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Abstract: The properties of polarization preservation of partially coherent Hermite-Gaussian beams propagating a-
long different atmospheric turbulence paths were studied. The analytical expressions for the polarization of partially
coherent Hermite-Gaussian beams propagating through atmospheric turbulence along different paths have been de-
rived. It is shown that the larger the coherence length is, and the larger the beam order m, n are, the less the polar-
ization is changed. We found that the evolution properties of the polarization in slant-down paths through turbulent
atmosphere are similar to the case in free space if the condition zenith angle ¢ <7/4 is satisfied. While at a long
propagation distance, evolution properties of polarization in horizontal paths of turbulent atmosphere differs much
from those in free space and in slant paths. The results may allow one to choose the optimal propagation path in
terms of specific applications, which is helpful for future experimental implementation of multiple-degrees-of-free-

dom free-space communication.
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timate speed and does not likely couple with environ-

Introduction ment. Photonic degrees of freedom, including polariza-

tion, frequency and phase etc, have been utilized to car-

Photon is an ideal information carrier for long-dis- ry information for both classical and quantum communi-

tance communication, since photon can transmit with ul- cation. Besides, high-order spatial modes of light beam,
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mostly known as Hermite-Gaussian ( H-G) and Laguerre-
Gaussian (L-G) modes which are classified according to
different complete set of eigen solutions and are equiva-
lent under cylinder lenses converter' ' are being exploited
to carry more information because this degree of freedom
possess very large number of dimensions'**'. As a typi-
cal example, orbital angular momentum derived from
aforementioned high-order spatial modes has now been
accepted as a new degree of photon and has shown fasci-
nating power in high-dimensional quantum information
processing[s'ﬁ] .

Multiple-degrees-of-freedom free-space communica-
tion by adding other degrees of freedom into high-order
spatial beams may extend the capacity of communication
into an entirely new regime'’”®'. The propagation of laser
through atmospheric turbulence has been of considerable
theoretical and practical interest for a long time, due to
its important applications in optical communications and
optical imaging"?*). However, the properties of polariza-
tion preservation of high-order spatial beams propagating
in turbulent atmosphere have not been comprehensively
investigated yet. As a step forward along this direction,
here we focus on the properties of polarization preserva-
tion of partially coherent H-G beams propagating along
different atmospheric turbulence paths.

Since Anthony E. Siegman introduced a new H-G
solution, named elegant H-G mode in 1977'%) | several
methods have been proposed to generate this kind of
beam'*? ). Propagation properties, such as beam inten-
sity, mean square root width and angular spreading of H-
G beams through turbulent atmosphere have been stud-
ied"*?”! . More recently, the spectral characteristics of
the beam in slant turbulent atmosphere paths have attrac-
ted more and more attention' ™",

In this letter, we have studied the effects of different
turbulent paths on polarization properties of partially co-
herent H-G beams with various beam parameters. The
results obtained in this work may deepen our understand-
ing of the effects of different atmospheric turbulence
paths on polarization characteristics of H-G beams, and
provide a method of choosing the optimal propagation
path efficiently with certain beam parameters, which has
not been studied to our best knowledge. The physical ex-
planations are also presented to illustrate the validity of
the results.

1 Theory model and formulae

The cross-spectral density (CSD) function of par-
tially coherent H-G beams at the initial plane z =0 in the
Cartesian coordinate system can be written as'”’

x + y
W(pl P22 = 0) = Hm ( “/.iplx)H”(Qp])‘)exp( _plizpl)

Wo Wo Wo
2
x H @ H @ ex 'Dz‘ Pz) ex[_i(pl_pz)]
m ) P2 n ) pZy p p 2 P
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, (1)
where w, denotes the waist width of Gaussian modes, p
=(p,,p,) is the two dimensional position vector in the
0, and H,(i =m,n) is the ith-order
Hermite polynomial , o, is the spatial correlation length

initial plane z =

of beams in the initial plane z =0.

