (@)

X exp [—

where oy is the root-mean-square correlation width of the term
with m = 1, M is the summation index of the MGSM source,
and () is the normalization factor, which takes the form

a-y (M) ®

m=1 m

3. Analytical expressions of MGSM beams car-
rying an edge dislocation in oceanic turbu-
lence

Based on the extended Huygens—Fresnel principle, the

CSD of the partially coherent beam propagating in oceanic

turbulence can be expressed as!!730]

W(T‘l,'f'z,

too oo rfe roo
=i 2/ / / W (710,720,0)

1k
X exp l: 2Z (7‘1—7“10)2 + — % (7"2 7‘20)2:|
X (exp [y (r10,71) + ¥ (120,72)]) driodT20, (4)

where k = 2m/A is the wave number, A is the wavelength,
rj = (xj,y;) (j=1,2) is the position vector at plane z, and

174 (ro i, T j) is the random part of complex phase of the spheri-
cal wave propagating in turbulence. In Eq. (4), we can write

(exp [y (T10,71) + ¥ (r20,72)])

212, 7
= exp{—n;(Z/dKK3§b(K)
0

x [(r10—120)" + (r10 — T20)

X (11 —72) + (11 —72)*] }7 5)

where K is the spatial frequency, & (k) is the spatial power
spectrum of oceanic turbulence, considering the influences of
temperature and salinity fluctuations on oceanic turbulence.
The & (k) is given as

P (k) = 0.388 x 10512 [1+2.35 ()3

X g [g2 exp (—A1d) +exp(—Asd)

—2gexp (—Arsd) ], (6)

where € denotes the rate of dissipation of kinetic energy per
unit mass of fluid, yt denotes the rate of dissipation of mean-
squared temperature, ¢ denotes a unitless parameter provid-
ing the ratio of temperature to salinity contribution to the re-
fractive index spectrum, which varies in the range from —5
to 0 and refers to the dominating temperature and salinity-
induced oceanic turbulence, respectively, and 71 is the Kol-
mogorov micro scale (inner scale). The other parameters are
A7 =1.863x 1072, A3 =1.9x 10~%, Aps = 9.41 x 1073, and
8 =8.284(km)*? +12.978 (kn)>.
In Eq. (5), we can define the coherence length as

po=,|3/m%*k?z /dKK%D(K). @)

Submitting Eq. (2) into Eq. (4), and considering the following
equation:

o0
x"exp (—ax® +2bx) dx

)‘l

Zen(2) (2) S () o

we can derive the CSD of the MGSM beam carrying an edge
dislocation propagating in oceanic turbulence as

(x1 —x2)* + (y1 —y2)°

% ik, ik Lk (M (=0
W(Tla"“z,z)zémzzzeXp< 2r1+2 )exp[ 0 C()Zl<m)m
e
X [P Witz — p (Wiyiz + W) +dp (W + Waa) —d (Wy1 + Wia) + Wypia +d*Wo ) , ©

where
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71 1 ik x—x\’ 1 1 ; 1 ¢
Witz =/ ——exp | — | ==x1 — ——+— |/ —exp| =) ==+
2= e P [ax (2le 202 ) amaz T p2 )\ o P\ b, ) \ 26, T2
ik X1 —Xx2 T Cy c,%)} T 1 (ik yl—y2>2 T C%
+ | ==x1— ——exp| — —exp|— (| ==y1— —exp| =], 10
<2z ' op? ) \/ by by p(bx a P ey \227 T 2p2 by P\ b, (19)
Won e [T L | L (e _ximxe)*| [ 1Y [Te (e
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ag = 5 +—5+ 5+ (@=xy), (19) i
Wio 2mo5 Py 22 The spectral degree of coherence of two points 7| = (x1,y1)
b 1 1 1 ik 1 1 1\2 0 and 7, = (x2,y2) in the MGSM beam carrying an edge dis-
o« WTZ)a + 2mo} pT% 27 ag 2mo} + pT% 20 jocation propagating in oceanic turbulence at plane z can be
1 [ika 051—062:|( Lo, 1) written as!®”!
C(X = — | =01 — [ JE—
ag |2z 2p¢ 2mog  pg W (r1,72,2)
o —op ik p(ri,re,z) = 7 (23)
L2 o @1) W (r1,71,2) W (r2,72,2)]
2p; 2z

The average intensity of the MGSM beam carrying an edge
dislocation propagating in oceanic turbulence can be obtained
by!39!

