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Deep transmission of Laguerre-Gaussian vortex
beams through turbid scattering media
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Light scattering and transmission of Gaussian (G) and
Laguerre-Gaussian (LG) vortex beams with different
orbital angular momentum (L) in various turbid media
were investigated. Transmittance was measured with varied
ratios of sample thickness (z) to scattering mean free path
(Z;) of turbid media, z//,. In the ballistic region, the LG
and G beams were found to have no significant difference
on transmittance, while in the diffusive region, the LG
beams showed a higher received signal than the G beams,
and the LG beams with higher L values showed a higher
received signal than those with lower L values. The tran-
sition points from ballistic to diffusive regions for different
scattering media were determined. This newly observed
transmittance difference of LG and G beams may be used
for deep target detection in turbid media through LG
beam imaging. © 2016 Optical Society of America

OCIS codes: (050.1950) Diffraction gratings; (050.4865) Optical
vortices; (290.4210) Multiple scattering; (290.7050) Turbid media.
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Laguerre—Gaussian (LG) optical beams possess orbital angular
momentum (OAM) due to the vortex phase of exp(iL¢).
Over the past decade, the properties of optical vortex beams
propagating through free space and scattering media have been
investigated, and their phase singularities and optical vortices
have been revealed [1-5]. The complex LG beams and vector
beams add new dimensions to light’s spatial degrees of freedom
and properties for light propagation. These include helical
shaped and twisted wave fronts, singularities in electronic fields,
and spatial vector polarization states of beam profiles. The
twisted special light forms open a new renaissance era in optics
called “complex vector light.” Wide applications of LG beams
include trapping particles, space or fiber communication,
imaging and medical diagnosis, micro-machines, spintronics,
and quantum information. For these applications, it is of great
interest to reveal the influence of the topological charge L of
vortex beams to their propagation and penetration capabilities
through the turbid media.

The Laguerre—Gaussian modes are a natural solution of
the paraxial wave equation in cylindrical coordinates. The
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amplitude of the complex electric field for an LG beam can
be found by solving the paraxial Helmholtz equation. The
complex electric field amplitude for an LG beam can be written
using the Laguerre polynomial as [2]
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where 7 is the radial distance from the center axis of the beam, z
is the axial distance from the beam’s narrowest point, 7 is the
imaginary unit, # = 27/ is the wave number, @(z) is the
beam width as a function of z, R(z) is the radius of curvature
of the beam’s wavefront, &(z) is the Gouy phase shift, L} are
the generalized Laguerre polynomials, p is the radial index
(p > 0), L is the azimuthal index (known as the helical phase
winding number or topological charge), and C épG is an appro-
priate normalization constant. The lowest-order solution of
LG modes (p =0, L =0) describes a Gaussian (G) beam,
while higher-order solutions describe higher-order transverse
LG beams.

The major differences between LG and G beams are as fol-
lows: (1) LG beams possess the vortex phase of exp(iL¢) as
shown by the additional term involving topological charges
L in Eq. (1); (2) LG beams have the helical and twisted wave-
fronts as indicated by the phase term in Eq. (1); (3) LG beams
have donut shapes and their central areas are dark; and (4) the
size of the vortex of a LG beam is determined by the term 7%,
These differences may affect the scattering and propagation
properties of LG beams in the turbid media in comparison with
G beams.

In this study, light scattering and transmission of LG vortex
beams with different OAM states in turbid media consisting
of large or small scattering particles in water were investigated
in comparison with G beams. A higher transmittance (7) of
LG beams was observed in the diffusive region compared with
the G beam.