Based on the extended Huygens-Fresnel princi-
pal' | the CSD function of partially coherent H-G
beams in the received plane z is,

® ® ® ©
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where p'=(p’,,p’,) is the two dimensional position vec-
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tor in plane z, k is the wavenumber associated with wave-

length by k = 2711- indicates the ensemble

m

,and < - >

average of the turbulence medium statistics. Employing a
quadratic approximation of Rytov’ s phase structure,
< - >, can be written as""

m
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where p, = (0. 545C3k’z) “% s the coherence length of
spherical wave propagating in turbulence, C’ is the struc-
ture of refractive index, which can describe the level of
turbulence. So € =0 indicates the beams propagating in
free space. When the beams propagate through atmos-
pheric turbulence along the horizontal path, C> is con-
stant (in this paper, we setC> =10"m ™ *?). Consider-
ing the slant turbulent channel (where beams propagate

along a slant path, up or down), and the < « >  can

be expressed as'’’

<explir(p ')+ " (pryp'y) 1>
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with

H
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ho
where & denotes the zenith angle, z is the propagation
distance, h is the altitude from the ground (h =z cos
(£)), and H indicates the altitude between the initial
plane and received plane. 5 =1 —h/H and 5 = h/H cor-
respond to the beams propagating through atmospheric
turbulence along the slant-up path and the slant-down
path, respectively. C> (h) is an altitude-dependent

structure index constantm

C2(h) =0'00594(%)2><(10‘5h)1°Xexp(_ﬁ)

C2(0)exp( — h/100)
, (6)

+2.7 x 10" exp( - ﬁ) ;
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where v denotes the root-mean-square wind speed (in
this paper, we set v =2 Im/s). To obtain the analytical
result, two variables of integration are introduced as u =
prtp

5 S UEP o
tuting Eqs. 5 and 6 into Eq. 4, we obtain the CSD func-
tion of partially coherent H-G beams in the received

plane z.
Wp'p' 2 ) =1p'0)
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Assuming p'; =p’, =p’ and substi-

where — = % % Lz, Lz denotes the phase change
e 2w, 2o, p
caused by turbulence, p =p, and p = Al represent hor-
3

izontal path and slant path, respectively.
With the help of the generalized Laguerre polynomi-
al and the integral formula, we can obtain
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I(p',z) in Eq.8 denotes the intensity of partially coher-
ent H-G beams

In order to study the effects of different paths in tur-
bulence (i. e., slant-up, slant-down, horizontal ) with
beam parameters (i.e., beam order, spatial correlation
length, zenith angle of path) on the degree of polariza-
tion of partially coherent H-G beams, and having com-
pared with the effects in free space, we introduce the po-
larization matrix of partially coherent H-G beams'"’,
which reads as

[Wm(p'l P2 W, (p' ,p’2)] . (10)
W)'x (P,l ap/z) Wm (P’l ’Prz)

The degree of polarization P(p’,z) of partially co-
herent H-G beams at received plane z is given as''"

, _ 4det[ W(p' ,p',2) ]
P(p',z) = Jl - B 2 , (1)
P [trace[ W(p',p',z) 1

where trace[ W] represents the trace of CSD matrix. W;
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where i =x,y; j=x,y. Substituting Eq. 12 into Eq. 11,
the expression of polarization degree of partially coherent
H-G beams can be obtained.

2 Numerical examples and analysis

Numerical examples are given by using Eq. 11 to
show the effects of different propagation paths in atmos-
pheric turbulence and in free space on the polarization of
partially coherent H-G beams, as depicted in Figs. 1 ~
5. The evolution behaviors of average intensity distribu-
tion are characterized by Eq. 8. Figure 1 shows the be-
haviors of the normalized average intensity /(p’,z) /1,
(p',z) and polarization distribution versus the slanted
axis at some specific propagation distances, where [
(p’,z) denotes the maximum average intensity at the re-
ceived plane z. The calculation parameters are A = 800
nm, oy, =0,, =1 cm, oy, =2 cm, y,, =7y, =0.5,

y, =0.1, T, C0(0) =

w, =3 cm, m=n=4,§:3’
10~ 4 p 23

From Fig. 1(a), at a short propagation dis-
tance, z = lkm for example, the average intensity profile
changes to Gaussian profile with a dip (the initial inten-
sity distribution is Hermite-Gaussian profile, which is not
shown) , and finally evolves into Gaussian profile when
the propagation distance is sufficiently long. The polari-
zation distributions of partially coherent H-G beams prop-
agating through different atmospheric turbulence paths
are similar but not the same as intensity behaviors, which
can be seen from Figs. 1(b), (d), (f). The polariza-
tion distributions remain Gaussian profile with a dip for a
beam propagating through turbulence in slant paths at a
long distance. The effect of turbulence on beam proper-
ties is negligible in short range propagation, and the
slant-down path in turbulence can be substituted for free
space at any distance.

