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Abstract. A mixed numerical and analytical technique is presented to investigate orbital angular momentum
(OAM) beam scattering in turbid water for underwater lidar applications. Electromagnetic simulations are used to
generate single-scattering phase functions (SSPFs) that predict the angular scattering distribution for a single
particle illuminated by either a Gaussian beam or an OAM beam. These SSPFs are used in array theory and
radiative transfer calculations to predict the net volumetric scattering functions (VSFs) and transmittance for
multiparticle scattering in a three-dimensional space for both Gaussian and OAM beams. Simulation results
show that the VSFs (and therefore the transmittance) of Gaussian and OAM beams are nearly identical,
with a slight dependence on OAM charge. Laboratory water tank transmission experiments are performed
to verify the simulated predictions. The experimental results are in excellent agreement with the simulation pre-
dictions. © The Authors. Published by SPIE under a Creative Commons Attribution 4.0 Unported License. Distribution or reproduction of this work in
whole or in part requires full attribution of the original publication, including its DOI. [DOI: 10.1117/1.OE.58.4.043104]
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1 Introduction
Orbital angular momentum (OAM) beams have a nonuni-
form phase front, which varies linearly from 0 to 2mπ,
where m is the charge of the OAM beam. This phase front
produces an on-axis intensity null in the beam for charge
m > 0 because of a phase singularity on-axis. Beams with
charge m ¼ 0 are Gaussian. The use of OAM beams is
receiving attention in lidar and communication applications
due, in part, to the unique scattering behavior of OAM
beams.1–7 In underwater lidar applications, forward scatter
blurs images and backscatter represents unwanted clutter
that degrades image contrast and increases receiver shot
noise. It has been shown that there is significantly reduced
on-axis forward scatter and backscatter from single particles
excited by OAM beams when the particle is aligned on/near
the OAM beam axis (i.e., when the particle is located at/near
the intensity null of the OAM beam).8 Further investigation
is needed to determine if decreased forward scattering and
backscattering occur for OAM beam transmission in realistic
underwater lidar environments consisting of many randomly
located scatterers distributed over long optical path lengths.

To the best of the authors’ knowledge, no analytical
solution has been derived for OAM beam scattering from
single particles and there is little or no published work that
predicts OAM beam scattering from multiple particles either
analytically or through simulation. Simulated results for
a single-scattering phase functions (SSPFs) (i.e., scattering
fields) of OAM beams have been reported by Sun et.al.,8

which show very different scattering behavior for particles
on/near the axis of Gaussian beams and OAM beams.
Commercially available electromagnetic simulation tools,
such as COMSOL, can be used to simulate OAM beam

scattering.9 While electromagnetic simulation can be used
to accurately and efficiently predict scattering from single
particles, simulating the scattering behavior from even a
moderate number of particles becomes computationally chal-
lenging due to the memory and time constraints associated
with solving electromagnetically large problems. In this
paper, a mixed analytical and numerical method is developed
to investigate the volume scattering function (VSF) of
OAM beams from multiple randomly located particles. The
mixed method uses electromagnetic simulation (COMSOL
Multiphysics, RF and wave optics module, electromagnetic
waves-frequency domain interface) to compute single-
particle SSPF results. This function is then used in an array
theory calculation to coherently add the scattering contribu-
tions from a large number of particles and generate a net
far-field scattering solution, i.e., the VSF. The objective of
this approach is to enable accurate prediction of the VSF
from OAM beam illumination of many randomly positioned
particles, and so predict OAM beam propagation through
water turbidities and path lengths that are encountered in
underwater lidar. To the best of the authors’ knowledge,
the results presented here are the first predictions of multi-
particle scattering behavior for OAM beams propagating
through turbid water over path lengths of practical interest
to underwater lidar.