10420

4. Numerical examples and analysis

Here the propagation properties of the MGSM beam car-
rying an edge dislocation in free space and oceanic turbulence

7-3
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are investigated by using the derived analytical equations in
the above section. In the numerical calculations, the parame-
ters are selected as A =417 nm, wo, = woy, = 1 cm, 6p = 1 mm,
M=50,p=2,d=1mm, y1=103K?>s7 !, e=10""m?s3

—_
o

Normalized intensity

Normalized intensity

Normalized intensity

Normalized intensity

—2¥ 5

Fig. 1. Average intensity of MGSM beams carrying an edge dislocation
propagating in free space: (a) z =20 m, (b) z =150 m, (c) z= 100 m,
(d) z=300 m.

and ¢ = —2.5 unless specified in the captions of figures.

During the coherence length py = o< in Eq. (7), the prop-
agation equations of the MGSM beam carrying an edge dis-
location in oceanic turbulence will reduce to the propagation
equation in free space. The evolution properties of the MGSM
beam carrying an edge dislocation propagating in free space
are studied in Fig. 1. The results indicate that the two intensity
peaks of the MGSM beam carrying an edge dislocation will
overlap with each other as the propagation distance increases
(Figs. 1(a) and 1(b)); in the far field, the MGSM beam carry-
ing an edge dislocation propagating in free space will evolve
from the beam with two peaks into a flat-topped beam intro-
duced by the MGSM source, the beam intensity profile of the
MGSM beam carrying an edge dislocation in the far field is
similar with that of the MGSM.#0! Thus, the effects of the
edge dislocation on the average intensity of the MGSM beam
in free space disappear in the far field.

The cross sections of the MGSM beams carrying an edge
dislocation propagating in free space for different M and ¢ are
plotted in Figs. 2 and 3, respectively. One can find that the
MGSM beams carrying an edge dislocation with the larger M
and smaller ¢ can remain the flat-topped profile better in the
far field, and when M = 1, the intensity profile is the GSM
carrying an edge dislocation (red line in Fig. 2).

1.0

0.81

0.61

0.4}

0.2}

Normalized intensity

1.0

0.81

0.6

0.4r1

Normalized intensity

0.21

Lo

086 -4 =2 0 2 4 6 =8
z/cm

Fig. 2. Cross sections of MGSM beams carrying an edge dislocation

propagating in free space for different M: (a) z= 100 m, (b) z =300 m.

Figure 4 shows the average intensity of the MGSM
beams carrying an edge dislocation propagating in oceanic
turbulence. One can find that the MGSM beams carrying an
edge dislocation propagating in oceanic turbulence will evolve

104207-4



Chin. Phys. B Vol. 28, No. 10 (2019) 104207

into a beam with a smaller flat-topped profile than the beam
propagating in free space (Fig. 1(d)) due to the influences of
the oceanic turbulence. The reason is that the general beam

1.0 e
——o=1mm P (a) |
o c=3mm / Il Y,
g 0.8r ___s=5 mm/,'\" ' \
2 | N \
£ 0.6} AN V)
° L 4 b Y
N ! Vi
5 04y i \
L 4 :
L £ |
S 02 i X
oy \
S \
0 0 2 L S .
-4 -3 -2 -1 0 1 2 3 4
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1.0 . e -
| —oc=1 nim i I/ [ (b) |
2 ogh c=3mm ;,; |\
% P ---o=5/mm ; ! \
=] | I \
5 . \
< ; [
2 0.6} : " \\ L
g P \
= 0.4} II \|
s h \
E s [
3 Sl [
Z. 0.2} .,-I/ vy
: VL
S v
0 . B . SR
—-15 =10 =5 0 5 10 15
z/cm

Fig. 3. Cross sections of MGSM beams carrying an edge dislocation
propagating in free space for different o: (a) z =100 m, (b) z =500 m.

Normalized intensity

Normalized intensity

(&)
‘{\
“ _10%10 sl€

(b)

Fig. 4. Average intensity of MGSM beams carrying an edge dislocation
propagating in oceanic turbulence: (a) z =100 m, (b) z =300 m.

propagation in turbulent medium will all evolve into the Gaus-
sian beam.*! Thus, the MGSM beams carrying an edge dislo-
cation propagating in oceanic turbulence will become a beam
with a smaller flat-topped profile.

The cross sections of the MGSM beams carrying an edge
dislocation propagating in oceanic turbulence are given in
Figs. 5 and 6 for different p and d, respectively. From Figs. 5
and 6, we can see that the MGSM beams carrying an edge dis-
location with the larger slop p or smaller off-axis distance d
propagating in oceanic turbulence will evolve into a Gaussian-
like beam faster (Figs. 5(a) and 6(a)), and as the propagation
distance increases, the influences of the different p and d on
the profile of the beam in the far field will disappear (Figs. 5(b)
and 6(b)).

