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High-fidelity optical propagation through the atmosphere is essential for free-space optical technologies, includ-
ing laser-based remote sensing and optical communication. However, atmospheric turbulence severely distorts
beams and compromises system performance. In this work, we employ hypergeometric-Gaussian (HyGG) vortex
beams as probes to characterize and mitigate atmospheric turbulence. Using over 250,000 experimental and
simulated frames, we show that refining the power spectrum density (PSD) can reduce numerical prediction
errors by up to 79.8%. Concurrently, experimental observations supported by numerical simulations demonstrate
that HyGG beams exhibit superior turbulence resilience across multiple metrics compared to conventional
Gaussian beams, particularly in their ability to withstand over 5 times stronger turbulence while maintaining
similar intensity fluctuations. These dual investigations, on both turbulence mitigation and robust beam solu-
tions, converge to form a unified strategy for enhancing free-space optical system performance. Collectively, our
findings provide new insights into light—turbulence interactions and highlight the practical utility of vortex beams

under atmospheric conditions.
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1. INTRODUCTION

Active laser-based remote sensing techniques, including light
detection and ranging (LiDAR) [1,2], laser-induced breakdown
spectroscopy (LIBS) [3], laser-induced fluorescence (LIF) [4],
and Raman spectroscopy [5], have been widely used for remote
characterization of gas, liquid, aerosols, and solid materials. In
such applications, highly directional, low-divergence laser
beams enable concentrated power projection and stable detec-
tion from standoff distances. These capabilities are crucial in
scenarios requiring long-range monitoring and the manage-
ment of resources, pollutants, or hazardous materials, particu-
larly in environmental disaster responses and operations under
extreme conditions. Conventional Gaussian beams have been
extensively used in applications such as topographic mapping
[1,2], environmental monitoring [6,7], geological and plan-
etary exploration [8-10], and detection of radiological substan-
ces [11]. However, their performance degrades substantially
under atmospheric turbulence, resulting in beam quality
deterioration and intensity fluctuations [12,13].

To overcome these limitations, vortex beams carrying
orbital angular momentum (OAM) have been proposed
as a promising approach for turbulence effect mitigation
[14-16]. Prior numerical and theoretical studies have reported

2327-9125/26/073245-23 Journal © 2026 Chinese Laser Press

that vortex beams exhibit improved propagation characteristics
over Gaussian beams, as evidenced by reduced scintillation in-
dices [17,18] and greater resilience to intensity profile distor-
tion [19]. Yet, most of these investigations rely solely on
simulations, with limited experimental validation constrained
by short propagation distances, simplified turbulence models,
or a lack of quantitative metrics.

To bridge the gap between theoretical promise and real-
world application, we present a comprehensive experimental
and numerical study that evaluatess OAM beam propagation
over 100 m through localized strong turbulence with topologi-
cal charges 0 (conventional Gaussian beam), 1, and 2. The tur-
bulence is generated by a high-power air-mixing system with a
power output of 4000 W/m, producing refractive index struc-
ture parameter C2 up to the order of 10~ m2/3, which indi-
cates severe turbulence conditions such as those found in jet
engine exhaust flows [20-22].

To quantitatively evaluate how different beams respond to
such turbulence, we employ four quantitative metrics: elliptic-
ity and eccentricity to evaluate the preservation of beam circu-
larity, and the scintillation index and vortex degradation to
quantify energy stability and structural integrity. Numerical
simulations and experimental measurements consistently
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demonstrate that higher-order vortex beams exhibit superior
performance in maintaining beam shape and propagation sta-
bility under turbulent conditions.

Beyond evaluating beam performance, this study presents
the first integrated experimental and numerical investigation
of vortex beam circularity as a novel and practical diagnostic
for evaluating turbulence models. This approach is motivated
by the growing interest in OAM states for strengthening vari-
ous free-space optical applications, such as free-space optical
(FSO) communications [23-25], where the interaction
between OAM beams and turbulence plays a crucial role in
determining practical system performance [26-29]. Therefore,
a comprehensive understanding and accurate modeling of tur-
bulence effects is critical. Turbulence modeling typically relies
on power spectral density (PSD) functions of refractive index
fluctuations, such as Kolmogorov, Tatarskii, or modified von
Kérmdn (mvK) spectra, as summarized in Table 1 [30-41].

While widely adopted, the accuracy, applicability, and lim-
itations of these PSD models have not been systematically va-
lidated against experimental observations. In addition, the
selection of a particular PSD model is often presented without
explicit justification or comparison with alternative models.
In this work, we utilize beam circularity as an experimental
probe to evaluate the predictive performance of different PSD
models. Our findings show that turbulence strength estimates
derived from different PSD formulations can differ by up to a
factor of 2. Moreover, selecting an appropriate PSD model can
reduce numerical prediction error in beam circularity under
turbulence by as much as 79.8%, which is crucial for accurate
modeling of light propagation, of which the significance can be
extended to various fields involving complex media modeled by
Kolmogorov’s theory of turbulence, including adaptive optics,
atmosphere-penetrating imaging, and directed energy systems.

2. RESULTS

A. Experiments of 100 m Beam Propagation

in Turbulence

The experimental setup to measure the dynamic change of the
beam characteristics in turbulence is shown in Fig. 1(a).
Vortex beams are generated by switching in vortex retarders
of the corresponding order mounted in flipping holders.
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This configuration mimics a scenario in which a highly turbulent
region obstructs direct access to a distant target, making robust
energy delivery over long distances essential.

Snapshots of the conventional Gaussian beam (7 = 0) and
vortex beams with topological charges 7 = 1, 2 were captured
by the beam profiler, as shown in Fig. 1(b). The horizontal scale
of each image is 106.5 mm. As the turbulence strength increases,
the profiles of all beams vary more pronouncedly in time, show-
casing the distortion effects imposed by turbulence. The dy-
namic change of beam shapes can be seen in Visualization 1,
Visualization 2, Visualization 3, Visualization 4, Visualization 5,
Visualization 6, Visualization 7, Visualization 8, Visualization 9,
Visualization 10, Visualization 11, Visualization 12,
Visualization 13, Visualization 14, and Visualization 15, which
correspond to the three topological charges (m = 0, 1, 2) and
five turbulence strengths from C2 =7.19 x 10> m™2/3 o
1.07 x 107 m™2/3, While these visual distortions qualitatively
reflect the impact of turbulence, rigorous assessment demands
precise quantification of turbulence strength in these C?% values.
The following section outlines how turbulence was quantified in
these experiments, forming the basis for evaluating beam perfor-
mance in atmospheric propagation.

It is worth emphasizing that the generated vortex beams cor-
respond to the hypergeometric—Gaussian (HyGG) mode, of
which the electric field at the source plane is given by

r p+\m| 7r 2
E, (r,0,z=0)=E, <—) exp |:— <—> + imqo]
Wy Wy
1\ 2
= Ey exp [— <—> + img0:| , (1)
Wy

where (7, @, z) are the cylindrical coordinates, 7 is the complex
number imaginary unit, w, is the waist radius, m is the
topological charge, and p = -|m| since there is only phase
modulation at the source plane [42]. Here, m is taken as a
non-negative integer, and the beam reduces to a conventional
Gaussian beam when 7 = 0. For propagation in a non-dis-
turbed environment, an analytical expression of the complex

field of this HyGG mode is given by

Table 1. Examples of PSD Models Adopted in Turbulence Modeling

Ref. PSD

Application

] Kolmogorov

] Kolmogorov

] Kolmogorov
[33] Tatarskii

] Tatarskii

]

]

scintillation in an urban environment

[37] mvK
[38] mvK
[39] mvK
illumination
[40] mvK
[41] mvK

Assessment of phase distortion compensation in atmospheric propagation using deep learning

Deriving the specific expression for different FSO time and frequency transfer techniques

Introducing more generalized perturbations for investigating the vectorness of structured light