It is important to note that for both Gaussian and OAM
beam excitation, a particle’s lateral offset from the optical
beam axis will determine the SSPF resulting from the
excitation. This is because the intensity distribution of the
Gaussian beam is spatially nonuniform, and both the inten-
sity and phase distributions of the OAM beam are spatially
nonuniform. Especially for OAM beams, this can result in
scattering behavior that strongly depends on the particle’s
position in the beam. For example, when a particle is located
on or near the OAM beam axis (i.e., when it is near the OAM*Address all correspondence to Austin Jantzi, E-mail: jantziaw@clarkson.edu
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beam intensity null), a reduction in on-axis forward scatter
and backscatter is observed. However, as the particle’s offset
from the OAM null increases, this effect decreases.8 Single-
particle COMSOL simulations are presented in Sec. 2 that
illustrate this point and highlight the need to account for
this effect in the mixed method.

Section 3 presents an overview of the mixed analytical
and numerical method including underlying assumptions
and their associated implications on accuracy. Specifically,
the mixed method accounts for the previously mentioned
spatially dependent scattering excitations by applying an
amplitude and phase weighting function to the scattering
function to account for each particle’s location relative to
the beam axis prior to applying array theory.

Section 4 presents VSF calculations generated using the
mixed analytical and numerical method for multiple particle
scenarios, using both Gaussian and OAM excitations. Two
particle scattering scenarios, eight particle scattering scenar-
ios, and a 500 particle scattering scenario are presented. For
the two particle and eight particle scenarios, OAM excitation
results are validated by comparing the mixed method results
with results from full multiple particle COMSOL electro-
magnetic simulations. For the 500 particle scenario, only
the mixed-method results are presented for the OAM exci-
tation since this case is computationally difficult to simulate
numerically. The mixed method simulation results show a
convergence of the Gaussian and OAM VSFs with increas-
ing turbidity (i.e., particle count) at all angles, including the
on-axis forward scatter and backscatter angles that are so
different in the case of the single particle near the OAM
beam null. This convergence is expected based on an under-
standing of off-axis single-particle results, as discussed in
Sec. 2, the random multiparticle geometry, and the optical
wavelength, particle size, and beam waist selected for the
simulations.

Section 5 compares simulated transmittance predictions
to experimental underwater transmittance measurements
obtained by the authors and to results previously published
by Cochenour et al.3 In both cases, the simulated transmit-
tance values are in excellent quantitative agreement with

the experimental results. As predicted by the mixed method
simulation, the transmittance is nearly identical for the
Gaussian and OAM beams for all turbidities, confirming
that Gaussian and OAM on-axis forward scatter and back-
scatter behavior converge for turbidities and path lengths of
interest to underwater lidar.

2 Numerical Computation of Single-Particle SSPFs
In this section, electromagnetic simulation results are pre-
sented for single-particle scattering. Both Gaussian (OAM
charge m ¼ 0) and OAM charge m ¼ 1 cases are presented.
While higher order OAM beams could be investigated,
the m ¼ 1 OAM beam is considered the most practical case
of interest for underwater lidar because the m ¼ 1 beam will
have the least divergence and higher order beams are more
difficult to produce experimentally due to the challenge of
generating a high-quality rapidly varying phase function.10

Simulation parameters are chosen to approximate typical
underwater lidar conditions. Unless otherwise specified,
the following parameters are used in all simulations. The par-
ticle size and index of refraction were selected based on the
work of Cochenour et al.,3 who observed that polystyrene
beads (n ¼ 1.598) with a ¼ 450 nm, where a is the particle
radius and n is the index of refraction of the material, pro-
duce scattering behavior similar to underwater environments
(nwater ¼ 1.334). A linearly polarized laser beam with a
beam waist of w0 ¼ 10λ and a wavelength of λ ¼ 532 nm
is used to match typical underwater lidar system laser beam
characteristics. A COMSOL electromagnetic simulation is
used to solve for the scattered field from a single particle
that can be positioned anywhere in the beam. Figure 1
shows the geometry for a single particle in an OAM m ¼ 1
beam for two different particle locations. Particle velocity
is assumed to be negligible compared to the propagation
velocity of the OAM beam. Therefore, static particle loca-
tions are used for all simulations in this paper. The average
of many instances is used to approximate the scattering of
a dynamic volume of particles for the many-particle case.

