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Quantum polarization fluctuations of partially coherent dark hollow
beams in non-Kolmogorov turbulence atmosphere*
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Non-classical polarization properties of dark hollow beams propagating through non-Kolmogorov turbulence are stud-
ied. The analytic equation for the polarization degree of the quantization partially coherent dark hollow beams is obtained.
It is found that the polarization fluctuations of the quantization partially coherent dark hollow beams are dependent on the
turbulence factors and beam parameters with the detection photon numbers. Furthermore, an investigation of the changes
in the on-axis propagation point and off-axis propagation point shows that the polarization degree of the quantization par-
tially coherent dark hollow beams presents oscillation for a short propagation distance and gradually returns to zero for a

sufficiently long distance.
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1. Introduction

Polarization is a key ingredient of a light beam which has
a number of practical applications both in the quantum and

=101 I recent years, growing attention has

classical realms.!
been focused on the polarization fluctuations of quantum light
propagating through a turbulent atmosphere since it plays an
important role in free-space optical communications and re-

1-13] The polarization properties of a linearly

mote sensing. !
polarized quantum beam in turbulent atmosphere have been
reported.!'417] But, few schemes studied the quantum polar-
ization fluctuations of two-orthogonally-polarized-mode field
propagation through the turbulent atmosphere.

Dark hollow beams (DHBs) are the beams with zero
on-axis intensity which have important applications in laser
optics, atomic optics, binary optics, optical trapping of par-
ticles and medical sciences.['®) DHBs can be generated by
using various methods, such as geometrical optical method,
mode conversion, optical holography, transverse-mode selec-
tion, hollow-fiber method, etc. [19-241 DHBs have many advan-
tages over a Gaussian beam and flat-topped beam for over-
coming the destructive effect of atmospheric turbulence from
the aspect of scintillation, >3 hence, have important poten-
tial applications in free-space optical communications. Up
to now, the propagation properties of the partially coherent
DHB in turbulent atmosphere have been studied and the po-
larization degree of partially coherent DHB has also been
reported.?’-2° However, the quantum polarization fluctuation
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of quantization partially coherent DHB has not been formu-
lated yet. According to the two unsettled issues stated above,
in this paper, by using quantum Stokes operators and non-
Kolmogorov spectrum model of index-of-refraction fluctua-
tion, we develop a theoretical model for the quantum polar-
ization fluctuations of the two-orthogonally-polarized-mode
quantization partially coherent DHB propagating in a turbu-
lent atmosphere.

The rest of this paper is organized as follows. In Sec-
tion 2 we summarize the necessary basic principles of the
quantum Stokes operators and the polarization degree of the
two-orthogonally-polarized-mode field. In Section 3 the quan-
tum Stokes operators in a turbulent atmosphere are studied and
the degree of polarization of quantization partially coherent
DHB in a turbulent atmosphere is obtained. Numerical results
and discussions are given in Section 4. Conclusions are pre-
sented in Section 5.

2. Quantum Stokes operators and the degree
of the polarization for two-orthogonally-
polarized-mode field

The polarization state of the two-orthogonally-polarized-

mode field can be characterized by the Stokes operators: 3!
A s e & ata aba
So = aiax +ay'ay7 Sy =a,d,— ;aya
Sy =alay+ala., Ss=i(ala,—alay), (1)

where 4; (&;) is the photon annihilation (creation) operators
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in the model (g, j), respectively, with g being the momentum

of a photon, and j its polarization.

[aj,a}] = 8, )

where j . k = x,y.
We assume that two-orthogonally-polarized-mode field is
initially in the Fock state, i.e.

Ajlnj) =niln;). &)=

where n; and |n,> are the eigenvalue and the eigenstate of the

‘nx> ‘ny>a 3)

number operator, and |&) is the state of the total field contain-
ing two modes.

The degree of polarization for two orthogonally polarized
modes of light when it propagates through a turbulent atmo-
sphere can take the form

3 5 3 1/2
P=<Zl<<€55>>at/}:l<<€§§|5>>m> . @

where Z S = $0(8o +2), (-),, denotes average over the en-

semble of the source of the turbulent atmosphere.
For two orthogonally polarized modes of light, where
dy # 0 and d, # 0, one can obtain

(EISIEN2 = ((Eldla—dia e, )
= (e — () )% 5)
3
X ((EI8518)),, = () +{ny),) " +2 () + (my),) + 6)

($2)°

Then the degree of polarization can be expressed as

<”x>at B <n_V>at
\/(<nX>at + <ny>al)2 +2 (<nx>at +

=(8) =o. 7)

P=

C®
(m)a)

3. Quantum Stokes operators in a turbulent at-
mosphere

The propagating quantum field in the turbulent atmo-
sphere can be expressed as

- ike'k ik
F(pa) =~ VT [E1 (6, 0>exp[2 (p- p)z}
x exp(@(p, p,2))d*p, ©)

where 7 is the transmittance of channel,j = x,y, p and p’ de-
note transverse coordinates of the photon at the z plane and
source plane (z = 0) respectively, @(p, p',z) represents a ran-
dom distortion which describes the effect of the atmospheric
turbulence on the propagation of a spherical wave, k = 27 /A

is the wave vector of the light. At z = Oplane, the quantum
field EA]+ (p',0) can be given by

