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Though the enhanced backscatter (EBS) of waves passing through monostatic turbulence has been ex-
plored extensively over the past few decades, studies have been confined to spherical, planar, or Gaussian
waves. Here we experimentally investigate the EBS of Laguerre-Gaussian (LG) vortex beams on double
passage through turbulent air, reflecting from a retroreflector. It is found that only vortex beams with
an even topological charge exhibit EBS, whereas beams with an odd topological charge maintain a dark-
hollow shape. It is also found from observing instantaneous beam profiles that vortex modes can convert
from LG to Hermite-Gaussian (HG) form. The physical mechanisms behind the aforementioned effects
are explained using a ray model, and the results are further confirmed computationally using a multiple
phase screen method. This work potentially allows the control of EBS through engineering the phase in

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

When a light wave makes a double pass through a random
medium which is effectively unchanging over the propagation
time, i.e. monostatic turbulence, it experiences an increase of
mean irradiance close to the optical axis, referred to as enhanced
backscatter (EBS). This phenomenon was first predicted by Be-
len’kii and Mironov [1], and later was experimentally observed in
both the lab and in the atmosphere [2,3]. Owing to its impor-
tance in laser radar systems, EBS and related double-passage prob-
lems have been extensively studied both in theory [4-7] and in
experiment [8,9]. The EBS effect has found potential use in pre-
cision pointing and tracking [10,11] as well as imaging [12]. Re-
cently, double-passage problems have found renewed interest with
the development of modulating retroreflector (MRR) technology
in free-space optical communications (FSOC) [13-18]. In such sys-
tems, an MRR combines an optical retroreflector with a modula-
tor to reflect a modulated signal directly back to a receiver. An
understanding of EBS is therefore important in MRR systems. The

* Corresponding authors.
E-mail addresses: fwang@suda.edu.cn (F. Wang), yangjiancai@suda.edu.cn (Y.
Cai).

https://doi.org/10.1016/j.jqsrt.2019.02.021
0022-4073/© 2019 Elsevier Ltd. All rights reserved.

enhancement of scintillation of a reflected beam through outdoor
turbulence was investigated in [16]. The features of EBS created via
a retroreflector in lab-generated classical and non-classical turbu-
lence were investigated in [19,20].

In these earlier studies, the optical waves considered were lim-
ited to spherical waves, plane waves, and Gaussian beams. In re-
cent years, however, considerable attention has been paid to vortex
beams [21-33] due to their potential applications in FSOC commu-
nications and optical images. Such beams possess an intensity min-
imum on axis and a helical phase structure in the form of exp(ily),
where [ is the topological charge and ¢ is the azimuthal angle.
As one knows, light beams will experience beam wander, scintil-
lation and angle-of-arrival fluctuation when they propagate in at-
mospheric turbulence. However, some studies showed that vortex
beams can greatly reduce these negative effects [21-23]. In addi-
tion, as vortex beams with different topological charges are mutu-
ally orthogonal, they have been applied to increase the data rate
in FSOC by multiplexing information on different vortex modes si-
multaneously [24]. Mode mixing [25,26] and degradation of mode
quality resulting in cross-talk between orbital angular momentum
(OAM) modes [27,28] were investigated when the phases of vor-
tex beams suffered random fluctuation induced by turbulence. The
possible use of vortex beams for communications in photon count-
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Fig. 1. Schematic of the experimental setup for the generation of vortex beams and measurement of the intensity distributions through a monostatic double-passage channel.

Fig. 2. Density plot of the beam profiles of the Gaussian beam (I=0) and vortex beams (I=1, 2, 3) in the receiver plane reflected by a flat mirror (first row) and retroreflector

(second row).

ing level was studied in [29,30]. Recently, Yuan et al. proposed an
optimized scheme to improve the detection probability of OAM of
vortex both in Kolmogorov and non-Kolmogorov turbulence [31].

In this paper, we explore both the average and instantaneous
behavior of vortex beams on double-passage through monostatic
turbulence via a retroreflector. We find that EBS only appears
for beams with even topological charge, while beams with odd
charge maintain their intensity minimum. It is further found that
Laguerre-Gauss (LG) vortex modes will convert to Hermite-Gauss
(HG) modes under certain circumstances. Physical explanations of
these effects are presented.