A background Laguerre–Gaussian electric field is used in
all simulations, approximated by

Fig. 1 Example single-particle OAM excitation scenarios as simulated in Sec. 2. A particle of 900 nm
diameter is illuminated by an OAM beam of charge m ¼ 1, λ ¼ 532 nm, and beam waist w0 ¼ 10λ.
(a) A particle on-axis in the intensity null and (b) a particle off-axis at the beam waist.
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Single-particle scattering behavior for both a Gaussian
beam (m ¼ 0) and an OAM beam of charge m ¼ 1 is
shown in Fig. 2 when the particle is located on the beam
axis. Consistent with the results of Sun et al.,8 the OAM-
excited SSPF has a null in both the forward and backscatter-
ing directions. In general, it is expected that on-axis forward
scatter and backscatter will be reduced for single particles
located at or near the center null of an OAM beam. This
is because the phase singularity that causes the intensity
null in the incident beam remains is present in the scattered
field. The total scattered intensity is also reduced because
the intensity of the OAM beam is lowest at its center and,
for the beam and particle geometries of interest in this study,
the particle diameter is small compared to the cross-sectional
area of the OAM intensity null (as can be seen in Fig. 1).

Both on-axis forward scatter and backscatter increase as
the particle is shifted from the beam null to the beam waist.
This trend is evident in the numerical results of Fig. 3, which
show single-particle SSPFs for an OAM charge m ¼ 1 beam
as the particle is shifted laterally across the beam waist, from
an on-axis location at the beam null to an off-axis location at
the beam waist. These results are also consistent with the
results of Sun et al.8

It is important to note that for our scenarios of interest, the
OAM and Gaussian SSPF intensity distributions are almost
identical when the particle is located at the maximum inten-
sity point in the respective beam. For the OAM beam, this
occurs when the particle is located at the beam waist. For
the Gaussian beam, this occurs when the particle is located

on the beam axis. This observation has implications on the
scattering behavior that can be expected from multiple par-
ticles, which will be discussed in Sec. 3. Section 3 presents
an analytical method for determining the coherent VSF of
many particles illuminated by Gaussian and OAM beams.

3 Analytical Calculation of Multiparticle VSFs
As demonstrated in Sec. 2, numerical electromagnetic sim-
ulation is a reasonable approach for computing the SSPF of
complex waveforms incident on single scatterers. However,
electromagnetic simulation is not an efficient approach for
calculating the multiparticle VSF for many particles because
of the computational demands of this electrically large
problem. In this section, an analytical method is presented
to accurately compute the coherent VSF from a three-
dimensional (3-D) array of particles. Section 4 presents
VSFs for multiparticle scenarios using the SSPFs computed

Fig. 2 COMSOL simulations for both the (a) Gaussian beam and (b) the OAM beam with the particle on
the beam axis. For single particles located on the beam axis, the scattering behavior of Gaussian and
OAM beams is very different. The ratio of particle radius to wavelength is 0.85.

Fig. 3 COMSOL simulations for an m ¼ 1 OAM beam, with the par-
ticle shifted 0, 1, 5, 9, and 10 wavelengths from the beam axis. As the
particle shifts from the intensity null located at beam axis to the inten-
sity peak located at the beam waist, the scattering pattern resembles
the scattering from a Gaussian beam when the particle is located at
the intensity which is on the beam axis.
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numerically in Sec. 2 and the analytical method presented
here.

Array theory states that for a 3-D array of identical
apertures, the far-field is as follows:

EQ-TARGET;temp:intralink-;e002;63;708
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−∞
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where N is the number of particles, X, Y, and Z are the far-
field co-ordinates, x, y, and z are the near-field co-ordinates.
The far-field is projected onto a spherical surface that has
a radius of r ¼ R from the origin,11 as shown in Fig. 4.
In this study, θ ¼ 0 and the beam propagates along the
z axis. Aiðx 0; y 0; z 0Þ is the 3-D near-field aperture function,
which is the electric near-field associated with the SSPF in
Sec. 2.