Evaluating the fiber-coupling efficiency of partially coherent flat-topped beam propagation through a turbulent atmosphere
Studying the angular width and the M?-factor of partially coherent Airy beams in atmospheric turbulence

mvK Modeling the performance of bidirectional ground-space optical link corrected by adaptive optics

mvK Numerical evaluation of intensity fluctuation to estimate the maximum propagation distance under a given level of beam

Simulation of a temporally dynamic atmospheric wavefront in atmospheric turbulence
Numerical demonstration of the atmospheric turbulence effects on different kinds of vortex beams
Emulation of turbulence effects and validation of the proposed robustness enhancement framework via active convolved

Testing the effectiveness of astigmatic transformations for OAM mode identification in atmospheric turbulence
Emulation of a turbulent environment where optical chaotic signal is recovered by a programmable optical processor



https://doi.org/10.6084/m9.figshare.31119799
https://doi.org/10.6084/m9.figshare.31119874
https://doi.org/10.6084/m9.figshare.31119835
https://doi.org/10.6084/m9.figshare.31119814
https://doi.org/10.6084/m9.figshare.31119811
https://doi.org/10.6084/m9.figshare.31119808
https://doi.org/10.6084/m9.figshare.31119826
https://doi.org/10.6084/m9.figshare.31119829
https://doi.org/10.6084/m9.figshare.31119805
https://doi.org/10.6084/m9.figshare.31119820
https://doi.org/10.6084/m9.figshare.31119832
https://doi.org/10.6084/m9.figshare.31119793
https://doi.org/10.6084/m9.figshare.31119817
https://doi.org/10.6084/m9.figshare.31119802
https://doi.org/10.6084/m9.figshare.31119823

Rosearch Aricle SRR OL w10y 120 e 07|
: » a
3rd mirror (27) OSthmlrror(4) ()

T

”) N

Beam profiler

ljl\ 4th mirror (4”)

1st mirror

.

m=2 retarder
X ] \
\ n'é \
\ H N
\ ! \
\ [ \
L { \
v \ | R
Diode laser m=1 retarder A ! 2nd mirror (2”)
— Y
(PER=4 dB) i \
[ 4 ' \
am expander '.' %
1 \\‘
{ \
Turbulence ! 5\
generator setup '.' A
] \\
1 \
5§ T
= =
o
[
[9)
=
8 X
® £
o
(=
(7]
=
£ 9
==
o
Il
5 =
E
TO ~
1]
3 |
©
[}
"
T o
5
o
- Il
8 £
=
=
ol =
* 1]
© =
<«
[s2]
"
NS
I
£

Fig. 1. Experimental setup and captured beam profiles. (a) Schematic diagram of the 100 m propagation setup. The position of the turbulence
generator in the beam path is indicated by the red rectangle. The inset shows the turbulence generator with the temperature control unit.
(b) Experimentally measured snapshots of beams with different topological charges under varying turbulent strengths after 100 m propagation.
The five images in the same row are five randomly selected replicas to reflect the distortion effects of turbulence.

F(m + 1) P where zp = ﬂw%//l is the Rayleigh range, 4 is the wavelength, I
2 1 (i) ’ is the gamma function, and | 7| is the confluent hypergeomet-
LG+ 1) Tm+1) ric function [42-44]. As shown in Fig. 2, the beam categori-
zation was confirmed by the beam profile evolution against the

z -GHD [\ i 7\ 2
x| —+i — | exp|- — propagation distance since the sizes of the annular (doughnut)

25+1

E,(r,¢,2) = .
R

F
ol “o e T\ beam inner diameter for the HyGG modes were zero at the
(L)Z source plane and grew larger during propagation. This feature

< exp(ime), F, L o , distinguishes the HyGG mode from other widely studied vor-
2 z (i + i) tex beam modes, such as the Laguerre-Gaussian (LG) mode.

ERAZR Therefore, unless otherwise specified, vortex beams refer to

(2) HyGG modes throughout the following content.
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Fig. 2. Categorization of the beam in the experiments. (a) Experimental measurements of vortex beam profiles at different locations along propa-
gation. (b) Theoretical profiles of vortex beams in HyGG mode and LG mode at corresponding locations.

B. Quantifying Turbulence and Effects of PSDs

To optically quantify the turbulence strength and effects in
terms of C2, we leverage its relationship with the angle of arrival
(AoA). A commonly adopted approach for this estimation as-
sumes a plane wave propagation model and a Kolmogorov tur-
bulence spectrum, under which the relationship between C2
and the variance of the AoA is given by

C?2 = 6%(2Ry)'?/(2.91L), (3)

where o is the variance of the AoA, L is the length of the
turbulent region, and Ry is the inital spot size of the beam
[45-48]. This equation is based on Kolmogorov PSD,
which omits the effects of the inner and outer scales [49].
In real-world applications, however, the outer scale of



Research Article

Xl e

turbulence is often constrained by the physical dimensions of
the propagation environment, such as obstructions from labo-
ratory equipment and optics, or terrain variations and obstacles
in outdoor remote sensing scenarios. Under such conditions,
the assumption of an infinite outer scale is no longer valid,
and an alternative definition of the power spectral density
(PSD) that incorporates a finite outer scale should be adopted.
To investigate turbulence strength under differenc PSD
models, we start by modifying Eq. (3) as

C%2 = A(ly, Ly, Ry)6?>(2Ry)/3 /(2.91L). 4)

Here, we introduce a parameter A4, which is determined by
the PSD, the inner scale /;, the outer scale Z;, and the radius of
the beam R (see Appendix A for the derivation of the relation-
ship between C? and 62). In addition to the Kolmogorov PSD,
of which the mathematical expression is given in Eq. (5), we
consider three other PSDs to take inner and outer scales into
consideration: Tatarskii PSD, mvK PSD, and modified PSD
[49]. The mathematical expressions for these PSDs are given
in Egs. (6)—(8), respectively.

(DKolmogorov = 0.033 C%K_l 1/3) (5)

where k= [2z(f % + fyj/)| is the spatial wavenumber of
which the definition is the same in the following equations
and f, and f, are the x- and y-direction spatial frequencies.

d)Tatarskii = 0'033C%K7”/3 exp(_Kz/K%n)r (6)
where k,, = 5.92// and /) is the inner scale of the turbulence.

2 CXP(‘KZ/Kgn) @)

i = 0033C, 57T

where k) = 27/ Ly, L, is the outer scale of the turbulence, and
K,, has the same definition as in Eq. (6). The mvK PSD can be
regarded as an enhanced version of the Kolmogorov and
Tatarskii spectra, incorporating a Gaussian-shaped truncation
at high spatial frequencies to better reflect the physical limita-
tions of real-world turbulence. The mvK PSD permits spatial
frequencies to extend from zero to infinity, while progressively
suppressing high-frequency components through a smooth,
physically realistic decay. These three PSDs have been widely
applied in the numerical modeling of turbulence, especially the
Kolmogorov and mvK PSDs [30-41]. However, it is worth
noting that they do not predict the behavior with high accuracy
under certain conditions. For example, the rise in the turbu-
lence PSD near 1// that is expected based on the temperature
analysis in Refs. [50,51] is not predicted by any of these three
PSDs. To overcome this limitation, we adopted a modified
atmospheric PSD or, in short, a modified PSD, which is deter-
mined by a hydrodynamic analysis followed by an analytical fit
[52,53],

7/6
D, odified = 0.033C3 [1 + 1.802 (Kf) - 0.254 <K5> ]
/ /

2\ 7 exp (k2 /K2
X |:1—exp (—Z—%)]%, @)

where k; = 3.3//y, kg = Cy/ Ly, and the scaling constant C,
here can be chosen from 27, 47, or 87, depending on the spe-
cific application of the PSD [46]. In this work, C is set to be
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87 empirically. Although the modified PSD offers improved
theoretical accuracy compared with other aforementioned
PSDs, its application has been reported in only a limited num-
ber of studies due to its mathematical complexity [54]. In ad-
dition, its prediction error and modeling accuracy have not yet
been systematically evaluated or compared to other PSDs
through experimental validation.