The schematic diagram of the experimental setup is shown
in Fig. 1. A He-Ne laser of 5 mW at 633 nm was used as a light
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Fig. 1. Experimental setup where SMOF is a single-mode optical
fiber; L are lenses; G is the Gaussian beam; BS is a beam splitter;
SLM is a spatial light modulator; LG is the Laguerre—Gaussian beam;
A is the aperture; M are mirrors; and CCD is a charge coupled device
camera.

source. The beam output from the laser was focused into a
single-mode optical fiber (SMOF). The output beam from
the SMOF was used to illuminate a spatial light modulator
(SLM, HoloEye LC-R 720) working in the reflection mode.
The LG beams with different OAM states were generated
using the SLM with different forked diffraction patterns.
The generated LG beams were then divided by a beam splitter
into two separate beams used as sample and reference beams,
respectively, as shown in Fig. 1. A sample cell containing
scattering medium was placed in the path of the sample beam.
The reference beam not passing the scattering medium was
used, as in conventional transmittance measurements, to
monitor and take into account the change of incident light
power and avoid the effect of fluctuation of the incident light
power to the 7" calculation. The images of the sample beam
output from the turbid media and the reference beam were
recorded simultaneously using the same 16-bit CCD camera
(Photometrics CH250L, 512 x 512 pixels). The transmittances
of light in the different scattering media were calculated based
on the ratio of the intensity of the sample beam image over the
intensity of the reference beam image.

The SLM diffraction patterns and the corresponding
LG beam shapes used in this study are shown in Fig. 2. The
forked diffraction patterns were created using a MATLAB-
based software (HoloEye SLM application software). The
forked diffraction patterns correspond to interference patterns
of a TEMy, beam and a LG} beam. Therefore, when a TEM,,
Gaussian beam is used to illuminate the different forked
diffraction patterns in SLM, the LG beams with different values
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Fig. 2. HoloEye SLM diffraction patterns and corresponding
generated LG beams.
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of L will be generated, which have helical and twisted wave-
fronts.

The scattering media used in the experiments were made
with various sizes and concentrations of polystyrene latex
microspheres (beads) in water solutions. The thicknesses (2)
of the turbid media were varied to study the transmittance
of LG beams as a function of the ratio of sample thickness
to the scattering mean free path (/) of the media, i.e., 7" versus
z/l,. The /1, is the number of scattering events happening in
the turbid medium in length z. Two types of beads with diam-
eters of 0.107 pm and 3.12 pm were used as typical
small and large scattering particles compared with the wave-
length of light, respectively, to study the effect of particle
size on the scattering and transmission of LG beams. The
concentration of the scattering media is 1% diluted from the
commercial bead solution (10% in stock).

The scattering mean free path /,, the transport mean free
path /., and the anisotropic factor ¢ as a function of particle
size and wavelength for 1% of the polystyrene lax bead solu-
tions (10% in stock) have been investigated elsewhere [6].
Using Ref. [6], the values of /,, /, and anisotropic factor g
at 633 nm for the 1% concentration turbid medium consisting
of 4 =0.107 pm small bead particles were estimated as
/; =500 pm, /, = 500 pm, and ¢ = 0, respectively. In con-
trast, the values of /, /,,, and g at 633 nm for the 1% concen-
tration turbid medium consisting of 4 = 3.12 pm large bead
particles were estimated as /; = 100 pm, /, = 800 pm, and
¢ = 0.875, respectively.

The received signal beam images of the G and LG beams
with L = 0, 1, 4, and 8 were recorded for both small and large
bead solutions with fourteen (14) thicknesses of the turbid me-
dia varied in a wide range from 0 to 40 mm (i.e., z = 0, 0.1,
0.2,0.5,1,2,3,4,5,6,8, 10, 20, and 40 mm) covering all of
the ballistic and diffusive regions. Due to the page limit, it is
hard to show all of the recorded images in this Letter. As ex-
amples, Fig. 3 shows part of the received sample beam images
of the G beam (L = 0) and the LG beam with L = 4 through
the scattering medium consisting of small bead particles
(d = 0.107 pm) with z//, =0, 1, 2, 6, 10, 12, 16, and 20
(corresponding to z =0, 0.5, 1, 3, 5, 6, 8, and 10 mm). It
can be seen from Fig. 3 that as thickness increases, the intensity
of the recorded images of the G' and LG beams decreases and
images become more diffuse.

Similar image features shown in Fig. 3 were observed
for the scattering media consisting of large bead particles
(d = 3.12 pm).