To calculate the far-field scattering intensity (i.e., the
VSF) for multiple particles, following Hecht,11 Eq. (2)
becomes
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where FfAg is the Fourier transform of Ai, k0 ¼ 2π
λ ,

kX ¼ k0 sin θ sin ϕ, kY ¼ k0 sin θ sin ϕ, kZ ¼ k0 cos ϕ,
Δx¼ xi − xj, Δy¼ yi − yj, Δz¼ zi − zj, and Δδ¼ δi − δj.
FfAg is the electric far-field SSPF, and FfAg2 is the
SSPF. For Gaussian beams and plane waves, Δδ ¼ Δz λ

n,
which accounts for the phase difference due to propagation
in z. For OAM beams, this term must be modified to account
for both the phase difference due to propagation in z and
the phase difference due to the particle’s position on the non-
uniform OAM phase front. For OAM beams, Δδ ¼ Δz λ

n þ
ðm arctan yi

xi
−m arctan

yj
xj
Þ. This phase shift must be consid-

ered when evaluating propagation differences between

Gaussian and OAM beams due to the nonuniform phase
front of OAM beams with order m > 0.

In general, Ai is calculated for each particle using the full
electromagnetic simulation. However, two assumptions are
made in the analytical method that simplify the specification
of Ai.

Assumption 1: The propagating beam is not signifi-
cantly distorted by the scatterers. That is, each scatterer is
interacting with a beam that has not been perturbed.

Assumption 2: For particles that are small relative to the
beam waist, the incident field on each particle is nearly a
plane wave. The intensity and phase of the incident plane
wave will be computed as the average intensity and phase
of the actual incident beam (i.e., Gaussian or OAM) at
the particle’s location in the beam front. No phase or inten-
sity gradients will be considered across a given particle.

Given these assumptions, Ai can be determined from
a plane wave scattering function that can be computed ana-
lytically via Mie theory12 or from a single-particle plane
wave scattering electromagnetic simulation. Assumption 1
becomes less valid as the propagation length in z increases,
and Assumption 2 becomes less valid as the ratio of w0 to
the particle radius decreases. It is noted that Ai can be
determined from single-particle electromagnetic simulation
results, which helps maintain accuracy under conditions
when the two previously stated assumptions become less
valid. Small volumes are simulated to generate the VSFs,
so that Assumption 1 is reasonable. Also, for the simulations
in the following section, a ¼ 450 nm and w0 ¼ 10
λ ¼ 5320 nm, yielding a sufficiently high ratio of beam
waist to particle radius so that Assumption 2 is reasonable.
The Ai SSPFs are determined from single-particle plane
wave scattering simulation. Since we are using a numerically
computed Ai within the analytical array theory calculation
to generate the VSF, we refer to our approach as a mixed
numerical and analytical method, or simply a “mixed”
method.

At this point, it is constructive to predict whether or not
the VSF distribution of Gaussian and OAM beams will be
similar based on an understanding of the single-particle scat-
tering results of Sec. 2 and the VSF equation presented in this
section. It is reasonable to assume that in a multiple-particle
scenario, the majority of the total scattering energy will be
associated with scattering from particles that are located at or
near the Gaussian or OAM beam intensity peak. Section 2
demonstrated that the SSPF intensity distributions are nearly
identical for OAM and Gaussian beams when the particles
are located at their respective beam peaks. Therefore, for
either the Gaussian or OAM case, the total scattered field
will be the coherent addition of individual scattering events
that have SSPFs that are largely independent of beam type.
Any coherent interference from these individual identically
distributed scattering events will occur due to the cosine
term in the second summation of Eq. (3). The argument
of this cosine term includes phase terms kXΔx, kYΔy,
and kZΔz, which are based on the physical locations of
the particles and, therefore, are independent of beam type,
as well as the beam phase front term, Δδ ¼ Δz λ