01 (0,0) = 5 [ adj(a.p) e’ (10)

where d;j(q,p') = d,; (q) u(p') is the effective photon annihi-
lation operator, u(p') is the transverse beam amplitude func-
tion for the beam modes. By Egs. (9) and (10), the propagating
quantum field can be described as

ikz
1ke f/dzp'd2q/a]
ik
X exp L (p—p) ] exp(@(p,p',2))

=2ﬂ/d2 ¢'7°4;(q,p,z).

Therefore, the effective photon annihilation operator can be

i+ —
J (p,Z) -

(11

expressed in the following form:

ikelk "
2nz vt / 4

k / / /
X exp {;Z (p—p )2] exp(@(p, p,2))d*p'.(12)

aj(g,p,z) = — (g) e'(F'=P)

The effective photon creation operator can be written as fol-
lows:

a5 (g, p,2)

o ike_ikz / p p)
Y
x eXp[ —(p—0) }eXp 0" (p.p',2)d%p".  (13)

We choose the quantum field to be a partially coherent DHB

so that3!!
B ﬁ i -1 )m+n N N
= N m

() ¥
np’2 np’*
x [ exp 7605 —exp 7(1)[%
2 1712
mp” mp
X<exp< “%) exp( % >>
12
cexp | - P—P)
20§

denote a binomial coefficient, N is

(14)

where and

the order of the partially coherent DHB, @, = pay, with ay
being the beam waist size of the fundamental Gaussian mode,
pis a scaling factor for controlling the dark size of the DHB
satisfying 0 < p < 1, and oy is the transverse coherence width.

The ensemble average photon number of j polarization
mode of quantum field when it propagates through a turbulent
atmosphere can be obtained as

() = <<C| (4,02 )“j(q7P»Z)|C>>at
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k 2 * ig-(p"'—p
=n; <2nz) //d2pld2p//<u (p/)u(p//)>eq(p p)

=

(p—p) -
2z

X exp [ik
x (exp [@*(p,p',2) +0(p,p".2)] ), (15)
where n; = ng;7 is the detection photon number. Using the
non-Kolmogorov power spectrum of atmospheric turbulence
and taking into account the quadratic approximation for Ry-
tov’s phase structure function, we have
(exp[9"(p.p",2) + 0(p.p".2)])
= exp(—(p' = p")?/P5)

where py is the spatial radius of a spherical wave propagation

(16)

in turbulent atmosphere, and

_ (TKA(@) [ o Ko 2 2 2
p() = <6((X—2)Cn |:Km eXp (K‘r%l> (ZKO 72Km +aKm)

2 —-1/2
o K _
xr(z—z,&%)—zxg “D ,

a being the spectrum power of the refractive-index fluctua-
=2m/Ly,
Ly being the outer scale of turbulence, K, = ¢ (a)/lo, lo being

tions (abbreviated as the refractive-index power). Ky

the inner scale of turbulence,

c(a) = (r(s - g>A(a)23”> e :

Ala) = #r(a—l)cos(%y

I'(x) being the gamma function of the term. C? is a generalized
refractive-index structure parameter.

After tedious integral calculations, the photon number of
quantization partially coherent DHB for two orthogonally po-
larized modes in atmospheric turbulence is obtained as

<nx>at =m0, <ny>at =ny0Q, (I7)
where
1)m+n (N) (N>
Q —
(277 znzlmzl m
x (G1 — Gy —G3+Gy), (18)
n* L (2piogps —ps — 260)
C=mE\ T T ieMipiod
1M Pi triogpy
kp 2
X <+q) )
z
n’ 1 (2ptogps — PG —205)
Gy = 2Mzexp i T
piM; D1 2P19 Py
kp 2
X <Z+Q> ; (19)

(2p305p5 — g —203)
16M3 p3ogpy

2
T 1
Gy = ——5exp| ———5 —
piM3 ( 4p3

k 2
X <p+q> s
Z

(2p305p5 — P§ —207)
16M3picgpd

2
T 1
Gy = —w—exp| ————
M2 < 4p3

kp 2
X 7+q , (20)
p_on 1 1 Ik
! 200 pE 22
, on 1 1 ik
I S 21
P2 o} 208 p; 22 1)
21 hg2)2 -
+20, 1 1 ik
My —w+ﬂ+ St
4pi0yp; 200 P 22
21 hg2)2 :
+20, m 1 1 ik
Mﬁ:—(pozia;o}JfﬁJffz PORE
4dpioyp; 200 p5 2z
2 hg2)2 :
+20, m 1 1 ik
M§:_<P027404)+72+72 2T
4p364Pg 260 py %
2 Hg2)2 :
+20, m 1 1 ik
MEz—MJr—Jr s+ =+ (22)
4p504 Py 260 p; 2z

