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The propagation of vortex beams through weak-to-strong atmospheric turbulence is simulated and analyzed. It
is demonstrated that the topological charge of such a beam is a robust quantity that could be used as an in-
formation carrier in optical communications. The advantages and limitations of such an approach are
discussed. © 2007 Optical Society of America
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. INTRODUCTION
n recent years, much work has been done to study the
roperties of optical beams that possess an intensity null
long their propagation axis and hence a singular phase
n that axis. The study of such ’vortex beams’ (so called
ecause the phase circulates about the central null, much
ike a fluid circulating a drain) has become an important
ubfield of the general study of phase singularities in op-
ical fields, known now as singular optics [1].

Vortex beams have been investigated for various appli-
ations ranging from being used as information carriers
n laser communications [2] to being employed as optical
weezers and spanners [3]. Such beams are of particular
nterest because they carry orbital angular momentum [4]
nd can impart this angular momentum to microscopic
articles [5]. This orbital angular momentum may help
ortex beams propagate through optical turbulence with
ess distortion than conventional Gaussian beams [2,6],
nd some theoretical studies have also suggested that
hey have the ability to self-heal around certain obstacles
7,8]. However, the studies undertaken so far have typi-
ally been limited to rather specialized circumstances,
amely, single photon communication [2], ultrashort
ulse propagation [6], interference-generated vortices [9],
nd partially coherent vortex beams [10], and no general
tudy of the effectiveness of traditional vortex beams
ropagating through turbulence seems to have been un-
ertaken.
One of the most important features of a vortex beam is

he observation that the topological charge—a measure of
he angular momentum of the beam—is a discrete vari-
ble and stable under phase perturbations of the field.
his suggests that the topological charge might be used
s an information carrier in optical communications sys-
ems, but as yet no studies have considered the robust-
ess of such a method of communication.
In this paper we study the propagation of vortex beams
1084-7529/08/010225-6/$15.00 © 2
f various orders through weak-to-strong atmospheric
urbulence, using multiple phase screen simulations. It is
emonstrated that the topological charge of such a beam
s in principle a robust quantity that could be used as an
nformation carrier in optical communications. In Section

we briefly review the topological properties of vortex
elds. In Section 3 we then study the evolution of the to-
ological properties of vortex beams in turbulence. Sec-
ion 4 provides concluding remarks.

. OPTICAL VORTICES AND TOPOLOGICAL
HARGE

complex-valued, monochromatic scalar wave field
�r , t� of frequency � can be written in terms of the prod-
ct of its space-dependent part, U�r�, and a complex ex-
onential time dependence, exp�−i�t�. The spatially de-
endent part can be separated further into the product of
real-valued amplitude A�r� and a complex exponential

ontaining the spatial phase ��r� of the field, i.e.,

U�r� = A�r�exp�i��r��. �1�

his factorization is well defined at all spatial points ex-
ept those at which the amplitude A�r�=0. At such points,
he definition of the phase is ambiguous, or singular.

The singularity of the phase in regions of zero ampli-
ude has traditionally been treated as a mathematical cu-
iosity of no particular physical significance. However,
ye and Berry [11] demonstrated that the phase around

uch singular regions has a well-defined structure, analo-
ous to dislocations in crystals. Typically the region of
ero amplitude manifests itself as a line, about which the
hase takes on a circulating or helical structure, com-
only referred to as an optical vortex.
An example of a field containing such a vortex is a

aguerre–Gauss (LG) beam of order n=1, m=1, the
ransverse profile of which is illustrated in Fig. 1. The
008 Optical Society of America
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eam contains an amplitude zero along the length of its
entral axis, giving the beam a “donutlike” profile. The
ines of constant phase form a spokelike pattern, meeting
t the zero of amplitude. Following a counterclockwise
losed path around the singularity, the phase increases by
�.
It can be shown ([12], Chapter 5) that the phase along a

ath enclosing any optical vortex must change by an in-
eger multiple of 2�. This integer multiple is known as
he topological charge t and may be defined mathemati-
ally by the following path integral:

t �
1

2�
�

C

� ��r� · dl, �2�

here C represents the contour of integration and dl rep-
esents an infinitesmal vector path element. It is to be
oted that this integral returns the net topological charge
ontained within the contour.