n þ
ðm arctan yi

xi
−m arctan

yj
xj
Þ, which is highly dependent on

beam type. The random locations of the particles will resultFig. 4 The geometry used for the analytical method.
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in positional phase terms that can be described by random
variable that is uniformly distributed between 0 and modulo
2π. Likewise, the beam front terms for the Gaussian and
OAM beams are derived based on the random particle loca-
tions. Therefore, they also will be random variables that are
uniformly distributed between 0 and modulo 2π. It follows
that the argument of the cosine term is a random variable that
is uniformly distributed between 0 and modulo 2π, which
results in the expectation of the VSF interference term
being zero. As a result, neither the positional location of
the particles nor the phase distribution of the incident
beam front significantly changes the VSF for a random vol-
ume of particles. Of course, significant interference effects
can occur due to the particle position and the beam phase
front for a small number of purposely spaced scatters.
The next section presents the results of the mixed method
for particles illuminated by Gaussian and OAM beams
that demonstrate this behavior.

4 VSF Simulations using the Mixed Analytical and
Numerical Method

In this section, VSF simulation results obtained using the
mixed method are presented for several multiple particle sce-
narios for both Gaussian (m ¼ 0) and OAM charge (m ¼ 1)
excitations. These simulations use the SSPFs computed
numerically in Sec. 2 with the analytical calculations from
Sec. 3 to generate the VSF. Prior to describing these results,
it is noted that results from multiparticle mixed method sim-
ulations were first compared to multiparticle results reported
in the literature that used both plane wave and Gaussian
excitations.13–15 While mixed method plane wave and
Gaussian results will not be presented here, they were in
excellent agreement with the results reported in the literature.

4.1 VSF for Two Particles

The two particle case (or, N ¼ 2, where N is the number of
particles) is the simplest multiparticle case to consider.
It is also a problem that can be solved readily through
electromagnetic simulation. Both the mixed method and
COMSOL were used to simulate scattering from two par-
ticles located in the xy plane. The particles are separated by
Δx ¼ 6λ, Δy ¼ 0. In this case, Eq. (3) becomes:

EQ-TARGET;temp:intralink-;e004;326;752Iðkx; ky; kzÞ ¼ FfA1g2 þ FfA2g2 þ FfA1g
� FfA2g cosð6λk0 þ πÞ; (4)

where Δδ ¼ π because of the nonuniform phase front of the
m ¼ 1 OAM beam. For a Gaussian beam, Δδ ¼ 0 produces
a result similar to double slit interference. However, the
intensity envelope is now the scattering function of a single
particle rather than a sinc function as is the case for double
slit interference. The results for both the Gaussian beam and
the OAM beam are shown in Fig. 5. This simple case main-
tains the null generated in the on-axis forward scatter direc-
tion and increases side scatter as observed by Sun et al.8 Just
as the Gaussian case produces results like the double-slit
experiment, the results for the OAM beam are similar to
an OAM beam incident on a double slit.16 Further, there
is an excellent agreement between the mixed method and
the COMSOL simulation results.

4.2 VSF for Several Particles

Next, scattering from N ¼ 8 particles is considered. Two
scenarios were considered: one where all particles were
located in the same plane and the other where the particles
were randomly distributed in a volume. In all cases of a
random distribution, the distribution is uniform. Both of
these N ¼ 8 cases can be solved numerically, allowing a
full electromagnetic simulation to again serve as a bench-
mark against which to validate the mixed method results.