In order to experimentally assess and validate modeling ac-
curacy to address this existing gap, we conducted a set of experi-
ments to quantitatively assess the performance of different PSD
models. First, we measured C2 produced by the turbulence
generator based on AoA fluctuations using different PSD for-
mulations utilizing a setup shown in Fig. 3(a), and the measure-
ment results are presented in Fig. 3(b). The free-space
propagation after the turbulence generator was introduced to
increase the centroid deviation and enable reliable AoA detec-
tion, under the assumption that its effect is secondary com-
pared to the turbulence-induced phase distortions. However,
at very high turbulence strength, the phase profiles of the beams
at the exit of the turbulence generator become strongly spatially
decorrelated such that their wavefronts can no longer be char-
acterized by a single global tilt but rather multiple local phase
gradients. During subsequent propagation, the contributions
from these local phase gradients to the beam centroid can par-
tially cancel each other. As a result, the global beam tilt inferred
from centroid measurements at the beam profiler may under-
estimate the intrinsic AoA fluctuations at the generator exit,
and the measurement at 50°C may slightly underestimate
the variance of the AoA. Therefore, we determine the C? values
at 50°C based on the power-law fitting results shown in
Fig. 3(b) to avoid potential bias introduced under strong tur-
bulence conditions, while maintaining consistency with the
overall trend observed in the lower turbulence regime. The
parameter A in Eq. (4) is also included in the measured and
ficted results of C2, of which the determining parameters are
set to be [y =1 mm, Ly, = 0.105 m, and Ry, = 1.45 mm.
Ly is provided by the manufacturer of the turbulence generator,
and it is constrained by the size of the chamber. R is directly
measured at the exit of laser. For the validation of /,, we mea-
sured the structure function Dy [setup shown in Fig. 3(c)]
through the phase profile of the beam with the temperature
difference between the air inside and outside the turbulence
generator set to 50°C:

Dy(p) = {[0(po + p) - 0(po) ), ©)

where 0 is the phase of the beam at a certain location and p is
the distance between two arbitrary points on the transverse
plane. Meanwhile, Dy can also be expressed as

Dylp) = 82RL / "k, Wl -Jo(polds. (10)

where « is the spatial frequency, £ is the optical wavenumber, L
is the length of the turbulent region, which is 0.15 m in our
case, @, (k) is the PSD, and /(x) is the zeroth order of the
Bessel function of the first kind [55]. Therefore, with the beam
expander shown in Fig. 3(c), Dy(p) can be fitted as a function
of p to validate the parameters in the PSD over a broader range.
The fitting outcome is shown in Fig. 3(d), in which we set
®,, (k) to be the expression of the modified PSD as an example.
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Fig. 3. Measurement of C2 and /. (a) Experimental setup to measure the C2. (b) Fitted curve for the relationship between the temperature
difference between the air inside and outside the turbulence generator box and the C2. (c) Experimental setup to validate the determination of scale
lengths through measurement of the structure function. (d) Fit of the structure function against the spatial separation between two points of the

beam with Zy = 0.105 m and /; = 1 mm.

It reveals that Ly = 0.105 m and /; = 1 mm yield a good fit
for the experimentally measured structure functions. The mi-
nor discrepancy at larger values of p arises from the reduced
intensity near the outer boundary of the Gaussian beam, which
increases the influence of ambient noise.

The relation between 62 and C? is presented in Fig. 4(a) for
different PSDs. Values of A in Eq. (4) are calculated to be
1.202 for the Tatarskii PSD, 2.067 for the mvK PSD, 2.129
for the modified PSD, and 1 for the Kolmogorov PSD (see
Appendix A for detailed calculation procedures). That is, the
measured C2 can differ by more than twofold depending on
the PSD we adopt. To quantitatively evaluate the prediction
performance against experimental observations using different
PSD models, we employed the ellipticity and eccentricity as an
effective and practical probe by comparing the experimentally
measured and numerically predicted ellipticity and eccentricity
of vortex beams with different topological charges under

turbulence. The ellipticity of a beam at propagation distance
z is defined as

d
= Lo 11
£a) = 5 (1)
where 4, is the minor (smaller) beam axis and 4, is the
major (larger) beam axis. An ellipticity closer to 1 denotes a

more circular beam. Similarly, the eccentricity is defined as

e(z) = 1 - E(2).

An eccentricity closer to zero denotes a more circular beam.
In these definitions, the beam width refers to the second-
moment width [56]. These two metrics derived from the
second-moment methodology provide distinct advantages for
evaluating both beam quality and the predictive accuracy of
PSD models from two aspects. First, they are inherently more

(12)
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sensitive to intensity distortions, as they incorporate informa-
tion from the full spatial intensity distribution rather than
relying on an intensity-threshold-based boundary. This
enables them to capture subtle asymmetries arising from tur-
bulence-induced phase perturbations after diffraction, while
also reducing errors associated with illumination-induced ar-
tifacts near the boundary of the collecting aperture. Second,
the second-moment formulation naturally follows the beam’s
orientation by quantifying the longest and shortest beam
widths along the principal axes. As a result, it effectively tracks
and compensates for beam rotation induced by turbulence.

Experimentally, we captured beam profiles of the Gaussian
and vortex beams with the setup in Fig. 1(a) at 100 m under
ambient turbulence as well as four turbulence strengths
produced by the turbulence generator. For each type of beam
and each turbulence strength, we obtained 1000 frames.
Numerically, we conducted 500 realizations of the propaga-
tion simulation for each type of beam, each PSD, and each
turbulence strength. The simulation workflow, specific setup
parameters, and computational procedures are described in
detail in Appendix A. The outcomes of comparative analyses
across different PSD models are presented in Figs. 4(b)—4(e),
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highlighting their varying predictive accuracies under identi-
cal turbulence conditions.

The discrepancies between the experimental results and
simulation results are summarized in Fig. 4(f) for different tur-
bulence strengths. As different PSDs yield different C2 values,
the turbulence strength in this panel is represented by the tem-
perature difference between the air inside and outside the tur-
bulence generator. The prediction errors presented in this panel
are defined as the absolute differences between the experimen-
tally measured and numerically simulated values of beam ellip-
ticity and eccentricity. Data corresponding to the condition
with the turbulence generator off are excluded from Fig. 4(f),
as the ambient turbulence level is too low to render non-
Kolmogorov perturbations negligible, such as phase distortions
from the surfaces of mirrors. We notice that the application of
the modified PSD significantly decreases the errors in Fig. 4(f)
compared to other PSDs. When averaged across all topological
charges and turbulence strengths with the turbulence generator
on, the prediction errors of ellipticity are 0.0098, 0.0164,
0.0306, and 0.0486 for the modified, mvK, Tatarskii,
and Kolmogorov PSDs, respectively. For eccentricity, the
corresponding average errors are 0.0230, 0.0429, 0.0729, and

0.1083. These results demonstrate that other commonly used
PSDs enlarge predictive error by 167% to 496% relative to
the modified PSD, or in other words, the modified PSD reduces
prediction error up to 79.8%. Meanwhile, Fig. 5 presents a
comparison between the two alternative choices of the scaling
constant Cy, namely 27 and 47z, and the empirically selected
value Cy = 8. Figures 5(a)-5(c) compare the numerically pre-
dicted and experimentally measured results, while Figs. 5(d) and
5(e) summarize the prediction errors in ellipticity and eccentric-
ity, respectively, following the same procedure used in Figs. 4(b)—
4(f). The results show that both Cy = 27 and 47 lead to larger
prediction errors than Cy = 87. Nevertheless, their errors re-
main smaller than those obtained using the other three PSD
models. Specifically, the average ellipticity errors are 0.0112
and 0.0138, and the average eccentricity errors are 0.0258
and 0.0340 for Cy = 4x and 27, respectively. These numbers
in prediction errors support our empirical choice of Cy = 87z
and also further demonstrate that the modified PSD leads to im-
proved accuracy of numerical simulations.

