This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/JPHOT.2017.2717179, IEEE

Photonics Journal

JOURNAL OF KTEX CLASS FILES, VOL. 14, NO. 8, MARCH 2017

Synergy effect of dually superposed orbital angular
momentum states 1in atmospheric turbulence

Tao Zhang', Yi-Dong Liu!, Jiandong Wang!, Pusheng Liu®

, and Yuanjie Yang?

1School of Physical Electronics, University of Electronic Science and Technology of China, Chengdu 610054,
People’s Republic of China
2School of Astronautics and Aeronautics, University of Electronic Science and Technology of China, Chengdu
611731, People’s Republic of China

Abstract—We corroborate that a synergy effect may emerge
when the dually superposed orbital angular momentum (OAM)
states with two adjacent OAM numbers pass through weak
fluctuation regime of the atmospheric turbulence. We show that
this novel effect closely depends on the transition probabilities
between this two OAM eigenstates for superposition. While such
probabilities become larger, the synergy effect becomes more
obvious. Our examples show that the synergy effect enables OAM
states to better resist phase fluctuation caused by the atmospheric
turbulence.

Index Terms—atmospheric turbulence, orbital angular mo-
mentum, synergy effect.

I. INTRODUCTION

Recently, orbital angular momentum (OAM) based optical
communications in classical and quantum domains were
widely studied, principally because it can offer considerable
number of channels multiplexed for information transmission
[1]-[7]. Photons carrying OAM can be employed in quantum
key distribution [2], quantum secure direct communication [3]
and quantum teleportation [4]. The OAM of single photon,
however, is vulnerable to random phase aberrations. In partic-
ular, OAM scattering arises while a twisted light propagates in
the atmospheric turbulence [8]-[11]. Paterson firstly proposed
an OAM probability distribution model to describe the OAM
scattering of single photons in Kolmogorov turbulence [8].
Now it is known that the Kolmogorov model failed to predict
the performance of light propagating in high altitude [12], and
increasing studies were carried out based on non-Kolmogorov
turbulence, which is applicable on a wider scale. The OAM
detection probabilities respectively for several kinds of OAM
modes based on non-Kolmogorov model were calculated by
expressing each mode function as a superposition of spiral
harmonics [9], [10], [13]. More recently, the effects of low-
order Zernike turbulence aberrations on OAM of single pho-
tons were studied in detail, which showed that turbulence z-tilt
aberration is the main reason for OAM crosstalk [14].

A superposition of two OAM eigenstates, or dually super-
posed OAM states (DSOS) in context, can construct a two-
dimensional subspace geometrically described by an OAM
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Bloch sphere [15], [16]. Generally, a DSOS on the Bloch
sphere can be expressed as the form |£) = cos(5/2) |n) +
e'sin (3/2) |m), where |n) and |m) denote the OAM eigen-
states with OAM numbers n and m respectively. For the
angles $ and 6, there are 0 < § < mwand 0 < 0 < 2%
respectively. In this work, we approximately estimate the
detection probability of DSOS in non-Kolmogorov turbulence
and discuss the effects of 3 and # on the detection probability.
We use the term “synergy effect”, which comes from Hermann
Haken’s conception [17], to describe a new phenomenon we
find. Here, the term particularly means the fact that detection
probability of DSOS (see Eq. (1)) is greater than those of the
two OAM eigenstates for superposition.

II. THEORY

We consider at first a monochromatic and fully coherent
twisted beam propagating along z axis in free space. In
cylindrical coordinates, the transverse spatial wave function
of DSOS constructed by two Laguerre Gaussian (LG) modes
is written as

B
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where n and m are OAM numbers of initial DSOS, pq is
the radial index of initial DSOS, and z is the propagation
distance. Angle S dominates the weights of two modes, and
&po (7,0, z) reduces to a wave function of OAM eigenstate
when § = 0 or w. Angle 6 is the relative phase between two
modes. “;I;(l; (r, ¢, z) denotes the normalized LG mode function
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mwi /X is the Rayleigh range with wg the
2n/X is the wave

where z, =
waist radius and )\ the wavelength. k£ =
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number. w(z) = woy/1+ (2/2)? is the beam radius at

z. p and [ are the radial index and the OAM number,
respectively. Lé() denotes the generalized Laguerre polyno-
mial. Another transverse spatial wave function (,, (7, ¢, 2)
being orthogonal to &, (r,¢,2) in the same subspace can
be expressed as (p,(rp,2) = sin(B/2)ubC, (r,¢,2) —
elcos(B/2)ul Uy G (r,¢,z). For convenience, we assume that
the initial DSOS send at z = 0 plane, where the radii of two
LG modes are the same as wyg.