In the first N ¼ 8 case, the particles are randomly distrib-
uted in a 50λ × 50λ region of the xy plane, and the results
generated in COMSOL are plotted with results generated
by the mixed method in Fig. 6. In the second case, the par-
ticles are randomly distributed in a 50λ × 50λ × 50λ cube,
and the results from COMSOL simulation and the mixed
method are plotted in Fig. 7. In the case of particles in
the xy plane, there remains reduced intensity of the on-axis
forward scatter. However, as Δz increases and the simulation
better represents the underwater environment, the forward
scatter null is less pronounced. In both cases, the agreement
between the mixed results and COMSOL results is excellent.
For the case of a plane of particles in the xy plane, the root
mean squared error (RMSE) for the mixed method compared
to COMSOL simulated results is 0.17%. The RMSE for the

Fig. 5 COMSOL simulations of two-particle scattering for both (a) the Gaussian beam and (b) the OAM
beam. Reduced intensity at scattering angles of 0 deg, and 180 deg is still present for the OAM case.
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volume of particles is 0.46%. While still very low, the
higher error in the volumetric scenario is consistent with
Assumption 1 (i.e., the beams exciting the particles in the
volume will be perturbed as z increases). The mixed method
significantly reduces the computational cost. The run time
for the COMSOL simulations on 32-core, 128 GB worksta-
tion was 540 s, while the mixed method had a run time of
0.02 s.

4.3 VSF for Many Particles

In this section, mixed method simulation results of the VSF
for N ¼ 500 particles are shown. A full COMSOL simula-
tion is now impractical because of computational time and
memory constraints, so only the mixed method results are

presented. The position of the particles is randomly gener-
ated in a 50λ × 50λ × 1000λ volume. Each result represents
the average of 2000 simulations, where the random particle
locations are reseeded for each simulation. VSF results for a
Gaussian beam and an OAM charge m ¼ 1 beam are shown
in Fig. 8. The null in on-axis forward scatter and backscatter
that is seen in the single and few particle VSFs for the OAM
beam has disappeared, and the OAM VSF is now almost
identical to the Gaussian VSF. This is consistent with
the observations made in Sec. 2, where it was noted that
the majority of the OAM scattering energy would be from
particles whose SSPF intensities were similar to a Gaussian
SSPF intensity.

To verify that the VSF of Gaussian and OAM beams con-
verge, different particle sizes and charges were used in the
mixed numerical and analytical method. Specifically, particle
sizes, a ¼ 35.8 nm, a ¼ 450 nm, and a ¼ 707 nm, were
investigated. In all of these cases, the particle is small com-
pared to the beam waist. The VSF results are shown in Fig. 9,
and the forward and backscattering nulls are no longer
present. OAM beam charges m ¼ 1, m ¼ 2, and m ¼ 16
were also simulated for N ¼ 500 particles. Each VSF is
nearly identical to the Gaussian VSF, and the results are
shown in Fig. 10.

These results are expected from what was previously
shown. In Sec. 2, it was shown that the angular scattering
pattern is likely to be the same for Gaussian and OAM
beams. In Sec. 3, it was shown that the phase distribution
of the OAM beam will not significantly impact the average
VSF. Now, it is apparent that the total scattering energy will
also be nearly the same for different OAM charges. This is
because as the OAM charge increases, the radius and area of
the high-intensity “ring” portion of the OAM beam’s spatial
profile increase. The average intensity in that ring necessarily
decreases. Thus, high-charge OAM beams may interact
with more particles but with a lower average intensity per
interaction.

Fig. 6 Results of the mixed method and COMSOL simulation for
N ¼ 8 particles randomly distributed in the xy plane. There is a
good agreement between the COMSOL simulation and the mixed
method.

Fig. 7 Results of the mixed method and COMSOL simulation for N ¼
8 particles randomly distributed in a cube. There is a good agreement
between the COMSOL simulation and the mixed method.

Fig. 8 Results of the mixed method for both the plane wave and the
OAM beam. For many particles, the forward scatter null is not
observed and there is little difference between the scattering behavior
of OAM beams andGaussian beams. Note: This geometry is not prac-
tical for a COMSOL simulation.
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5 Comparison to Propagation Experiments
In this section, experimental underwater optical transmission
experiments from both Gaussian and OAM charge m ¼ 1
beams are presented and compared to predictions from the
mixed method simulations. Simulation results are also com-
pared to experimental results from Cochenour et al.3 The
transmission experiments reflect the effects of forward scat-
tering as a function of turbidity.