1.0 '_2 i _ 7 \_'\
______ b1 S \ (a)
Z 08f---p=10/ )
2 i \
2 ll \
£ 0.6f I \
I 1
ol 3 \
I i '\
= 0.4f 4{: y
= I3 \
—~ l" \
5 Iy
Z 0.2 £ \
J
4
0 1 1
-3 -2 —1 0 1 2 3
z/cm
(b) |
>
=
)
o
]
g
&
°
[
B
=
g
-
o
Z
0 . . .
—10 -5 0 5 10

z/cm
Fig. 5. Cross sections of MGSM beams carrying an edge dislocation
propagating in oceanic turbulence for different p: (a) z =50 m, (b)
z=200 m.

To obtain the influences of oceanic turbulence on the
spreading properties of the MGSM beam, we illustrate in
Figs. 7 and 8 the cross sections of the MGSM beams carrying
an edge dislocation propagating in oceanic turbulence for dif-
ferent y1, ¢, and &, respectively. One can see that the MGSM
beams carrying an edge dislocation propagating in oceanic tur-
bulence with the larger yt and ¢ or the smaller € will evolve
into the flat-topped beam or a Gaussian beam as the propa-
gation distance increases. The strength of oceanic turbulence
is stronger when the oceanic turbulence parameters T and ¢
are larger or € is smaller. Thus, the MGSM beam propagating
in stronger oceanic turbulence will evolve into the flat-topped
beam or a Gaussian beam at the shorter propagation distance.
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Fig. 6. Cross sections of MGSM beams carrying an edge dislocation Fig. 8. Cross sections of MGSM beams carrying an edge dislocation
propagating in oceanic turbulence for different d: (a) z = 50 m, (b) propagating in oceanic turbulence at propagation distance z = 300 m:
z=200 m. (a) different g, (b) different €.
1.0 1.0 T T T T T r
k (a) |
2z 0.8} 0.8 1
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S ]
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Fig. 7. Cross sections of MGSM beams carrying an edge dislocation Fig. 9. Spectral degree of coherence of MGSM beams carrying an edge
propagating in oceanic turbulence for different xt: (a) z = 100 m, (b) dislocation propagating in oceanic turbulence at propagation distance
z =300 m. z =100 m: (a) different p, (b) different d.

The spectral degrees of coherence of the MGSM beams  for different p, d, and M are given in Figs. 9 and 10, respec-
carrying an edge dislocation propagating in oceanic turbulence  tively. As can be seen, the spectral degrees of coherence of the
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MGSM beams carrying an edge dislocation can be modulated
by the distance between two points. And it is also seen that
the position of coherence vortex (i = 0) of the MGSM beams
carrying an edge dislocation propagating in oceanic turbulence
can be obtained at the smaller distance between two points for
the larger p or smaller d (Fig. 9). In studied of influences of
M on the spectral degrees of coherence, one can find that the
influences of different M on the spectral degree of coherence
will gradually disappear as the propagation distance increases
(Fig. 10(b)).

1.0 : . . .
\ —M=10 (a)
o8ty M=50 1
0.6F 1
E :'l T
04f i /A 1
0.2 L "." ':: ““. 4
0 s - s
0 0.1 0.2 0.3 04 0.5
z/cm
1.0 . : . . . .
—M=10 (b) |
osf \ 7 M=50 ;
0.6} :
= ]
0.4} ]
0.2} 1
0 s s s - .
0 01 02 03 04 05 06 0.7

x/cm

Fig. 10. Spectral degree of coherence of MGSM beams carrying an
edge dislocation propagating in oceanic turbulence for different M: (a)
z=20m, (b) z= 100 m.

5. Conclusion

The model of MGSM beams carrying an edge dislocation
has been introduced, and the evolution properties of MGSM
beams carrying an edge dislocation propagating in oceanic tur-
bulence have been investigated using the numerical examples.
It is shown that the MGSM beam carrying an edge dislocation
propagating in oceanic turbulence will evolve from the profile
with two intensity peaks into a flat-topped beam caused by the
MGSM source, and the beam will evolve into the flat-topped
beam with smaller beam spot or the Gaussian-like beam due
to the influences of the oceanic turbulence in the far field, and
the MGSM beams carrying an edge dislocation propagating in
oceanic turbulence with the larger ¥t and ¢ or the smaller &
evolve into the flat-topped beam or a Gaussian beam faster as

the propagation distance increases. It is also shown that the
position of coherence vortex can be obtained at the smaller
distance between two points for the larger slop p or smaller
off-axis distance d. As the propagation distance increases, the
influences of different M on the spectral degree of coherence
will gradually disappear.
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