Topological charge is a conserved quantity in a wave
eld, and optical vortices can be created and annihilated
nly in pairs of opposing charge. This has been demon-
trated experimentally [13] in focusing problems. Fur-
hermore, in pure vortex beams such as LG beams, the to-
ological charge is directly proportional to the quanta of
rbital angular momentum the beam possesses [4].

These two properties (stability of topological charge
nd the presence of orbital angular momentum) suggest
hat optical vortices might make good carriers of informa-
ion in optical communication systems. In the next section
e consider an analysis of vortex beam behavior in turbu-

ence.

. VORTEX BEAMS IN TURBULENCE
e have simulated an extended region of atmospheric

urbulence by use of a multiple thin phase screen method
14]. The refractive index power spectrum �n��� of the
urbulence was taken to be of the Kolmogorov type,

ig. 1. Simulation of the transverse profile of a Laguerre–Gauss
he gray scale indicates the intensity profile of the field, while
m
Umn�=0; red represents Re
Umn�=0. The intersection of the l
nd w0=2 cm. (b) Detailed phase plot of the LG beam. The phas
�n��� = 0.033Cn
2�−11/3, �3�

here Cn
2 is the index of refraction structure parameter

strength of turbulence). The number of phase screens
sed depends on the propagation distance and the
trength of the turbulence and is determined by requiring
hat scattering is weak over the interscreen distance and
hat the path is sampled enough to represent an extended
edium. This results in roughly 3 screens for short dis-

ances and weak turbulence and over 20 for longer dis-
ances and stronger turbulence. Numerical results for the
cintillation of Gaussian beams were compared to long-
tanding analytical results ([15], Chap. 5)] and were
ound to be in good quantitative agreement.

We consider the propagation of standard LG fields that
ay be written in the source plane �z=0� in the form

[16], Section 4.6.2],

Umn�r,�� = Amn��2r

w0
	m

Ln
�m��2r2

w0
2 	exp�im� − r2/w0

2�,

�4�

here �r ,�� are the polar coordinates representing a posi-
ion in the source plane, w0 is the width of the beam in
he source plane, Ln

�m� are the associated Laguerre func-
ions, and Amn is a normalization constant. In Eq. (4) the
nteger n represents the radial order of the beam, and m
epresents the azimuthal order of the beam; n=0, m=0
epresents an ordinary Gaussian beam. The orbital angu-
ar momentum of a photon in such a beam is m�.

The topological charge of the beam at the detector is
alculated by evaluating Eq. (2) around the perimeter of
he detector aperture. This determines the total topologi-
al charge within the aperture region. A number of experi-
ental techniques could potentially be used to realize

uch a configuration; a recent paper addressed theoreti-
ally the detection of phase singularities with a

G). beam of order m=1, n=1. (a) Combined phase-intensity plot.
d and green lines are lines of constant phase: green represents
presents a phase singularity. The window size is 10 cm square,
ases continuously by 2� as one progresses around the circle.
ian (L
the re
ines re



S
i
n

l
l

w
t
t
t

g
t
F
l
f
m
d
a
t

s
b
a
f
e
n
t
t

i
u
t
s
−
w
t
fl

c
i
l
s
o
b
w
I
s
a
T
i
n
i

e
g
t
t

w
s
T
f

F
=
T

F
d
b
i
s

G. Gbur and R. K. Tyson Vol. 25, No. 1 /January 2008 /J. Opt. Soc. Am. A 227
hack–Hartmann sensor [17]. The detector aperture used
n these simulations is typically 4 cm, with exceptions
oted later.
Quantities of particular interest are the average topo-

ogical charge, t̄, and the standard deviation of the topo-
ogical charge, �t, defined as

t̄ �
1

N�
n=1

N

tn, �5�

�t � � 1

N�
n=1

N

tn
2 − t̄2	1/2

, �6�

here tn is the detected value of the topological charge for
he nth realization of the turbulent medium and N is the
otal number of realizations used to calculate the average,
ypically 500–1000 realizations.