5.1 Experimental Setup

The underwater transmission measurement experimental
setup is shown in Fig. 11. A 25-mW Nd:YAG 532 nm
laser is used as the light source. Lenses L1 and L2 are
used to expand the beam to fill the active area of the spa-
tial-light modulator (SLM) (HoloEye Pluto2 VIS-020),
which is used to produce the phase profiles necessary to gen-
erate different OAM charges. A polarizer is used to horizon-
tally polarize the beam and align it with the polarization axis
of the SLM. The beam was transmitted through a z ¼ 7.32 m
water tank. The beam waist is ∼5000 μm. Equate maximum
strength antacid is used to increase the turbidity of the water,
as is common in underwater studies.3 The absorption and total
attenuation coefficients are monitored simultaneously with a
WET Labs ac-s in-situ spectrometer and a Sequoia Scientific
LISST-200X measured the particle sizes. A Hamamatsu
H10435 photomultiplier tube (PMT) with an active area of
25 mm is used as the receiver. The receiver field-of-view is
∼5- deg half angle, and the measurement time is 1 s.

5.2 Simulated Transmission Setup

In order to simulate transmission results to compare to the
measured results, the radiative transfer equation (RTE) with
small angle approximations is used. The RTE depends only
on the VSF and properties of the scatterers and the system
[e.g., field-of-view (FoV)]. As shown in Sec. 4, the VSF is
nearly identical for charges m ¼ 0 and m ¼ 1. Thus, it is
expected that the transmittance will be nearly identical for
both beams. The transmitted intensity is calculated using:

EQ-TARGET;temp:intralink-;e005;326;321IT ¼ Iu þ Is; (5)

where IT is the transferred intensity, Iu is the unscattered
intensity, and Is is a correction term for the collected scat-
tered intensity.17 Iu ¼ expð−czÞ is given by Beer–Lambert’s
law. With the small angle approximation:

Fig. 10 Results of the mixed method for OAM beams of charge
m ¼ 1;2; 16. For many particle scenarios, increasing the charge
does not significantly change the total intensity of the VSF.

Fig. 9 Results of the mixed method for OAM beams with particle
sizes a ¼ 35.8 nm, a ¼ 450 nm, and a ¼ 707 nm. Results are nor-
malized to focus on changes in forward scattering behavior. The scat-
tering behavior for OAM beams is as expected from a Gaussian
beam.

Fig. 11 Experimental setup: the SLM is used to transmit beams with different OAM charges, Equate
antacid is used to increase the turbidity, and the PMT measures the power of the transmitted beams.
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EQ-TARGET;temp:intralink-;e006;63;752Is ¼ 2I0πbz expð−αzÞ
Z

ψ

0

pðθÞ sinðθÞdθ; (6)

where pðθÞ is the VSF, I0 is the initial intensity and is
normalized to unity, b is the scattering coefficient and α is
the absorption coefficient. These coefficients are determined
from the 0.85 scattering albedo of antacid18 and they scale
with particle concentration. The integral accounts for the
scattered light collected by the detector, where ψ is the
half angle of the detector FoV, and expð−azÞ accounts for
the absorption of the scattered light. The VSF is generated
using the mixed method for particles of a ¼ 1450 nm (the
mean experimental particle size, as measured using the
LISST) for a fixed volume of particles and increasing particle
densities corresponding to attenuation lengths between cz ¼
0.1 and cz ¼ 30. The particle count for the volume is deter-
mined using the relation between the attenuation coefficient,
c, and the number of particles, N: c ¼ σ N

V , where σ is the
attenuation cross-section of the particle.

5.3 Experimental and Simulated Results

Transmission measurements are made at each turbidity for
transmitted beams of charge m ¼ 0 and m ¼ 1. The trans-
mittance is calculated as the ratio of the input power and
the output power and is plotted with increasing turbidity
in Fig. 12. The simulated transmittance using phase func-
tions generated using the mixed method and the RTE is
also plotted. As turbidity increases, there is almost no differ-
ence in the transmittance of the different charges and they
are in excellent agreement with the simulated results. This
suggests that there is no significant difference in Gaussian
and OAM charge m ¼ 1 on-axis forward scattering for
the case of many randomly located particles, as predicted
by the mixed method in Sec. 4.