We restrict ourselves to the weak fluctuation regime, in
which the intensity fluctuation is very small and negligible.
The complex amplitude of this distorted mode at z plane reads
[91, [10], [14]

(b(’rv@az) = gpo (’I",(p,Z) exXp [iX(Ta<)07Z)]7 (2)

where x(r, ¢, z) corresponds to the phase fluctuation. Because
an arbitrary amplitude profile can be expanded into LG modes
[18], &(r, ¢, z) here can be expressed as
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where p and [ are the radial index and OAM number of
received LG mode, respectively. Aé(z) is the expansion coef-
ficient. In addition, the coefficients B, (z) and Cp(z) in Eq.
(3) can be expressed as

B,(z) = cos(ﬁ/Q)A;:"(z) + sin(ﬁ/2)Alp:m(z)e*ia

and
Cp(z) = sin(ﬁ/Z)Aé:"(z) — cos(ﬂ/Z)Aé:m(z)e_w.

Because {uLG(r, @, 2)|iznms & (1, 0, 2), G (1 01 2) b pen s a
set of complete and orthogonal basis for an arbitrary amplitude
o(r, ¢, z), the coefficient B,(z) is obtained as

2= [[otre2

We are interested in the statistic characteristic of detection
probability since phase fluctuation caused by the atmosphere
turbulence is random. For the sake of simplicity and without
loss of generality, we assume that the receiver aperture is
infinite and there is no energy loss in atmospheric turbulence.
The detection probability of initial DSOS is evaluated as

P(El&,po) = Y (1Bo(2)*) = 3 PEplE o), )

p

& (1, 2)rdrde. 4)

where (-) denotes the ensemble average. Here P(£|€, po) de-
notes the detection probability of received state |€) meanwhile
the transmitted state is |£, pg). The p order part of P(£|€, po)
in non-Kolmogorov turbulence can be expressed as

P(&,pl€, po) ////fpo (11,01, 2)&p, (T2, 2, 2)
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where the ensemble average in right hand of Eq. (6) reads [19]
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In Eq. (7), po is the spatial coherence radius of a spherical

wave propagating in non-Kolmogorov turbulence [20]
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where k is the wave number. C? is the refractive-index
structure constant, and « is the non-Kolmogorov turbulence
parameter where 3 < a < 4. I'(+) is the Gamma function. In
our calculation, we find that the relative phase 6 has no impact
on P(&,p|€, po). Therefore, we focus on the relation between

the detection probability P(£|€, po) and the weight factor 8 in
the following.

(exp{ilx(r1, 1, 2) —

=exp [—

III. NUMERICAL CALCULATION AND ANALYSIS

In order to estimate P(|¢,pg), at first we investigate
P(&,p|€, po) with small radial index p, as shown in Fig. 1.
The detection probabilities of received |€, p) with p = 0,1 and
2 are between 1% ~ 100%, between 0.01% ~ 1%, and below
0.01%, respectively. This shows that the radial mode scattering
caused by the atmospheric turbulence arises on DSOS as well
as on OAM eigenstates [21]. From previous work, we know
that an OAM superposed state can be measured experimentally
[22]-[24], and a lower radial OAM mode is detected more
easily than a higher one in a finite receiving aperture [24]. For
this reason and for the case that the received state almost falls
apart into |£,p = 0) and |£, p = 1), it is acceptable to omit the
higher radial order parts and make an approximate estimation
as P, po) = P(§;p = 0|,po0) + P(&,p = 1€, po). As
B =0orm, P(&|¢, po) is written as P(n|n, pg) or P(m|m,po)
respectively.