The average topological charge as a function of propa-
ation distance for some typical LG beams propagating
hrough moderate atmospheric turbulence is shown in
ig. 2. It can be seen in both cases that the average topo-

ogical charge remains constant, with very little variance,
or appreciable distances—roughly 3.5 km for the (1,1)
ode and roughly 2 km for the (5,5) mode. Past a critical

istance, however, the average topological charge gradu-
lly decreases, coinciding with a significant increase in
he standard deviation.

This decline can be understood to arise from the finite
ize of the detector aperture and the spreading of the
eam. As the beam propagates and spreads through the
tmospheric turbulence, the vortex core “wanders” away
rom its original position. If it wanders outside the perim-
ter of the detector aperture, the topological charge will
ot be measured by the detector. Figure 3 illustrates the
ransverse intensity and phase profile of a beam with lost
opological charge.

This loss of topological charge occurs more or less rap-
dly for stronger or weaker turbulence, respectively. Fig-
re 4 illustrates the average topological charge as a func-
ion of propagation distance for a variety of turbulence
trengths. In the regime of weak turbulence �Cn

2 10−16

10−17 m−2/3�, the topological charge is transmitted quite
ell with little variance, while in the regime of moderate

urbulence �Cn
2 10−14 m−2/3� charge is rapidly lost and

uctuates greatly.

ig. 2. (Color online) Simulation of the average topological cha
5, n=5, propagating in moderate Cn

2 =10−15 m−2/3 atmospheric tu
he shaded region illustrates the standard deviation of the topol
A number of options exist for maintaining topological
harge over long distances. The most straightforward is to
ncrease the azimuthal order of the beam. Although topo-
ogical charge decreases steadily over distance, some re-
idual charge remains even at appreciable distances. This
ccurs because a beam with a central vortex of order m
reaks down on propagation into m first-order vortices,
hich wander the transverse plane quasi-independently.

f we define a 1 and 0 bit as the presence or absence, re-
pectively, of any topological charge, we can extend the vi-
ble range of a communications system in this manner.
he average topological charge for higher-order LG beams

n strong turbulence is illustrated in Fig. 5. This tech-
ique is limited by the difficulty of experimentally realiz-

ng high-order LG beams.
Another option is to increase the size of the detector ap-

rture, which allows the system to detect vortices with
reater wander. To test this possibility, we consider a sys-
em with an aperture size rap�d�, which is comparable to
he size of the diffracted and propagated beam, i.e.,

rap�d� = r0 − w0 + w0�1 + 4d2/�k2w0
4�, �7�

here d is the source-detector distance, r0 is the aperture
ize at d=0, and k=2� /� is the wavenumber of the beam.
he simulation results are illustrated in Fig. 6. Though

or strong turbulence and low azimuthal order the results

(a) LG beam of order m=1, n=1, and (b) LG beam of order m
ce. Here w0=2 cm, �=1.55 	m, and the detector radius is 4 cm.
charge.

ig. 3. Simulation of the transverse profile of a LG beam of or-
er m=1, n=1, at a distance of d=4 km from the source. All other
eam and turbulence parameters are as in Fig. 2. The image size
s 50 cm square. It can be seen that the vortex has wandered out-
ide the detector region (blue circle); no charge is detected.
rge for
rbulen
ogical
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re modest (average charge decreases slowly, but stan-
ard deviation increases dramatically), for moderate tur-
ulence the results are dramatic—the average detected
opological charge remains close to the original value
ven out beyond a propagation distance of 10 km. The
ombination of increasing aperture and higher topological
harge, shown in Fig. 6(c), improves on the fixed aperture
esults of Fig. 5(c).

It is to be noted in Figs. 6(b) and 6(d) that even though
he average topological charge remains essentially con-
tant at large distances, the standard deviation increases
ramatically. This cannot be the result of charge “wander”
lone, which would also result in a decrease in the aver-
ge. Instead, this increase in variance is the result of two
actors: errors in the charge-counting algorithm due to in-
reasing complexity of the phase profile of the field and
he creation of new optical vortices through pair produc-
ion.