2. Experimental results and analysis

The experimental arrangement is illustrated in Fig. 1. A lin-
early polarized Gaussian beam generated from a He-Ne laser
(A = 632.8nm) is first passed through a beam expander (BE;) and
then reaches a spatial light modulator (SLM) acting as a computer-
controlled (PC;) phase screen. A standard fork grating [34] is pro-
grammed onto the SLM to generate the desired vortex beam of az-
imuthal order [; a circular aperture (CA) is used to isolate only the
desired vortex diffraction order from the SLM. The resulting vortex
beam is then expanded and collimated by BE,.
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Fig. 3. Density plot of the beam profiles of the Gaussian beam (I=0) and vortex beams for different values of topological charges reflected by a flat mirror (first column)
and retroreflector (second column). The corresponding cross-line of the intensity distribution at y =0 is plotted in the third column.

After the expander BE,, the beam is well-represented as an LG
mode with radial index 0 and azimuthal index [ [24]

2

E(r,0,z=0) =Ar'exp (—;2> exp(ilyp),
0

(1)

where r=(x2+y2)!2 and ¢ are the radial and azimuthal coordi-
nates, respectively. A, is a positive constant; | is the topological
charge. When [ =0, this expression reduces to a fundamental Gaus-

sian mode. The measured beam width wq after BE, is almost the
same for =1, 2, 3, with wy = 2.5mm.

A beam splitter (BS) sends half of the resulting intensity
through atmospheric turbulence generated by a hot plate (HP),
after which it reflects off a retroreflector (RR), and then returns
back via the same path. The type of the RR used is the corner re-
flector, a commercial product of Thorlabs. Such reflector is a set
of three mutually perpendicular reflective surfaces manufactured
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Fig. 4. Diagram of a reciprocal ray pair (denoted by blue and yellow arrows) of
the input beam propagation through the turbulence reflecting from retroreflector.
Inset figures (a) and (b) are the phase map of vortex beams for /=1 and 2, re-
spectively. The initial phase difference of the red, green or blue two-point pairs in
vortex beams with [=1 and 2 are 7 (out of phase) and 27 (in phase), respectively.

=)

h

~

CCD

from a solid piece of N-BK7 glass, which form the corner of a cube.
It reflects a beam back toward its original direction via three total
internal reflections, but the reflected beam rotates 180° with re-
spect to the incident beam. The backward beam is reflected by the
BS and is focused by a lens (L) with focal length 40 cm. A CCD with
1952 x 786 square pixels of side length 3.75um is placed at the re-
ceiver plane to measure the average/instantaneous intensity distri-
butions, the distance between the CCD and the lens is 37.5 cm. The
integrated time of the CCD is set to be 50us. The measured inten-
sity was averaged over 2000 frames with frame per second (FPS)
of the CCD being 25.

2.1. Enhanced backscatter

Before performing the experiment in the turbulence, we first
investigate the beam profiles of LG beams in the receiver plane
free of turbulence. Fig. 2(a)—(d) show the intensity distributions
of LG beams with different topological charges reflected by a flat
mirror. In this case, a flat mirror is used in placed of the RR and
the hot plate is turned off. Fig. 2(e)—(h) illustrate the correspond-
ing beam profiles reflected by the RR in the receiver plane. As
shown in Fig. 2(a)—(d), the beam patterns of LG beams with =1,
2, 3 keep dark hollow shapes, indicating that the phase singu-
larity at the central point still exists. In the case of the RR, the
beam patterns for [=0, 1, 2, 3 are all divided into six beamlets,
while the intensity at the central point is zero. This phenomenon
can be explained by the fact that the RR used in the experiment
is not an ideal RR. There is a linear defect at the junction of
two reflective surfaces. Therefore, totally three linear defects ex-
ist in the RR, which divide the incident beam into six beamlets
after reflection. Owing to these defects, the unexpected “scatter
light” from the defects will be focused in the focal plane of the
lens, which interferes with the EBS effect. To avoid to the “scatter
light”, we place the CCD after the lens 37.5 mm, not the focal plane
f=40mm.

Now, we turn to examine the average intensity of vortex beams
passing through the double-passage channel in presence of tur-
bulence. The temperature of the hot plate is set to be 160 °C.
For comparison, both a flat mirror and a retroreflector were
used to produce the reflected beam. Fig. 3 illustrates the exper-
imental average intensity profiles of a Gaussian beam (I=0) and
vortex beams with =1, 2, 3 reflected by the flat mirror (first col-
umn) and the retroreflector (second column), respectively. The cor-