Substituting Eq. (17) into Eq. (8), we can obtain the formula
for the polarization degree of quantization partially coherent
DHB propagating through a turbulent atmosphere as

<nx>at B <n)‘>at
\/(<nx>at + <n)'>at)2 +2((ma) o +

P(p) =

<”y>at)

o Q
= (n ny)\/(nx+ny)2Q+2(”x+”y). =

4. Numerical calculation and analysis

Based on the derived analytical results in the above sec-
tion, we study the numerical results of the influence of turbu-
lence on the polarization degree of quantization partially co-
herent DHB. The non-Kolmogorov spectrum parameters are
set to be Ly = 1 m, [y = 0.001 m, C2 = 1015 m~*/5
a = 3.8. The beam parameters and detection photon numbers

, and

in two orthogonally polarized modes are set to be p = 0.3,
N =3, 6o =0.05 m, wo = 0.05 m, n, =40, and n, =5, and
the other physical parameters of the system are A = 1.55 pm
and the photon moment g = 4.27 x 10728

Figures 1 and 2 show the changes in polarization degree
of quantization partially coherent DHB propagating through
non-Kolmogorov turbulence with propagation distance zfor
different spectrum parameters and different beam parameters
with detection photon numbers in two orthogonally polarized
modes. Figures 1(a)-1(d) show that for the on-axis propaga-
tion point the polarization degree of quantization partially co-
herent DHB first reaches its maximum value in the near field
and finally approaches to zero. When the robustness of polar-
ization is taken as the carrier in quantum information process-
ing, the higher spectrum power-law exponent and inner scale
of turbulence or smaller refractive index structure constants
and outer scale of turbulence should be required.
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Fig. 1. (color online) Degree of polarization along the z axis of quantization partially coherent DHB beams propagating through
non-Kolmogorov turbulence: (a) for different spectrum power-law exponents, (b) for different refractive index structure constants, (c)
for different outer scales of turbulence, (d) for different inner scales of turbulence.
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Fig. 2. (color online) Degrees of polarization along the z axis of quantization partially coherent DHB beams propagating through non-
Kolmogorov turbulence: (a) for the different values of parameter p, (b) for different detection photon numbers in two orthogonally
polarized modes, (c) for different values of beam order (N), and (d) for the different values of coherent length (o).
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Figures 2(a)-2(c) indicate that as the propagation distance
increases, for on-axis propagation point the polarization de-
gree of quantization partially coherent DHB has an oscilla-
tory behavior at first and then it gradually decreases to zero.
The quantum polarization fluctuation would be less for smaller
parameter p and beam order or much difference between in
detection photon numbers between two orthogonally polar-
ized modes. In Fig. 2(d), it can be seen under the condition
0p > 0.5 m, the influence of the degree of polarization is slight.

Figure 3 shows the changes in the polarization degree of
quantization DHB propagating through non-Kolmogorov tur-
bulence with propagation distance z for different off-axis prop-
agation points and on-axis propagation points. One can find no
matter what the propagation point is, the polarization degree of
quantization partially coherent DHB will return to zero after it
has propagated over a sufficiently long distance.

—_— x:y:O
== r=y=0.02m
—- rx=y=02m

0.6

0.4
a8
0.2
o/-"’-’
0 -'/ 1 I 1 I 1 I
0 1 2 3 4
z/10%
Fig. 3. (color online) Degrees of polarization along the z axis of

quantization partially coherent DHB beams propagating through non-
Kolmogorov turbulence for different off-axis propagation points and
on-axis propagation points.

5. Conclusions

In this work, we propose a theoretical model to de-
scribe the polarization degree of the two-orthogonally-
polarized-mode quantization DHB propagating through non-
Kolmogorov turbulence. The analytical expression for the
polarization degree of the two-orthogonally-polarized-mode
quantization partially coherent DHB is obtained. The polariza-
tion degree of the two-orthogonally-polarized mode quantiza-
tion partially coherent DHB is investigated for the turbulence
factors and beam parameters with the detection photon num-
bers. An investigation of the changes in the on-axis propaga-
tion point and off-axis propagation points shows that the polar-
ization degree of quantization partially coherent DHB presents
oscillation for a short propagation distance and gradually re-
turns to zero for a sufficiently long distance. That is to say,
the quantum optics will turn into the classical optics as the
beam propagates. Furthermore, the quantum polarization fluc-
tuation is slight for great difference in detection photon num-

ber between two orthogonally polarized modes: the higher the
spectrum power-law exponent, the larger the inner scale of tur-
bulence and coherent length, or the smaller the refractive in-
dex structure constants, outer scale of turbulence, central dark
sizes p and beam order N are. Therefore, we should choose
very different detection photon numbers in two orthogonally
polarized modes, smaller central dark size p, smaller beam or-
der N and weak turbulence, when the robustness of polariza-
tion is taken as the carrier in quantum information processing.
The result can be employed in applications, such as free-space
optical communications and remote sensing.
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