Based on the recorded images data, the transmittances 7 of
the LG and G beams in scattering media with different particle
sizes, sample thicknesses, and OAM values L were calculated
using the following five major steps: (1) for each scattering
solution, a sample thickness (z//;), and an LG beam with a
specific OAM value L, take a ratio of the intensity of the
received sample beam image (/) over the intensity of the
reference beam image (/) recorded with scattering media
in the sample beam path, and mark the ratio as A =
(Zs/1R)with samples (2) take a background ratio of /5 over / re-
corded without the scattering media sample, mark the ratio as

= (Is/1R)nosample> and use B as a calibration ratio; (3) calcu-
late 7" defined as 7" = A/ B; (4) using a similar method to cal-
culate 7" for other images recorded with different Z, z//, and
solutions. In all 7" calculations, the same wide image areas, and
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Fig. 3. Recorded images of (a) the Gaussian beam (L = 0) and
(b) LG beam with L = 4 through a scattering medium consisting
of small bead particles (4 = 0.107 pm) at different thickness of
z/l,=0,1, 2,6, 10, 12, 16, and 20.

therefore the same numbers of CCD pixels were used for both
the LG and G beams and for both the reference and sample
beam images; and (5) plot 7" versus z//; or LogT versus
z/l; for different L and solutions with different scattering
particle sizes.

Figure 4 shows logT as a function of ratio z//; and topo-
logical charge L of LG beams for the scattering media consisting
of small particles (¢ = 0.107 pm) in a 1% concentration
solution (volume density) of the commercial bead solution
(10% in stock). The following four salient features can be seen
from Fig. 4: (1) within the ballistic region, where z//; is small
and ballistic transition is the dominant process, the LG and G
beams show no significant differences in transmittance defined
as above (7" = A/B). The transmittance differences of the LG
and G beams in this region are small, randomly changed, and
within the experimental errors; (2) within the diffusive region,
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Fig. 4. LogT as a function of z//; where z is the thickness of turbid
media and /, is the scattering mean free path of the turbid medium
(beads in water, 4 = 0.107 pm, /, = 500 pm).
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where z//; is large and multiple scattering is the dominant
process, the LG beams show a higher received signal than
the G beams; (3) within the diffusive region, the LG beams
with larger L values show a higher received signal than the
LG beams with small L values; and (4) the transition point
from the ballistic region to the diffusive region [7,8] for this
small particle solution was observed at z//; = 10. The reason
behind the change of decay slopes of logT in the ballistic and
diffusive regions has been well studied and understood [6-8].
In the ballistic region, nonscattered light dominates and attenu-
ation falls exponentially by Beer’s law. In the diffusive region,
multiple scattered light dominates, which slows the rate of
attenuation, resulting in a higher received signal level than for
the ballistic slope.

Figure 5 shows logT as a function of z//; and a topological
charge L of LG beams for the turbid media consisting of large
particles (¢ = 3.12 pm) in a 1% concentration solution of
the commercial bead solution (10% in stock). In order to com-
pare with Fig. 4, a semi-logarithmic scale was used in Fig. 5.
The following similar features can be seen from Fig. 5: (1) LG
and G beams show no significant differences of transmittance
in the ballistic region; (2) LG beams show a higher 7 than the
G beams in the diffusive region; and (3) the LG beams with
larger L values show a higher 7" than the LG beams with small L
values in the diffusive region. However, the transition point
from the ballistic to the diffusive regions for the large particle
solution was observed at z//; = 94, which shows a significant
difference from that observed for the small scattering particles.

The difference of the transition points from the ballistic
to the diffusive regions for the small and large particle solutions
is caused by their different scattering parameters such as
scattering mean free path /;, and transport mean free path
/. Using the values of /, =500 pm, /, = 500 pm, and
¢ = 0 forthed = 0.107 pm bead solution, and /; = 100 pm,
lx =800 pm, and g = 0.875 for the 4 = 3.12 pm bead
solution, the observed transition points from the ballistic to
the diffusive regions, z//; = 10 for the small particles, and
z/l, = 94 for the large particles can be indicated as the terms
of z//,. The transition points will become z//, = 10 for the
small particles and z//, = 12 for the large particles. Although
the values of the transition points in terms of z//, for the small
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Fig. 5. LogT as a function of z//; where z is the thickness of turbid
media and /, is the scattering mean free path of the turbid medium
(beads in water, 4 = 3.12 pm, /, = 100 pm).
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Table 1. Comparison of /g, i, g, and Transition Points
for d=0.107 pm and d=3.12 pm Bead Solutions