responding cross-sections of the intensities at y=0 are plotted in
the third column in Fig. 3. For each example, the average intensity
pattern is normalized by the intensity maximum reflected by the
flat mirror. Note that the size of the mirror and retroreflector is
much larger than that of the beam spot. the reflectors can thus be
considered as infinite. One can see that the beam profiles of vortex
beams degenerate to Gaussian-like shapes for the case of the flat
mirror, irrespective of topological charge. When the retroreflector
is used, the situation is different. The average intensity for /=0,
2 exhibits a sharp and bright peak in the beam center, indicative
of an EBS enhancement. The central peak values for /=0 and 2
are about 2.46 and 1.60 compared to these for flat mirror target.
According to Chapter 2 of Ref. [4], the calculated amplification fac-
tor used our experimental parameters is about 1.9, lower than that
in our experiment. There are some factors that cause the devia-
tion between the experimental and theoretical results, such as tur-
bulence models, beam models and especially for the RR used in
the experiment, which is not ideal. For [=1 and I =3, however, the
beam profiles still display dark-hollow shapes, with no EBS. Other
experimental results for higher values of [ (not shown here) indi-
cate that EBS only occurs when the topological charge is an even
number.

The experimental results suggest that the EBS is strongly de-
pendent on the phase distribution of the incident beam. To quali-
tatively explain the results, we consider a ray model of propagation
through the system. A collimated beam consists of many individ-
ual rays with zero transverse wavenumber starting from the trans-
mitter plane. These rays follow a deviated path due to the ran-
dom index fluctuations of the medium, and EBS results when many
pairs of these rays, referred to as reciprocal pairs, follow identical
but opposite double paths through the turbulence, as illustrated in
Fig. 4 for a blue-yellow pair. Because this reciprocal pair has trav-
eled an identical optical path length through the medium, it ar-
rives at the detector with a definite phase relation; pairs following
different paths will generally have a random phase relation. As is
known, a retroreflector inverts the wavefront in the x and y-axis si-
multaneously, equivalent to a 180° rotation of the back-propagating
beam. This indicates that rays which lie in symmetric positions on
opposite sides of the beam axis are most likely to form recipro-
cal pairs [see the red, green or blue two-point pairs in Fig. 4(a)
and (b)]. For a uniform beam such as a Gaussian or plane wave,
the reciprocal pairs will arrive in phase, resulting in EBS. For vor-
tex beams, an even-charge vortex will have reciprocal wave pairs
that are in phase, as in Fig. 4(b), but an odd-charge vortex will
have reciprocal wave pairs that are out of phase, as in Fig. 4(a).
This ray model therefore predicts, in agreement with experiment,
that odd-charge vortex beams will have destructive interference in
their center, and a dark core, while even-charge vortex beams will
have constructive EBS.

For an ordinary mirror, fewer reciprocal pairs exist relative to
a retroreflector, resulting in less EBS. In addition, the turbulence-
induced tilt aberration cannot be compensated by the flat mir-
ror. Thus, the beam spot will drift randomly in the receiver plane
which is induced by the random fluctuations of the index-of-
refraction of the atmosphere, known as wandering effect. As a con-
sequence, this effect will wash out any remaining EBS in the re-
ceiver plane, and lead to the degradation of the beam profile into
a Gaussian-like shape in the receiver plane.

2.2. Mode conversion

Let us now investigate the instantaneous behavior of vortex
beams in the receiver plane. Surprisingly, we find from experiment
that the beam mode will often convert from the LGy, mode to its
corresponding HG;o mode, but with the x-axis oriented randomly.
Fig. 5 illustrates the instantaneous intensity distributions in the re-
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Fig. 5. Experimental results of instantaneous beam profiles of vortex beams for different values of topological charges in the receiver plane reflecting from retroreflector.
(a)-(c) I=1 [media 1]; (d)-(f) =2 [media 2]; (g)-(i) =3 [media 3]. The size of pictures is 1.5mm x 1.5 mm.

ceiver plane after reflecting from the retroreflector. One finds that
the beam mode becomes a quasi HG;y mode, with the characteris-
tic I intensity nulls along the axis of symmetry. The probability of
mode conversion is about 35.08% for [=1 from 1000 pictures cap-
tured by the CCD, and decreases to 27.47% and 20.92% for =2 and
=3, respectively. To explain this mode conversion, we can adapt
the aforementioned explanation for the EBS phenomenon. When [
is even, the HG;y mode possesses a bright spot in the beam cen-
ter [see in Fig. 5(d)-(f)], while it is dark for [ being odd [see in
Fig. 5(a)-(c) and Fig. 5(g)—(i)]. If we average over the intensity dis-
tribution for enough realizations, it is expected that only the beam
profiles of even-order vortex beams contribute to the bright spot in
the center, implying EBS enhancement. We should emphasis that

the mode conversion effects are also observed in flat mirror case,
but the position of the beam randomly wanders, eliminating EBS
on average.