For simplicity, in all figures we use the term “peak” to
describe a curve whose middle part is higher than two ends.
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Fig. 1. The p order part of P(&|€,po) versus S with p=0,1 and 2 where

n =0, m = 1 (solid), n = 5, m = 6 (dashed), n = 10, m = 11

(dot dashed) Besides, po = 0, A = 1550nm, wp = 0.03m, z = 3000m,
=10""m3~® and o = 3.67, respectively.
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Fig. 2. (a) P(§J€,po) versus B with Al = |n — m|=1, 2, 3, 4 and 5.
(b) P(&|€, po) versus B with Al = |n — m| = 1. (¢) P(£|€, po) versus
B withn = —m = —1,—2 and —3. In (a)-(c), po = 0, A = 1550nm,
wo = 0.03m, z = 3000m, C2 = 10~ ®m3~* and o = 3.67, respectively.

In Fig. 2(a), P(£|€,po) against 8 is plotted with different
values of Al = |n — m|. A tiny peak on the probability
curve for Al = 1 appears above the horizontal line denoted by
P(n|n,po), but no obvious peak appears for Al = 2, 3, 4, 5.
Subsequently, several cases are considered in Fig. 2(b) for
Al = 1. In Fig. 2(b), this peak always exists and becomes
more obvious as n and m become larger. This peak is also
above the horizontal line denoted by P(m|m,pg), because
P(n|n,po) is larger than P(m|m,pg) where |n| < |m].
Besides, we observe that the peak becomes more symmetrical
about S=m/2 while the OAM numbers of DSOS become
larger. In Fig. 2(c), we show some more common cases where
n is contrary to m. However, there is no visible peak on the
probability curve for each n = —m.

Figures 2(a)-2(c) show that a peak appears distinctly on the
DSOS with a couple of adjacent OAM numbers, or named
adjacent dually superposed OAM states (ADSOS), rather than
other kinds of DSOS. The main reason for its appearance is
analyzed next. P(&,p|&, po) can be expressed as such form

P(€7p|£7p0) = F;Z))O + Rgm (9)

where RE = cos?(3/2)sin* (8/2) [P(n,plm,po) +
P(m,pln,po)], and the definition of term F? can be found
in APPENDIX section. In order to facilitate the analysis,
the radial index of initial DSOS py is taken as 0. Here
P(£l&,po = 0) can be obtained by F + R, where there
are estimation F ~ FY + Fj and R ~ R} + R}. It is
easy to know that the curve of term R against S shows a
peak, of which the convex degree is controlled by the sum
P(n|m,po = 0) + P(m|n,po = 0). P(n|m,pp = 0) and
P(m|n,po = 0) are probabilities of |m) and |n) transforming

to each other in the atmospheric turbulence respectively,
which have been investigated deeply in previous work [8],
[9].

In Fig. 3, we plot F' and R against § with Al =1, 2, 3
respectively. For each value of Al, there is no visible peak on
the curve of F', while curve of R shows a symmetrical profile
with central peak. This fact means that if the peak on R is
not pronounced enough, the detection probability of DSOS
will not show any peaks because P(¢|{,po = 0) = F + R.
The curve of F' is more declining as Al becomes larger.
Accordingly, to form a peak on the detection probability curve,
the lower limit of sum P(n|m,py = 0) + P(m|n,py = 0)
should increase as Al increases. In addition, the peak on R
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Fig. 3. The terms (a) F' and (b) R against 8 with n = 0, m = 1 (red solid
line),n = 0, m = 2 (blue long dashed line), and n = 0, m = 3 (green
short dashed line). In (a)-(b), C2 = 10~®m3~%, o = 3.67, z = 3000m,
A = 1550nm, po = 0 and wp = 0.03m, respectively.
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Fig. 4. F and R against 8 with (a) and (d): C2 = 10~ °m3~%, a=3.67. (b)
and (e): C2 =5 x 107 1%m3~2, 0=3.67. (c) and (f): C2 = 10~ 15 m3~2,
a=3.95. In (a)-(f), n = 0,m = 1 (red solid line),n = 5,m = 6 (blue long
dashed line), and n = 10, m = 11 (green short dashed line). In addition,
z = 3000m, A = 1550nm, pp = 0 and wp = 0.03m, respectively.
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P(¢l¢€. Po)

Fig. 5. Evolution of the peak on P(£|€,po) in propagation process where
C2 = 1075m3~® and o = 3.95. In addition, n = 10, m = 11, A =
1550nm, pp = 0 and wp = 0.03m, respectively.

becomes more obvious as Al becomes smaller owing to the
OAM spreading property in weak fluctuation regime of the
atmospheric turbulence. Because of small P(n|m,py = 0) +
P(m|n,pp = 0), the peaks on R for Al = 2, 3 are not
obvious. Therefore, the detection probabilities of DSOSs with
Al = 2, 3 don’t show any peaks (see Fig. 2 (a)).