These observations underscore the importance of selecting
the appropriate PSD for turbulence modeling. First, PSDs
that neglect the outer scale systematically underestimate the
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effective turbulence strength, which explains the markedly
larger prediction errors for the Kolmogorov and Tatarskii PSDs
relative to those for the mvK and modified PSDs. Second, fur-
ther improvement from the mvK PSD to the modified PSD can
be attributed to an increased spectral density introduced by the
increase of PSD around x/y = 1, which is predicted exclusively
by the modified PSD. More specifically, we separate the inner
scale related terms in Egs. (7) and (8) such that the mvK PSD
includes the term

2
Fi(ly) = exp (- :—2> , (13)

m

while the modified PSD adopts the term

2 A
Fy(ly) = exp (— K—z) [1 +1.802 (5) - 0.254 <£)6],
Ki Ky K

(14)

As shown in Fig. 6(a), when we plot these terms against the
normalized spatial frequency x/j, both models exhibit nearly
identical spectral behavior across the majority of the frequency
domain except near k/y ~ 1. Therefore, the observed difference
in prediction accuracy between the mvK and modified PSDs
cannot be attributed to differences in parameterization but
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turbulence-induced stochasticity. As a result, the predicted
circularity is further suppressed, producing ellipticity and
eccentricity values that align more closely with the experimental

rather the localized deviation, namely the bump near x/j ~ 1 in
the modified PSD. This feature leads to higher variance in
the frequency domain and, consequently, a greater degree of
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observations. Accordingly, we adopt the modified PSD with
Cy = 8x for all subsequent calculations of the refractive index
structure parameter C2, which reaches a maximum of
1.07 x 10 m=?/3 at a temperature difference of 50°C between
the air inside and outside the turbulence generator.

Despite the discrepancies among different PSD models in
calculating C2, it should also be noted that these differences
gradually diminish as the outer scale increases. The theoretical
relationship between CZ and AoA is shown in Figs. 6(b)-6(e).
In these analytical calculations, we set the laser diameter to be
2.9 mm and the turbulent region length to be L = Ly/0.7
since, in scenarios such as the beam passing through a turbu-
lence generator, it is not physically meaningful for the outer
scale to exceed the physical dimensions of the generator.
The results suggest that, when the outer scale exceeds several
meters, this relationship becomes nearly identical across all
models, which is consistent with theoretical expectations.

Beyond the predictive inaccuracy, another limitation of the
Kolmogorov PSD is its lack of dependence on characteristic
turbulence scales. In contrast, Tatarskii, mvK, and modified
PSDs incorporate physical parameters such as kinematic viscos-
ity via inner scale, making them more suitable for characterizing
realistic turbulence conditions [46]. Since the impact of turbu-
lence on beam circularity has not been systematically reported
before, we further investigated the role of the inner scale in
shaping ellipticity and eccentricity. Simulations were performed
across varying inner scales, turbulence strengths, and outer scale
values. The results for all topological charges m = 0, 1, and 2,
as well as for Tatarskii, mvK, and modified PSDs, are shown in
Fig. 7, with the shaded regions denoting standard deviations.
For Gaussian beams, the circularity does not exhibit a strictly
monotonic relationship with the inner scale, reflecting two
competing mechanisms. First, smaller inner scales are associ-
ated with higher energy dissipation rates and stronger pertur-
bations, so the beams show generally improved circularity at
relatively larger inner scales. However, when the inner scale
is much smaller than the beam diameter, the aperture-averaging
effect becomes dominant. As the beam diameter-to-inner scale
ratio increases, this effect smooths out turbulence-induced fluc-
tuations and improves beam circularity through the spatial
averaging inherent in second-moment-based definitions
[57-59]. In contrast, vortex beams exhibit distinct responses
due to their different spatial structures and sizes. For most sce-
narios, their circularity increased monotonically with the inner
scale, except for a certain case of m = 1, where the inner scale is
much smaller than the beam width. Additionally, we compare
the influence of different outer scales and find that their varia-
tion had a negligible impact on beam circularity metrics, which
aligns with previous findings in Ref. [59]. Nevertheless, it does
not imply that the outer scale effects are negligible. As a matter
of fact, given the nearly identical results predicted by the
Tatarskii and mvK PSDs under the same turbulence strength,
it is the neglect of the outer scale in Tatarskii PSD that leads to
an underestimation of turbulence strength and consequently
larger prediction errors, as shown in Fig. 4.

These findings are highly relevant to both real-world appli-
cations and laboratory investigations of atmospheric turbu-
lence, as physical structures, terrains, obstacles, and optical
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equipments may constrain the outer scale through their spatial
dimensions. For example, in our experiments, the outer scale
within the turbulence generator could not exceed the length of
one side of the generator box. Moreover, the implications ex-
tend to simulated turbulence, particularly those generated with
the Fresnel scaling method [60-63], which applies phase
screens closely tied to the choice of PSD. Our results offer in-
sights into how PSD selection affects the reliability and accu-
racy of in-lab turbulence simulation in such contexts.

C. Vortex Beam as a Resilient Mode for Atmospheric
Propagation

1. Ellipticity, Eccentricity, and Degradation

Building upon the results above, we established a well-charac-
terized turbulence platform that enables further experimental
evaluation of the performance advantages of vortex beams.
First of all, the HyGG mode exhibits a clear advantage in pre-
serving beam circularity under turbulence [Figs. 4(b)—4(e)].
Notably, this is a rather unique advantage for the HyGG mode,
while other modes, such as LG modes, do not necessarily pos-
sess this property [64]. This preserved circularity is associated
with practical benefits in applications involving the delivery of
optical energy through atmospheric turbulence. For example, it
can result in reduced sensitivity to misalignment, along with
more consistent and potentially higher coupling efficiency in
FSO systems, given a sufficiently large aperture. In LIDAR ap-
plications, it can also reduce measurement bias and improve the
consistency of the backscattered signal.

To further explore the advantages of HyGG modes, we
present histograms of ellipticity and eccentricity at varying tur-
bulence strengths in Figs. 8(a) and 8(b). The normal distribu-
tions revealed by the histograms statistically justify the
comparison of mean and standard deviation in this work.
Additionally, histograms broaden as C? increases, while a
higher topological charge number reduces the broadening ef-
fect, indicating enhanced resistance to turbulence-induced
beam distortions. These differences in broadening behavior
across topological charges can be attributed to the self-healing
property of optical vortices. Phase singularity, as a central fea-
ture of the helical wavefront, has been shown to reconstruct in
subsequent propagation after severe perturbations, and the re-
sulting redistribution of energy through diffraction preserves
the intensity profile and vortex structure [65,66]. In turbulent
conditions, this topological constraint improves the structural
robustness of vortex beams and leads to more compact mea-
surement results by limiting the extent of phase randomization
and enhancing the resilience to spatial coherence loss.
According to previous analytical analysis, one indicator of
the degree of coherence is turbulence-induced degradation,
which means vortex beams gradually evolve toward
Gaussian-like intensity profiles in atmospheric propagation
[19]. Moreover, vortex beams with higher topological charges
require longer propagation distance or stronger turbulence to
undergo such a transformation. To demonstrate this evolution
for the HyGG modes experimentally, we extract the cross-
sectional intensity profiles across the beam centroid, as shown
in Figs. 8(c) and 8(d), for HyGG modes with 7 =1 and
m = 2 under three different turbulence strengths. For illustra-
tive clarity and noise suppression, 10 consecutive frames are
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averaged. As the turbulence strength increases, we observe a
noticeable rise in on-axis intensity, indicating a gradual degra-
dation from doughnut-shaped to Gaussian-like profiles.