Next, the transmittance is simulated for the experimental
parameters (i.e., particle size, albedo, and FoV) described by

Cochenour et al.3 for charges m ¼ 0, m ¼ 1, and m ¼ 16.
The simulated transmittance using phase functions generated
using the mixed method and the RTE is plotted in Fig. 13.
Overall, the simulated results are in good agreement with the
experimental results of Cochenour et al. A slight increase in
the simulated transmittance at higher turbidities is observed
for increasing OAM charge. This difference in transmittance
with OAM beam order is believed to be related to the
structure of the incident beam intensity profiles, jEðr; θ; zÞj,
which are OAM charge dependent. This effect was also
observed by Cochenour et al.; however, the difference
reported by Cochenour et al. was on the order of 2 to 3 dB
compared to the <1 dB difference observed in our simulation
and seen in the inset of Fig. 13. A possible reason for the
discrepancy between the simulated results and the experi-
mental results in the transmittance as a function of beam
order is some difference between the theoretical intensity
distributions of the simulated OAM beams and the actual
intensity distributions of the experimentally produced OAM
beams. Further investigation is needed to be certain of the
cause(s) of this effect.

6 Conclusion
OAM beams have been receiving much attention in the lidar
community due to their unique scattering characteristics.
Much is known about OAM scattering from single particles;
however, less is currently known or understood about
OAM propagation and scattering in turbid underwater envi-
ronments, which are very different from the single scatter-
ing case.

A mixed numerical and analytical technique was pre-
sented that accurately predicts volumetric scattering from
Gaussian and OAM beams for realistic underwater lidar sce-
narios. Mixed method results were compared to previously
published results and, in a few limited cases, to full electro-
magnetic simulations. The mixed method significantly
reduces the computational cost of calculating scattering

Fig. 12 The fraction of light transmitted through the test tank as tur-
bidity increases for various OAM charges,m ¼ 0 andm ¼ 1, where a
charge of zero is a Gaussian beam plotted with simulated predictions
of transmission. There is almost no difference in the transmission of
the different beams and excellent agreement with simulation.

Fig. 13 Simulated results for antacid and polystyrene beads with
experimental parameters are in good agreement with Cochenour
et al., with OAM charges, m ¼ 0;1;16. A slight increase in transmit-
tance is observed with increasing charge. The inset shows details for
beads at high turbidity.
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behavior compared to a full electromagnetic simulation
approach. This enables high turbidity scenarios to be inves-
tigated that otherwise would be impractical to explore.
Mixed method results were also compared to results from
an underwater transmission experiment performed by the
authors and previously reported experimental results from
the literature. In all comparison cases, excellent agreement
was achieved. To the best of the authors’ knowledge, this is
the first reported prediction of OAM beam propagation in
turbid water at turbidities and path lengths of interest to
underwater lidar.

For the underwater lidar scenarios presented, there is not
a substantial difference in propagation behavior between
OAM and Gaussian beams. In Sec. 2, it was shown that
the angular scattering distribution for OAM and Gaussian
beams is very similar. In Sec. 3, it was shown that the spatial
phase of OAM beams does not significantly impact the VSF.
In Sec. 4, it was shown that the scattering energy is nearly
identical for each studied charge. In Sec. 5, it was shown that
this leads to little difference in propagation behavior.

It should be noted that there are potential advantages to
using the spatial characteristics of OAM beams for commu-
nications and coherence discrimination, which can poten-
tially increase system performance.1,2,5–7 Further, no claims
are made about the propagation behavior of OAM beams in
other applications (such as terrestrial lidar and remote sens-
ing) since these scenarios were not the subject of this study,
and virtually all of the relevant parameters (wavelength,
beam diameter, particle size, density, etc.) will be different.
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