To exemplify the universality of our analysis, we consider
F and R of several ADSOSs against § in different turbulent
environments, as shown in Fig. 4. In Figs. 4 (a)-(c), we observe
that the term F' doesn’t show obvious peaks. Moreover, as n
and m become larger, the curves of F' become flatter. In Figs.
4 (d)-(f), the symmetrical peaks emerging on R become more
obvious as n and m become larger, thereby giving a more
pronounced peak on detection probability of DSOS (see Fig.
2 (b)). Definitely, if the peak on detection probability of DSOS
arises, we consider that the two parts of DSOS jointly generate
a synergy effect.

To see how the atmospheric turbulence affects the peak on
P(&|€, po) in propagation, we consider an example illustrated
in Fig. 5. We observe that the peak is enhanced at a modest
distance, and weakened as z increases or decreases from that
position. For example, in Fig. 5 the peak at b is more obvious
than those at a and c. Following the analysis above, we can
give an explanation for this phenomenon. When z is very short
or very long, P(n = 5/m = 6,pp = 0) and P(m = 6|n =
5,po = 0) are small because of too weak or too strong phase
fluctuation [8], and thus the peak is not obvious. When z is
moderate, P(n = 5|m = 6,pg = 0) and P(m = 6jn =
5,p0 = 0) is large enough, thereby leading to a pronounced
peak.

IV. CONCLUSION

In summary, we have revealed the synergy effect on DSOS in
non-Kolmogorov turbulence and further analyzed the reason.
Besides LG mode, other kinds of OAM modes can also
be adopted to analyze this effect. The synergy effect arises
obviously on DSOS if its two OAM numbers are adjacent
to each other, and closely depends on the transition proba-
bilities between the two OAM eigenstates for superposition.

Concretely, if such probabilities are small, the synergy effect
is weak or even disappear. In addition, there are two important
conclusions. Firstly, the synergy effect can only be fully
demonstrated at a moderate transmission distance. Secondly,
the relative phase of DSOS has no impact on the OAM detec-
tion probability if only phase fluctuation is considered. Further
investigation with regard to the property of high-dimensional
OAM superposition states in atmospheric turbulence might be
enlightened by the synergy effect.

APPENDIX

In this section, we give the deduction process of Eq. (9). At
first we suppose a = cos (8/2), b = sin (5/2), uk (r, ¢, z) =
LG}(T, 2)exp (ilp)/v/2m where | = n,m and j = p,po.
Firstly, we denote that

PR (LG} (1, z)]* LG (ra, 2)
X [LG;EO (ra, z)] * LG;;‘O (r1,2)

2 2 2
< I, () exp (+) CAD
Po Po
By means of the equation [9]
2n
/ exp [—ing1 + neos (1 — ¢2)|der
0
=2mexp (—inws)I, (1), (A2)

where I,,(-) is the modified Bessel function of the first kind
with order n, the p order part of P(£|¢,pg) can be expanded
as

0o poo
P(f,p|f,p0) :/ / (a486L7n,n,n + b4881’m’m’m
0 0

+ a2b283’m’m’n + a2b286n’n’n’m
212 mm,n,n 272 n,n,m,m
+a’b Sn—m +a®b Sm—n )

X 7“17“2d7“1d7”2. (A3)

The probability of an OAM eigenstate |lo,po) turning into
another one |l1,p) can be expressed as [24]

R R A
P(l1, plla, po) :/ / syt riredridry. (A4)
o Jo

Here we denote that

0o 00
D 4 _n,n,n,n 4 _m,m,m,m
F —/ / (a”sg +b%s])
0 0
+

2,2 m,n,n,m 272 n,m,m,n
a“b*s; + a“b"s| Yriredridre, (AS)

Rgo = a’2b2[P(nap|m7p0) + P(map|nap0)]7 (A6)
then P(&, p|&, po) can be expressed as
P(€7p‘§7p0) = FZI;O + Rgo' (A7)
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