As reported in Ref. [19], the overall degradation effect can
be captured by statistical parameters such as the average inten-
sity profile derived from the coherence length py =
(0.545C2k*z)3/5, where £ is the wavenumber and z is the
propagation distance. However, such analytically averaged
quantities do not reflect the inherently stochastic nature of tur-
bulence. In contrast, this randomness can only be revealed
through individual observations of a large ensemble of beam
profiles. Therefore, in this study, we perform a frame-by-frame
analysis of dynamically evolving intensity profiles. When the
turbulence generator was off, the vortex beams with non-zero
topological charges show very clear double-peak cross-sectional
structures in every frame, so the two intensity peaks appear very
clear in the lightest-colored curves in both Figs. 8(c) and
8(d). When the turbulence strength reaches C2 = 9.64 x
10" m2/3, a double-peak cross-sectional structure is still
maintained by the beams with either 72 =1 or 2 for most
of the frames. However, when the turbulence strength reaches
C2 =3.86x 10712 m2/3, we observe that, in a certain fraction
of frames, the vortex beams degraded into a Gaussian-like
profile, which aligns with the stochasticity of turbulence effects.
To quantitatively assess the degradation probability across dif-
ferent turbulence strengths and topological charges, we develop
a frame-by-frame classification method based on pixel-level
numerical analysis. This approach applies a consistent and ob-
jective criterion to each frame, avoiding reliance on subjective
visual inspection of cross-sectional profiles. The specific proce-
dures are detailed as follows. First, we set the origin of each
frame as the intensity-centroid of the beam to define a polar
coordinate (R, 6). The intensity-centroid of the beam

_ Z x1(x,)

(x0>y0) is defined by equations x, = STeon and y, =

DBELUES)

ST’ where (x, y) is the pixel coordinate and 7(x,y) is

the intensity at that pixel. Then, the average azimuthal intensity
issetby /(R) = 21—” J&"1(0)d0, and we identify the global maxi-
mum as /(Ry) = max{/(R)}. If Ry is less than 2% of the beam
width, the intensity distribution is determined to be single-
peaked. The typical single-peaked and double-peaked /(R)
distributions we retrieve from the frames are presented in
Figs. 8(e) and 8(f), respectively. In the experiments, a total
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of 500 frames of beam profile were recorded and grouped into
five sets of 100 frames each for every condition. We compute
the percentage of frames in which the intensity distribution
is classified as single-peaked, indicating vortex beam degrada-
tion. These degradation percentages, shown in Fig. 8(g)
for each topological charge, reveal clear trends with respect
to turbulence strength and topological charge. At C2 =
9.64 x 107! m™2/3, the beam with 7 = 1 exhibits degradation
in a small portion of frames, while the beam with 7 = 2 sill
maintains its doughnut structure well. When the turbulence
strength increases to C2=3.86x10"1° m2/3, the vortex
beams with both topological charges degrade in a significant
percentage of the frames, yet the proportion of degraded frames
is markedly higher with 7 = 1. In other words, contrary to
prior analytical predictions suggesting that degradation occurs
only beyond certain thresholds of propagation distance and tur-
bulence strength, our results demonstrate that vortex beam deg-
radation can still arise even under modest turbulence but with
lower probability. In fact, our findings consistently show that
vortex beams with higher topological charges exhibit greater
resilience, as evidenced by a lower probability of degradation
and a higher threshold turbulence strength required for such
degradation to become noticeable. These results suggest that
higher-order vortex beams exhibit enhanced robustness in
turbulent environments, making them more suitable for long-
distance free-space applications where coherence preservation is
critical.

We also evaluate additional metrics reflecting the spatial in-
tensity distributions for vortex and Gaussian beams under tur-
bulence, as listed in Table 2. Among them, the roughness of the
Gaussian fit indicates the similarity between the measured in-
tensity distribution and an ideal Gaussian profile. As shown in
Fig. 9(a), for vortex beams, roughness increases with the topo-
logical charge but decreases with the turbulence strength, while
for Gaussian beams, it increases with the turbulence strength.
This trend supports the interpretation and quantification in
Fig. 8(g) that turbulence distorts Gaussian beams and degrades
vortex beams toward Gaussian profiles, with higher topological
charges offering greater resistance to this transformation. For
the other three metrics in Table 2, centroid wandering, flatness,
and uniformity, no significant trend across different topological
charges is observed. However, as shown in Fig. 9(b), when sub-
jected to principal component analysis (PCA) and projected
onto the first two principal components, vortex beams with

Table 2. Definitions of Metrics Measured for Vortex Beams Other Than Circularity

Metric Definition Variable
Roughness of Gaussian fit R= £~ E i energy density distribution at the (7,j) pixel
Eoma E7: fitted theoretical Gaussian distribution at the (7, /) pixel

Centroid wandering

N )2 )2
Ad(2) = DI ;/) +(-

E
Flatness Fy(2) = V.

Uniformity Uya) = \/AL [[1E(x,y) - E,Pdxdy

i

E 1 maximum energy density of the incoming beam

x/y: horizontal/vertical position of the centroid of the beam

x/y: average horizontal/vertical position of the centroid of the beam
N': number of frames captured

E,: effective average energy density

E . peak energy density in the beam

A;}: area containing the above energy
E(x,): effective average energy density at (x, y)
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Fig. 9. Measurement results of other quality-assessing metrics for beams with different topological charges. (a) Histograms of the roughness of the
Gaussian fit with different topological charges and different turbulence strengths. (b) PCA for centroid wandering, flatness, and uniformity across

different topological charges and different turbulence strengths.

higher topological charges exhibit more compact clustering in
turbulent conditions. This behavior indicates improved overall
stability of beam properties under turbulence.

2. Scintillation Index and Collection Efficiency
Another indicator of the degree of coherence is the scintillation
index (SI), which also quantifies intensity fluctuations [17,18].
This connection stems from turbulence-induced phase ran-
domization, which reduces spatial coherence and enhances in-
tensity distortions, thereby leading to higher SI. SI is calculated
by the variance of intensity at a given location divided by
the square of the ensemble average of intensity as shown in
Eq. (15) [17,18],
Py

7 ( ])2 ’
where 7 is the intensity and the angle bracket stands for en-
semble average. Prior to measuring SI, we verified the tempo-
ral power stability of the laser and the output power along the
beam path to ensure that the observed intensity fluctuations
originated from turbulence, rather than the laser source. The
output power of the laser source over a 10 min interval is
shown in Fig. 10(a), with a standard deviation of only
0.25%. Meanwhile, when the turbulence generator is off,
the total power measured at different propagation locations
for beams with various topological charges is presented in
Fig. 10(b). Although power loss occurs due to the non-unity
reflectivity of the mirrors and beam divergence during propa-
gation, the measured values remain highly stable even in the
presence of ambient turbulence, as evidenced by their small
standard deviations. These results indicate that the influence
of power fluctuations from the laser itself is negligible and the

(15)

ST measurements are reliable. It should be noted that the rel-
ative ordering of the remaining power percentages among dif-
ferent topological charges is not strictly preserved across
propagation distances. This behavior arises from the fact that
the remaining power is normalized by different initial powers,
as the initial power is measured after the laser exit for the
Gaussian beams but after the vortex retarders for vortex
beams. Due to slight differences in the transmissivity of vortex
retarders for different topological charges, the initial power
varies across different beams. As a result, the curves represent-
ing different topological charges may intersect or change their
relative ordering. However, each curve still exhibits a mono-
tonic decrease with propagation distance, and the remaining
percentages remain relatively close across different topological
charges.