Comparing Items Small Particles ~ Large Particles

Particle size 4 (um) 0.107 3.12
L, (pm) 500 100
L, (um) 500 800
G 0 0.875
Transition point at z//; 10 94
Transition point at z//,, 10 12

and large particles show remarkable differences, the values of
the transition points in terms of z//; are closed. These results
are in good agreement with the results obtained from time-
resolved measurements and calculations using Mie theory by
Yoo ez al. [9]. Their results show that diffusive approximation
is valid only when z//,, > 10 for both small and larger particles.
The transition points of z//,, = 10 for the small particles and
g/l = 12 for the large particles observed in our experiments
satisfy the criterion of z//, > 10. Table 1 summarizes and
compares the parameters of /;, /,;, ¢, and the transition points
from ballistic to diffusive regions for the small and large bead
solutions used in this study.

Our experimental results show that, within the diffusive
region, the LG beams show a higher received signal than
the G beams, and the LG beams with higher L values show
a higher received signal than the LG beams with lower Z values.
These differences of the received signal levels may arise from the
different beam structures and the vortex nature of LG beams.
Because the received signal beam intensity recorded in the
CCD camera includes contributions from both ballistic and
forward scattered photons, and the ballistic component is very
week in the diffusive region, the observed higher received signal
of LG beams may show different forward scattering for LG and
G beams. Since the spatial anisotropy of scattering is mainly
given by anisotropy factor g, the different forward scattering
feature of LG and G beams in turbid media may indicate their
different ¢ values, which may alter the spatial distribution
of scattering events in a way that results in more scattering
light staying close to the beam axis, and hence collected by
the CCD camera.

Several groups reported their theoretical and simulation
studies on the scattering of focused LG beams in turbid media
[3,4]. Ou’s group calculated the scattering of LG beams by
homogeneous spheroids based on the generalized Lorenz—Mie
theory [4]. Their simulation results show that the magnitude of
the scattering intensity decreases as the topological charge L
increases. They explained this decrease by the higher-order
vortex beams having larger central dark areas that may interact
less with scattering particles in the turbid media, yielding less
scattering [4]. Sun’s group focused their study on the tightly
focused vortex beams through turbid media based on the
Monte Carlo calculation. They also did preliminary transmis-
sion measurements on inhomogeneous scattering media
samples consisting of corroded glass slabs, and obtained the
following differential results: the transmission of LG beams
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in turbid media is higher than for G beams for tightly focused
beams, while the transmission of LG beams in turbid media is
smaller than for G beams for the slightly focused beams [3]. In
contrast, our work shows the systematic experimental study for
the scattering and propagation of nonfocused LG vortex beams
in typical homogeneous scattering media, and consistently ob-
served differences in the received signal levels of LG and G
beams, which should be more generally of interest and useful
for light propagation and imaging studies of complex beams.

It is important to establish a physical model to study the
scattering difference of LG and G beams in turbid media.
However, to the best of our knowledge, there is a lack of such
studies to reveal the underlying physics and establish a basic
simulation model to understand the scattering differences of
LG and G beams. We expect our observation to stimulate more
theoretical and experimental studies to investigate and clarify
the effect of vortex structures of complex beams on the light
scattering and imaging in turbid media, and evaluate imaging
efficacy of LG beams for deep target detection in scattering me-
dia. We will study eigen channels of the transmission matrix in
the diffusive region for the propagation of complex light in tur-
bid media and investigate if the vortex structure and helical
wavefronts of LG beams can form a subset of eigen modes
to better travel through eigen channels in scattering media
[10,11]. In addition, we plan to investigate the effect of vector
beam structures of complex light to the scattering and imaging
in turbid media with different experimental conditions and
simulation algorithms in collaboration with theoretical groups.
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