The occurrence of the observed mode conversion is closely re-
lated to the strength of turbulence (temperature of the hot plate).
When the strength of the turbulence is above or below an opti-
mal value, the probability of mode conversion gradually decreases.
It is known that the instantaneous beam profiles in the receiver
plane are closely related to the inner scale and the strength of tur-
bulence. If the size of the inner scale is much smaller than the
beam width and transverse coherence width, the beam splits into
several pieces on propagation and develops into speckles, while a
larger inner scale leads to a beam with lens-like refractive phase
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Fig. 6. Simulation results of beam profiles of the Gaussian beam (I=0) and vortex beams (I=1, 2, 3) in the receiver plane without turbulence. (a)-(d) reflected by a flat

mirror, (b)-(d) reflected by a RR.

variations in the turbulence. In our experiment, the estimated in-
ner scale generated by the hot plate is about in the range 2 mm-
6 mm, comparable to the beam width. The instantaneous lens-like
refractive variations may occasionally be anisotropic, like the phase
induced by the cylindrical lens [35]. Since cylindrical lenses can in-
duce mode conversion, under such circumstances the turbulence
plays the same role.

This mode conversion is likely associated with the exchange of
the orbital angular momentum (OAM) between the vortex beam
and the turbulent medium. Although Ref. [24] declared that the
OAM is conserved when vortex beams propagate through atmo-
spheric turbulence, this result applies to the statistical average.
Therefore, we may conclude that, instantaneously, the OAM can
couple from the beam to the turbulent media or from the turbu-
lent media to the beam but, averaging over a long time, the OAM
of the beam remains unchanged.

3. Simulation results

Some analytical approaches have been developed to deal with
the propagation of light beam through a double-pass link with
atmospheric turbulence based on Rytov approximation [Chapter
13 in Ref. [36]], but these approaches are rather complicated and
only applicable for the plane waves, spherical waves and Gaussian
waves. Besides analytical approaches, a numerical method, named
a multi-phase screen method, is widely applied for simulating the
propagation of light waves in atmospheric turbulence numerically.
In this method, the extended random media is modeled as a col-
lection of thin random phase screens with appropriated statistics
of turbulence. In principle, it can deal with the propagation of var-
ious types of laser models through turbulence with different statis-
tics. Therefore, in this section, we perform simulations with the
multi-phase screen method to support our experimental results.

The detailed description of the algorithm can be found in
[37-40]. In the simulation, the size of the phase screen is

40mm x 40mm with a 512 x 512 grid. The single path length
L is 1.5m. The power spectral density of the turbulence is chosen
as the Von Kaman spectrum [36], given by

®n (k) = 0.033C; (k2 + Kg)—n/s exp (—k2/kp). (2)

where k = (k?+«})!/? is the transverse spatial frequency, C7 is the
structure constant of the turbulence. «,; =5.92/ly with Il being the
inner scale of turbulence, and x¢=2m /Ly with Ly being the outer
scale of turbulence.

A double-passage link in the turbulence uses six phase screens:
three for from the transmitter plane to the reflector and three for
the backward path. The three phase screens are equally divided
into the forward/backward paths. As the turbulence is monostatic,
the same phase screens are used for both paths. If the target is a
retroreflector, the optical field in the target plane flips along x-axis
and y-axis simultaneously, while the above flip operation is absent
when the target is a flat mirror. At the end of the backward path,
the field is focused by the lens with focal length 40cm. A two-
step propagation algorithm is used to calculate the optical fields
from the lens to the receiver plane [37]. The distance between the
lens and receiver plane is 37.5 cm. The average intensity is obtained
using 1000 runs through statistical independent phase screens.

In the following numerical simulation, the parameters are cho-
sen to be lp = 4mm, Ly = 0.5m, A = 632.8nm, wyg = 2.5mm.
Fig. 6 presents the intensity distributions of the Gaussian beam
and the vortex beams in the receiver plane reflected by a flat mir-
ror [Fig. 6(a)-(d)] and a RR [Fig. 6(e)-(h)]. The turbulence is ab-
sent (C2=0) in this simulation. In order to mimic three linear de-
fects of the real RR in the experiment, we introduce three single
slits placed in the RR plane in the numerical simulation. The three
single slits equally separate the RR plane six parts and two adja-
cent slits form an angle 60°. The widths of the silts are all chosen
to be 0.4mm and the transmission coefficient is zero. In the case
of the flat mirror, the above operation is cancelled. It can be seen
from Fig. 6(a)—(d) that the beam shape of the Gaussian beam and
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Fig. 7. Simulation results of phase patterns of the Gaussian beam and vortex beams in the receiver plane with [(a-2)-(h-2)] and without [(a-1)-(h-1)] turbulence. (a-1)-(d-1)
and (a-2)-(d-2): reflected by a flat mirror; (e-1)- (h-1) and (e-2)-(h-2): reflected by a RR.