Then, for each topological charge, we recorded 500 frames in
five groups with 100 frames in each group. The corresponding SI
is calculated based on Eq. (15). To fairly compare Gaussian and
vortex beams, especially given the doughnut-shaped profile of
vortex beams, we plug in the global maximum of the azimuthally
averaged intensity profile to Eq. (15), ensuring consistency and
fairness across different beam types (SI values here cannot be
estimated through the Rytov variance due to a different defini-
tion of intensity and a strong gradient of turbulence strength
at the optical exit of the turbulence generator). As shown in
Fig. 11(a), vortex beams consistently exhibit lower SI values than
Gaussian beams in the investigated range of turbulence strength,
with the ST decreasing further as the topological charge increases.
These results support the conclusion that higher-order vortex
beams possess greater spatial coherence and better resistance
to turbulence-induced intensity fluctuations, making them more
suitable for stable power delivery.
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Since the vortex beams finally degrade into Gaussian beams
in turbulence, the SI levels of the vortex beams can also be
similar to those of Gaussian beams with strong turbulence.
This occurs when the SI of the Gaussian beam reaches satura-
tion, consistent with findings in Ref. [17], allowing the SIs of
vortex beams to approach similar values. To quantify the relative
resilience of vortex beams, we performed a linear fit of SI versus
C? for topological charges 72 = 1 and 2, as shown in Fig. 11(b),
to determine the C? values at which vortex beams reached the
same S as the saturated Gaussian beam. The results are shown in
Fig. 11(c), which reveal that vortex beams exhibit substantially
greater robustness to turbulence, withstanding turbulence
strengths more than 5 times higher than those for Gaussian
beams and reaching as high as a 6.37-fold improvement in group
D, before yielding comparable SI values. However, this advan-
tage gradually fades away as the turbulence strength increases due
to vortex beam degradation and saturation of SI for Gaussian
beams. Nevertheless, since the C2 used in our study already cor-
responds to an exceptionally strong turbulence regime, it is still
reasonable to conclude that the reduced intensity fluctuations of
vortex beams remain robust across a broad and practically rel-
evant range of turbulent conditions.

To further substantiate the intensity-related advantages of
vortex beams, we additionally examined a well-recognized limi-
tation: their collection efficiency. The inherendy larger beam
size, stronger divergence, and doughnut-shaped intensity profile
of vortex beams are often listed together with turbulence as key
factors degrading the collection efficiency of OAM-based atmos-
pheric links when the receiver aperture is limited, such as in FSO
systems [67]. As shown in Fig. 11(d), when the beam exceeds the
aperture and turbulence induces beam wandering or distortion,
the collection efficiency, which is defined as the fraction of total
power falling within a given aperture [as illustrated by the cir-
cumscribed circle in Fig. 11(d)] drops below unity.

Interestingly, our results indicate that turbulence reduces the
difference in collection efficiency between Gaussian and vortex
beams. For example, with a receiver radius of 17.83 mm, the
pronounced trend of decreasing collection efficiency with in-
creasing topological charge when C2 = 7.19 x 107> m=2/3
[Fig. 11(e)] becomes almost negligible when the strength of tur-
bulence increases to C2 = 1.07 x 102 m™%/3 [Fig. 11(f)]. This
behavior can be interpreted using the other two turbulence-
induced features of vortex beams revealed in this study. First,
turbulence partially degrades the vortex structure and shifts
the maximum power density from the doughnut ring toward
the beam center, thereby allowing a larger fraction of energy
to fall within the aperture. Second, vortex beams maintain better
circularity than Gaussian beams, resulting in a more compact
and balanced energy distribution along both transverse direc-
tions, which helps compensate for their initially larger size
and more severe divergence along propagation. These two facts
can also explain why a slight increase in collection efficiency is
observed as the turbulence strength increases when the aperture
is small [left two plots of Fig. 11(g)]. Furthermore, as compared
in the three plots of Fig. 11(g), enlarging the aperture further
reduces the differences among topological charges since a larger
aperture gradually captures more of the high-intensity doughnut
ring of vortex beams. Therefore, despite their larger beam sizes,
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collection efficiency does not fundamentally limit the applicabil-
ity of vortex beams. In practical optical systems, it can be readily
mitigated through appropriate design of the collection optics, for
example, by incorporating beam-reduction optics. What may
more fundamentally affect the overall energy efficiency of vortex
beams is the loss introduced by the vortex generation hardware.
In this work, vortex beams are generated using vortex retarders
with a transmission efficiency of approximately 97%, keeping
energy loss at a low level. Meanwhile, with the rapid develop-
ment of vortex beam generation technologies, including spatial
light modulators (SLMs) [68,69], metasurfaces [70-74], and on-
chip vortex beam generators [75], the advantages of vortex beams
are becoming increasingly accessible. These platforms enable
flexible generation of multiple vortex modes and topological
charges, often within compact or even microscale systems.
However, it is important to recognize the trade-off between
mode flexibility and energy efficiency in such technologies.
For example, phase modulation in most SLMs relies on pixelated
liquid crystal panels, where non-unity fill factors introduce dif-
fraction effects, including zeroth- and higher-order diffractions
that redistribute optical power into undesired directions and re-
duce overall energy efficiency [76-78]. These considerations sug-
gest that future developments in vortex beam generation should
aim to balance mode versatility with optical efficiency, which will
be critical for their effective deployment in practical free-space
optical systems.

3. DISCUSSION

This work demonstrates the superior performance of vortex
beams in atmospheric turbulence, along with the significant
improvement in modeling accuracy achieved through the ap-
propriate selection of power spectral density (PSD) models. At
the same time, the results point to several promising directions
for future research to further enhance the applicability of vortex
beams and the reliability of numerical modeling. First, the ob-
served standard deviations in the beam circularity and scintil-
lation index (SI) suggest a potential limitation of multi-frame
numerical simulations. In such simulations, phase screens are
independently generated for each realization, whereas in physi-
cal experiments, atmospheric parameters such as temperature,
and consequently refractive index and phase delay, evolve con-
tinuously over time. This temporal continuity is absent in sim-
ulations, leading to an overestimation of fluctuations in certain
beam characteristics. This effect may plausibly contribute to the
systematic overprediction of the standard deviation of circular-
ity observed in Figs. 12(a)~12(d). Since the Kolmogorov and
Tatarskii PSD models fail to accurately capture the turbulence
strength, which directly affects the predicted standard devia-
tions, comparisons are only presented between the experimen-
tally measured standard deviations and those numerically
simulated using the mvK and modified PSDs. In addition, a
comparison of Figs. 12(e) and 12(f) with Fig. 11(a) indicates
that the numerical simulations also overestimate the SI values
for all topological charges under strong turbulence conditions.
Due to constraints imposed by the distribution statistics in the
spatial frequency domain, the predicted mean values of beam
properties remain unchanged. Although discrepancies exist
between experimentally measured and numerically predicted
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SI values, the trend that higher topological charge leads to
lower intensity fluctuations remains consistent across both
experiments and simulations. As a result, the main conclusions
of this study remain unaffected. Nevertheless, the observed
overestimation of standard deviations and SI values by numeri-
cal simulations provides an important reference for future im-
provements in phase-screen-based modeling. In particular,
investigating temporal correlations and developing models that
capture the continuous evolution of turbulence effects, such as
spatially shifted phase screens [35] or more generalized analyti-
cal approaches, may represent an important next step toward
more accurate predictions of fluctuation statistics in atmos-
pheric propagation.

Second, field experiments are still desirable to further vali-
date the results. Although the integrated turbulence strength
over propagation distance can be matched between localized
strong turbulence generated in the laboratory and distributed
weaker natural atmospheric turbulence, this equivalence pri-
marily captures the averaged effects of turbulence on beam
properties. However, whether it fully reproduces all detailed
statistical characteristics of natural atmospheric turbulence re-
mains to be verified. In addition, direct free-space propagation
in field experiments, without the use of folded optical paths
involving multiple mirrors, can help reduce unintended wave-
front distortions introduced by mirror surface imperfections.

Finally, the integration of robust beam design and accurate
turbulence modeling represents a promising direction for im-
proving the performance of next-generation optical systems. In
this context, the demonstrated synergy between beam resilience
and model fidelity highlights the importance of jointly optimiz-
ing physical beam properties and numerical descriptions
of turbulence. Looking forward, this synergy can be further en-
hanced by advances in adaptive optics [79] and machine learn-
ing [80]. Compared with the current experimental setup, these
approaches offer significant potential for real-time correction
and dynamic adaptation to varying turbulence conditions,
thereby further mitigating turbulence-induced distortions
and enabling more robust performance in complex and
time-varying environments.