As mentioned previously, topological charge in a wave
eld is a conserved quantity, and singularities can be cre-
ted only in pairs of opposite topological charge. At large

ig. 5. (Color online) Simulation of the average toplogical charg
2 −14 −2/3

ig. 4. (Color online) Simulation of the average toplogical charg
a) Cn

2 =10−14 m−2/3, (b) Cn
2 =10−15 m−2/3, (c) Cn

2 =10−16 m−2/3, (d) Cn
2 =
urbulence Cn=10 m . All other parameters are as in Fig. 2.
ropagation distances and/or high turbulence strength,
peckle and focusing effects become important (the caus-
ic region) and pair production becomes common. Most of-
en, these pairs produce no net change in the topological
harge of the system [see Fig. 7(a)], but occasionally one
ember of the pair will drift outside the detector region,

esulting in an increase or decrease in the detected charge
see Fig. 7(b)].

Additional simulations were undertaken to analyze the
ffect of source size w0 on the topological properties of the
ave field. It was found that even for appreciable varia-

ions in source size �w0=2 cm to w0=4 cm�, the results
resented in Figs. 2–7 were essentially the same.
Similar results, and similar solutions, exist when a vor-

ex beam is propagated in strong �Cn
2 10−13 m−2/3� turbu-

ence. Topological charge is lost very rapidly on propaga-
ion, making the use of low-order beams impractical.
igure 8 shows the results for a high-order beam, with
=1, m=10. It is to be noted that the distance scale of

hese plots is smaller than the previous ones; one does not
xpect the field to remain beamlike after propagating a

G beams of order (a) m=5, n=5, and (b) m=10, n=1, in strong

LG beam of order m=1, n=1, for various turbulence strengths.
m−2/3. All other parameters are as in Fig. 2.
e for L
e for a
10−17
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ig. 6. (Color online) Simulation of the average topological charge for LG beams with variable aperture detectors. (a) m=1, n=1, Cn
2

10−14 m−2/3; (b) m=1, n=1, Cn
2 =10−15 m−2/3; (c) m=5, n=5, Cn

2 =10−14 m−2/3; (d) m=5, n=5, Cn
2 =10−15 m−2/3. The quantity r0=4 cm; all

ther parameters are as in Fig. 2.
ig. 7. Simulation of vortex pair production (intersection of red and green circles) in a LG beam of order m=1, n=1, with a variable
perture detector at a propagation distance of 6.5 km. All other parameters are as in Fig. 2. (a) Pair production (indicated by yellow
rrow) results in no net change in topological charge. (b) Pair production (indicated by yellow arrow) results in one member of the pair
ying outside the aperture; the detected topological charge is 2. The image size is 80 cm square.
ig. 8. (Color online) Simulation of the average topological charge for a LG beam of order m=10, n=1, in strong turbulence, Cn
2

10−13 m−2/3: (a) with a fixed detector radius 4 cm and (b) with a variable detector radius. All other parameters are as in Fig. 2.
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istance of 10 km in strong turbulence. With a fixed ap-
rture size [Fig. 8(a)], we find that the beam maintains a
harge distinct from m=0 to a distance of about 1 km.
hen the aperture size is allowed to vary [Fig. 8(b)], this

istinction is pushed to about 1.5 km. The variation in
his case was taken to be faster than in Eq. (7) by a factor
f �2. Larger apertures and/or higher beam orders can in
rinciple push the useable range farther. Additional dis-
rimination could be achieved by using a positive charge
s the 1 bit and a negative charge as the 0 bit. The plots
or negative topological charge have been computationally
hown to be the mirror image about the horizontal axis of
he positive charge plots.

. CONCLUSIONS
n this paper we have studied the topological charge prop-
rties of vortex beams propagating through atmospheric
urbulence. It was demonstrated that the topological
harge is a robust quantity that can be transmitted over
ignificant distances without loss. At a critical distance
hat depends on the strength of turbulence, the vortex
wanders” from the detector region, resulting in a loss of
etected topological charge. This difficulty can be miti-
ated by two strategies: increasing the azimuthal order of
he beam, to increase the amount of initial charge in the
eam, and increasing the aperture size, to detect more
andering charge. At greater distances, an increase of to-
ological charge fluctuation occurs because of detector
imitations and charge pair production.

These results suggest that the use of vortex topological
harge as an information carrier in optical communica-
ions is physically plausible. In this paper we have inves-
igated theoretically the physical behavior of vortex
eams in turbulence; much more work will need to be
one to evaluate the experimental feasibility of the
ethod and to optimize vortex beam communication

trategies.
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