the vortex beam keep invariant after reflected from the flat mir-
ror, only the size of beam spot is reduced in the receiver plane, as
expected. The beam profiles reflected by the RR are divided into
six parts and the singularity at the on-axis point can still be ob-
served for [=1, 2, 3, while the intensity at the central point for
I=0 is not zero. Compared the simulation results with those in
Fig. 2, it is found that the simulation results and experiment re-
sults in the case of RR are slightly different. The reason is that the
use of three slits to mimic the linear defects in real RR is not a
perfect way. However, the behaviors of the average intensity pass-
ing through turbulence between the simulation results and exper-

imental results are almost the same, which we will describe later.
Note that if the three slits are removed in the simulation, i.e., the
perfect RR, the intensity distributions between the flat mirror and
the RR are exactly the same.

In Fig. 7, we present the instantaneous phase profiles of the
Gaussian beam and the vortex beams with (C?=1.5 x 10-9m~2/3)
and without (C2=0) turbulence in the receiver plane. In the ab-
sence of turbulence, the phase distribution of the Gaussian beam
(I=0) become a spherical phase due to that the quadratic phase
factor is introduced by free-space propagation and a thin lens. The
phase distributions of the vortex beams (I=1, 2, 3) become the
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Fig. 8. Simulations results of the average beam profiles of the Gaussian beam and vortex beams in the receiver plane. The structure constant is C2=1.5 x 10~2m~2/3. The size

of pictures is 1.5mm x 1.5 mm.

multiplication of the spherical phase factor and the spiral phase
factor. In the case of the RR, the phase distributions near the cen-
tral region (|r] < 0.5mm) are similar to those reflected by a flat
mirror, expect for the 180° rotation. It seems that the phase is dis-
torted by the three slits when |r| > 0.5 mm, but the beam spots
are concentrated on the region |r|<0.5mm from Fig. 6, implying
that this disturbance does not play the central role for the EBS in
turbulence. From Fig. 7(a-1)—(h-1), one finds that the phase sin-
gularity of vortex beams without turbulence exists at the on-axis
point, irrespective of the reflector being a flat mirror or a RR. In the
presence of turbulence, the phase distribution is severely disturbed
by the atmospheric turbulence. Phase singularities may appear in
other positions of the beam cross-section for the Gaussian beam
or vortex beams, and the on-axis phase singularity of the vortex
beams may disappear [see in Fig. 7(b-2), (c-2) and (f-2)]. Since the
real atmospheric turbulence are time varying, we can judge that
the phase singularity at the on-axis point doesn’t exist all the time
in turbulence.

Fig. 8 illustrates the average intensity distributions of the Gaus-
sian beam (I=0) and vortex beams with =1, 2 and 3 reflected
by a flat mirror and a RR. One sees that only when [=0, 2 (even
number), a bright spot in the beam center appears, indicating the
EBS effect. The simulation results agree well with the experimen-
tal results shown in Fig. 3. We also plot in Fig. 9 the simulation
results of the corresponding instantaneous beam profiles of vortex
beams when the mode conversion effect occurs. It is seen that the
beam mode converts from the LGy, mode to its corresponding HG;qg
mode. Our results (not shown here) reveal that the EBS effect only
appears for [=0, 2 (even number) and the phenomenon of mode

conversion also occurs when the introduced three slits in the RR
plane is removed in the numerical simulation.

4. Conclusion

In conclusion, we have experimentally measured the av-
erage/instantaneous intensity distributions of vortex beams on
double-passage in monostatic turbulence using a retroreflector. The
experimental results show that EBS occurs only when the topolog-
ical charge is even, and this can be explained using a model of re-
ciprocal ray pairs. Furthermore, in the instantaneous intensity, the
beam may convert from an LG mode to its corresponding HG mode
under certain turbulence conditions. This arises because the turbu-
lence acts as an asymmetric cylindrical lens system. Our finds may
be useful in FSOC systems using vortex beams and point towards
methods for controlling EBS by engineering the phase of the beam.
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Fig. 9. Simulation results of the instantaneous beam profiles of vortex beams double-passage through the monostatic turbulence with occurrence of the mode conversion.
(a)-(c) I=1 [media 4], (d)~(f) =2 [media 5], (g)-(i) /=3 [media 6]. The size of pictures is 1.5mm x 1.5 mm.
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