Polarization properties P(0,0,z) of a partially co-
herent H-G beam propagating through atmospheric turbu-
lence along different paths are represented in Fig.2, and
m =n =2, the other calculation parameters are the same
as in Fig. 1. When the propagation distance is short, e.
g., z < 100 m, the polarization remains almost un-
changed. The degrees of polarization tend to some parti-
cular values after propagating enough long distance and
retain the values as the beams propagate further. The de-
gree of polarization returns to its initial value after it
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propagates through turbulence along horizontal path over
a sufficiently long distance. This conclusion proves the
feasibility of long-range distance laser communication
based on beam polarization.

The polarization of partially coherent H-G beams at
the plane z =10 km versus the beam orders is plotted in
Fig.3, the other calculation parameters are the same as
those in Fig. 2. It is shown that the polarization of par-
tially coherent H-G beams is dependent on the propaga-
ting path in turbulence. The differences of polarization
between different propagation paths in turbulence de-

i Uit PN [ £ i A2 T JE K- DO RAE AR R A i o e e A A IR 70 A1 () () (e) oLt

crease as the beam orders m, n increase. Therefore, the
polarization of partially coherent H-G beams with larger
m, nis less affected by atmospheric turbulence than that
of partially coherent H-G beams with smaller m, n.
Beams with high orders m, n propagating through slant
paths can be simplified in that case in free space.

The polarization of partially coherent H-G beams
with various propagation paths in turbulence for different
values of coherence length is plotted in Fig. 4, other cal-
culation parameters are the same as those in Fig.2. From
Fig. 4 it is seen that the polarization changes dramatically
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when the coherence length is small, e. g. , it rapidly in-
creases to 0.7 for the beam of o, =0, =1 mm,o, =2
mm. The polarization of the beam with large coherence
length varies slightly with the propagation distance.
Therefore, the polarization of partially coherent H-G
beams with a larger coherence length is less affected by
atmospheric turbulence than that of partially coherent H-
G beams with a smaller coherence length. The slant-up
path can be simplified to the horizontal path at a long
propagation distance if the beam possesses a large coher-
ence length.

Figure 5 gives the polarization of partially coherent
H-G beams at several planes versus zenith angle £. The
phenomena of polarization changes versus £ in slant prop-
agation paths are interesting. When the propagation dis-
tance is short, the polarization decreases as the & increa-
ses. The polarization varies non-monotonously with zenith
angle at a long distance, e g. , at z=20 km, the values
of polarization reaches maximum 0. 291 and 0. 288 for &£
=72 and 88 degree, corresponding to the slant-up and
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Fig.4 Polarization of a partially coherent H-G beam versus
the propagation distance for different turbulence paths. (a)
oo =1 mm, (b)o,, =100 mm

Pl 4 i U R A ) A2 i B A T, G TR Ml 1R R A B B 4
k. (a) oy, =1 mm, (b)g,, =100 mm

slant-down paths, respectively. The polarization decrea-
ses dramatically when the £ is close to 1, as a slight

change in £ causes a huge alternation of structure of re-
fractive index in turbulence along slant paths, especially
along a slant-down path. The results can be physically
explained as follows. The relation between the structure
of refractive index and altitude is characterized by Eq. 6,
we can find that the turbulence plays a dominant role in
low altitudes. Therefore, when the propagation distance

is sufficient long, if £ is closer to 50 a slight increase in

& causes a noticeable ratio of low altitude path to high al-
titude path, while if the zenith angle is small, the ratio is
not so sensitive to the zenith angle.

3 Conclusion

In this paper, the polarization properties of partially
coherent H-G beams propagating through atmospheric
turbulence along different paths have been studied both
analytically and numerically. It has been found that the
intensity and polarization distribution of the partially co-
herent H-G beams in atmospheric turbulence undergo
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several stages of evolution, which depend on the turbu-
lence paths and beam parameters. The larger the spatial
correlation lengths and the larger the beam orders m, n
are, the less the beam polarization is changed provided
that the propagation distance is sufficiently long. Partial-
ly coherent H-G beams propagating through the turbu-
lence along a slant-down path can be simplified in free

space if the condition £ € [0 ,%] is satisfied. The beams

propagating through the turbulence along a slant-up path
can be substituted for a horizontal path if the correlation
length is large enough. The polarization is dramatically
dependent on the zenith angle when the zenith angle is
1
2
show the validity of our results. Our results allow one to
choose the optimal propagation path in terms of specific
applications, and would be useful for future experimental
implementation of multiple-degrees-of-freedom free-space
communication.

close to —. The physical interpretation has been given to
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