4. CONCLUSION

In this study, we combined simulations and experiments to
demonstrate that vortex beams outperform conventional
Gaussian beams in long-range atmospheric propagation, espe-
cially under strong turbulence. This superiority, manifested in
reduced intensity fluctuations and improved structural resil-
ience, becomes more pronounced with increasing topological
charge. Specifically, vortex beams in the HyGG mode exhibit
enhanced robustness, not only in maintaining beam coherence
but also in preserving beam circularity, which is one of the key
properties for ensuring reliable remote optical performance in
turbulent environments.

Crucially, we also show that an appropriate choice of a re-
fractive index PSD model based on the propagation environ-
ment, especially the outer scale, has a substantial impact on
both turbulence strength estimation and numerical prediction
accuracy. When the outer scale of turbulence is small, as com-
monly encountered in spatially constrained or engineered flow
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environments, PSDs that neglect the outer scale can under-
estimate the refractive index structure parameter C2 by up
to 50%, leading to significant mischaracterization of propaga-
tion conditions. In contrast, switching to the modified PSD
can reduce beam circularity prediction error by up to
79.8%, establishing a clear advantage in both model fidelity
and simulation reliability.

In conclusion, HyGG vortex beams with higher topological
charges provide superior shape preservation and turbulence re-
sistance, making them strong candidates for advanced free-
space optical communication and remote sensing systems.
Our findings highlight the necessity of appropriate turbulence
model selection for accurate system design, environmental
adaptation, and the development of resilient optical technolo-
gies in real-world propagation environments.

APPENIDX A: METHODS

1. Experiment

Setup. Due to limitations of the indoor lab space, the 100 m
beam path was implemented in a folded path using five mirrors,
as shown in Fig. 1(a). A continuous wave diode laser (Thorlabs
CPS532) with a wavelength of 532 nm and a 1/¢* beam diam-
eter of 3.5 mm served as the light source of the experiments.
The diameter of the beam was adjusted to 6 mm by the beam
expander. The vortex beams with non-zero topological charges
were converted from conventional Gaussian beams with the
vortex retarders of the corresponding order. With the retarders
of the corresponding order being flipped up and down, the
topological charge of the beam can be switched among 0 (a
fundamental Gaussian beam), 1, and 2. Since the polarization
state of the vortex beams does not affect their intensity profiles
in atmospheric propagation [19], we leave the polarization state
of the beam source as partially polarized with a polarization
extinction ratio (PER) of 4 dB to preserve power. Moreover,
if we collect the reflected signal from a target in remote sensing
with vortex beams, such imperfect polarization helps reduce the
fluctuation of intensity caused by different polarization reflec-
tivities of the target [81]. Since the orientations of the fast axes
of the vortex retarders vary with respect to the azimuthal angle,
the output polarization state of the vortex beams is a cylindrical
vector after the vortex retarders. The choice of a cylindrical vec-
tor beam (CVB) was motivated by the finding that the OAM
state spreads less into adjacent states in turbulence for a CVB
than a linearly polarized beam [82]. Furthermore, HyGG
modes form an overcomplete and non-orthogonal basis, but
reliable encoding and decoding remain feasible because of
the polarization singularity of the CVB. As a result, the advan-
tages of HyGG modes in maintaining beam quality and circu-
larity during atmospheric propagation can still be effectively
leveraged in such polarization states in optical communication
systems [83]. The red rectangle on the beam path in Fig. 1(a)
indicates the location where turbulence was injected into the
beam path. To create stable, controllable, and repeatable tur-
bulence effects, we introduced the convective eddy compact
turbulence generator (MZA ConvECT) as shown in the inset
in Fig. 1(a). This turbulence generator works by mixing room
temperature and heated air, resulting in fully developed turbu-
lent flow conditions. When light passes through the optical
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ports of the turbulence generator, the phase profile is affected
by the spatially varying refractive index of the air medium
within the chamber. The generated turbulence is controlled
by the temperature difference between the ambient tempera-
ture and the temperature of the mixed air inside the generator,
which is set by the controller unit, where a larger temperature
difference results in stronger turbulence conditions. In each op-
eration, sufficient time was provided for the hot air flow to fully
warm up or to reach a new set value, allowing the temperature
field and the associated refractive index fluctuations to stabilize.
This ensured that the generated turbulence maintained consis-
tent strength during the measurement process. At the end of
the 100 m propagation, the beams were captured by a CCD
camera-based beam profiler (Newport LBP2-HR-VIS2). To
fully capture the beams and ensure that the entire beam went
into the aperture of the beam profiler, a focal lens with an aper-
ture diameter of 4 inch and a focal length of 300 mm was
placed in front of the beam profiler. Overall, this experimental
setup was built to simulate a real-world remote sensing scenario
in which a highly turbulent region restricts the optical access to
a remote target, so the laser beams were launched to pass
through a highly turbulent region with a subsequent long op-
tical path in ambient air.

Caleulating c from the Variance of the AoA. In this study, C 2
is calculated from the variance of the AoA in the following pro-
cess. First, we express the structure function as shown in
Eq. (10). Here we assume a plane wave when the beam passes
through the turbulence generator since the laser source has a
small divergence angle of 0.6 mrad. In the meantime, the differ-
ence in the phase retardance between two points on the wave-
front creates a tilting effect that can be expressed as

o® = Dy(p)/(kp)?, (A1)
where 6 is the variance of the AoA [47]. By taking p as the
diameter of the laser such that p = 2R, we can relate C? di-
rectly to 62, and this relationship depends on the selection of
®,,(x). This gives us the form of Eq. (4), which means now C?
can be calculated from the variance of AoA and we have the
parameter A depending on the choice of PSD. More specifi-
cally, C? can be separated from the expressions of PSDs as

D, (k) = CrDy(k). (A2)
Then Eq. (10) can be written as
Dy(2Ry) = 87 ALC2 / @y ()[1 - Jo(2Ry)]dx.  (A3)
0
Substituting Eq. (A3) into Eq. (A1) yields

C?= 62(2R0)2/{87Z2LA00K¢0(K)[1 —]0(2R01<)]d1<}.

(A4)
Plugging Eq. (A4) into Eq. (4) gives
A(Zo, Lo, Ro) = 2.91(2R0)5/3/

{8712 [) " @y (0)[1 - ]O(ZROK)]dK}. (A5)

For the Kolmogorov PSD, Eq. (A5) can be evaluated ana-
lytically due to its simple power-law form. For other PSD mod-
els, however, the coefficient 4 must be determined numerically.
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It is worth noting that a singularity appears in Tatarskii PSD at
k = 0. In practice, this singularity is effectively suppressed
because 1 - /¢(0) = 0, which cancels the divergence at the ori-
gin. For the modified PSD, the limit of k@ (x)[1 - J¢(2Ryk)]
approaches zero as k — 0, rendering the singularity non-
contributive to the integral.

Comparison of C; and Iy Values to a Real-Life Scenario. The
inner scale can be theoretically calculated as /) =
7.4(13 /€)'/4, where v is the kinematic viscosity of air and &
is the dissipation rate of kinetic energy per unit mass [46].
In the rturbulence generator, v can vary from
1.56x 10 m?/s to 2.14 x 107 m?/s from 25°C to 75°C.
For the range of ¢, recall that the strength of turbulence pro-
vided by the turbulence generator is at the level of the air at the
jet engine exhaust [20-22]; therefore, we can apply the models
described in Refs. [84,85] for the kinetic energy dissipation rate
against time after the wake vortex of an aircraft engine. For
example, for a Boeing-747 with a lateral span of 50 m and
an initial vortex descent velocity of 1.8 m/s, the resulting energy
dissipation rates are 38.67 m?/s* and 11.46 m?/s® at 3 and
4.5 s after the wake vortex is injected, respectively (note that,
in the reference publication, non-dimensional time and the en-
ergy dissipation rate were used, but here they are converted to
dimensional values). Therefore, & is estimated to be from
10 m?/s® to 30 m?/s?, and consequently the resulting inner
scale is calculated to be about 1 mm. This is also consistent
with previous studies in Ref. [21], where the analysis was per-
formed at a similar level of turbulence strength.

Meanwhile, several beam properties, such as log-amplitude
variance [86], averaged intensity distribution, and polariza-
tion state [19], depend analytically on the integral of C2 over
the propagation distance. Consequently, owing to the very
high turbulence strength within the generator, the induced
turbulence effects can be equivalently interpreted in terms
of a weaker turbulence distributed over a much longer propa-
gation distance. For example, the relatively localized turbu-
lence with C2 =1x 10 m™2/3 over a distance of 0.15 m
yields a comparable integrated turbulence strength to a weaker
turbulence with C2=1x10"% m?3 over a distance
of 1.5 km.

In this work, for measurements conducted with the turbu-
lence generator activated, the flow corresponds to a regime of
very strong turbulence with a substantially high kinetic energy
dissipation rate. Therefore, a constant inner scale is assumed
across the four temperature differences. However, for experi-
ments performed under significantly weaker turbulence condi-
tions with lower temperature differences, this fixed inner-scale
assumption may no longer be valid and would require recali-
bration following the procedure described for Fig. 3. As for the
outer scale, since it is primarily determined by the physical di-
mensions of the turbulence generator, it should be re-evaluated
when different experimental configurations or physical condi-
tions are applied.

2. Simulation

We applied the Rayleigh—Sommerfeld method [87,88] to
model the optical propagation over 100 m with the turbulence
generator placed at the start of the beam path. The schematic
diagram of the simulation setup and the workflow of the



-
1 1
Calculating Beam Properties II (b)

Beam Path

20 m Ambient Turbulence

0.15m Strong Turbulence in Turbulence Generator

s B
° Research Article

Beam Initialization
II (Input Electric Field Distribution)

Iy l

(B Propagation by
Fourier Optics
" l

I

| 1 Encounter Phase
N Screen

II l

I

I| Implement the Phase
h Retardance
II l

Iy

Propagation by
h Fourier Optics

Reach Destination?

Yes

Generate a Random
Phase Screen

h Calculating Beam
I Properties

Fig. 13. Setup of numerical simulation. (a) Schematic diagram and (b) logistic flow of the simulation. The inset panel in (a) shows an example of

the phase screen with the false color representing the phase retardance.

simulation process are shown in Figs. 13(a) and 13(b), respec-
tively. The propagation of light from one plane to another was
calculated by the angular spectrum methods, which can be
mathematically expressed as follows:

Ulx.ysz + Az) = FHFIU (x5, 2) (e DIE e 45}, ),
(A6)

where U(x,y,2) and U(x, y,z + Az) are the complex electric
fields on the transverse plane at z and z 4+ Az in the propaga-
tion direction, F and F~! denote the Fourier and inverse
Fourier transforms, respectively, (&, 1) = (}%’, ylt) are the spatial

frequencies in the transverse directions, k, is given by

k, =21,/ (%)2 - & -, A is the wavelength, and ¢(x,y) is

the phase screen that simulates the turbulence effect. The op-
tical phase of the generated phase screen can be written as

Py =Y Y caaexpl2n(fox+ £ ) (A7)

n=-00 m=-00

where f and _]S,m are the discrete x- and y-direction spatial
frequencies and c,,, denotes the corresponding Fourier-series
coefficient. According to the central limit theorem, c,,, follows
a normal distribution, as the phase variations induced by
atmospheric turbulence arise from a large number of indepen-
dent random inhomogeneities along the optical path. In gen-
eral, c,,, are complex-valued, with both the real and imaginary
components having zero means, equal variances, and mutually
zero cross-covariance. Consequently, the coefficients obey
circular complex Gaussian statistics with zero mean, with their
variance being expressed as

(lepal?) = ‘DPSD(chn)fym)Aﬁanfm’ (A8)

where ®@pgp is the PSD of which the expressions are given in
Egs. (5)-(8), and Af, and Af, are the frequency spacings
that are the inverse of the x and y grid sizes, respectively

[86,89,90].

The turbulence generator was represented by one phase
screen, and the laser beam propagation in ambient air was si-
mulated by five equally spaced screens over a 100 m distance.
Every phase screen in the simulation is constructed on a
numerical grid with 2048 x 2048 nodes and a grid spacing
of 100 pm. To implement the corresponding turbulence
strength into the phase screens, C2 was converted to the
Fried parameter 7y for each screen. Depending on the wave-
front, the Fried parameter can be related to C? through the
following expressions:

-3/5 -3/5
o = <0.423/e22C%,.Az,'> = <Z’6, /3> :

(A9)

70,sw

2\ 5/3 -3/5
2 2 (B ,
[0.423/e ZC <Az> Az,}
-\ 5/3 -3/5
S (5) e ™ (A10)
‘ Z

i

where pw and sw denote plane wave and spherical wave, respec-
tively. % is the wavenumber, C; denotes the refractive index
structure parameter represented by the 7th screen, 7o, denotes
the Fried parameter of the 7th screen, z; is the location of the ith
screen in the propagation direction, Az; is the distance between
the ith screen to the next, and Az is the total propagation dis-
tance. For the phase screen emulating the turbulence generator,
since a plane wave and a single-screen configuration are
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assumed, the Fried parameter on this screen can be calculated as
ro = (0.423k*C2A2)3/°, in which case Az = 0.15 m. It is
worth mentioning that, for PSDs other than Kolmogorov
PSD, this expression remains valid only when the term of
0.033C? in the PSD definitions given by Eqs. (5)—(8) is re-
placed with 0. 4970 in the numerical implementation; oth-
erwise, the constant 0.423 needs to be recalculated.

For multiple phase screens, we introduce the relationship
between 7, and log-amplitude variances to form an equation
set. Similarly, this relationship also depends on the type of
wavefront:

-\ 5/6
oﬁ)pwz1.33k5/6Az5/6Zrof/3(1—Z—’) . (A1)

Z

5/6 2.\ 5/6
= 1.33k3/6A55/6 -5/3 1.4 )
“W 3 “ Z Az Az

(A12)

In this way, the values of 7, can be computed through con-
strained optimization with the locations of phase screens fixed
to reduce the number of unknowns [86]. For a plane wave, the
final equation set can be written in a matrix form as

53 513
0 1 1 701
OZ’PW = 27 5/6 Z, 5/6 .
(-2) 5 (a2 ] ]
1.3347/°Az°/° 5/3
rO,n
(A13)

where 7 is the total number of phase screens. For a spherical
wave, of which the wavefront more closely resembles that of
beams propagating over extended distances, such as the
100 m propagation in ambient turbulence considered in this
study, the matrix form becomes

573 EARE

705w _ Az

0T = 2, ) 5/6 2\ 5/6
1.33k75/0Az5/0 (E) (1 - A_z>

In Egs. (A11)—(Al14), it is worth noting that the factors
(1- %)5/6 and (ﬁ)s/G(l —%)5/6 are essential for the multi-
layer phase screen configuration. These weighting terms ensure
that phase screens located at different positions contribute non-
uniformly to the overall wavefront distortion, reflecting the fact
that turbulence encountered earlier in the propagation has a
different impact compared to turbulence closer to the observa-
tion plane. As a result, the cumulative beam degradation along
the 100 m propagation in ambient turbulence is accurately re-
produced through the weighted superposition of the five phase
screens. This subsequent propagation is critical for generating
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detectable and statistically meaningful beam distortion and
scintillation following the localized strong turbulence intro-
duced by the turbulence generator.
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