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Turbulence in complex environments such as the atmosphere and biological media has always been a great challenge
to the application of beam propagation in optical communication, optical trapping and manipulation. To overcome this
challenge, this study comprehensively investigates the robust propagation of traditional Gaussian and autofocusing beams
in turbulent environments. In order to select stable beams that exhibit high intensity and high field gradient at the focal posi-
tion in complex environments, Kolmogorov turbulence theory is used to simulate the propagation of beams in atmospheric
turbulence based on the multi-phase screen method. We systematically analyze the intensity fluctuations, the variation
of the coherence factor and the change in the scintillation index with propagation distance. The analysis reveals that the
intensity fluctuations of autofocusing beams are significantly smaller than those of Gaussian beams, and the coherence of
autofocusing beams is better than that of Gaussian beams under turbulence. Moreover, autofocusing beams exhibit less os-
cillation than Gaussian beams, indicating that autofocusing beams propagate in complex environments with less distortion
and intensity fluctuation. Overall, this work clearly demonstrates that autofocusing beams exhibit higher stability in prop-
agation compared with Gaussian beams, showing great promise for applications such as optical trapping and manipulation

in complex environments.

Keywords: propagation, beams, autofocusing, turbulence

PACS: 42.25.Bs, 42.25.Dd, 42.68.Ay, 42.25.Fx

1. Introduction

Due to strong absorption and scattering, turbulence in
complex environments such as the atmosphere!'?! and com-
plex biological medial®! has been a major obstacle to beam
propagation in optical communication, ! optical trapping and
manipulation.>>! Various methods have been developed to
overcome this challenge. For example, the use of struc-
tured light including Bessel-Gaussian, Hermite—Gaussian,
Laguerre—Gaussian, vortex beams and vector beams, has
effectively mitigated the effects of turbulence on optical
systems.[1:?) While most current research on structured light
in turbulence has been focused on optical communication,
structured light is also promising in optical trapping and
manipulation.® This is especially true when optical tweez-
ers work in complex environments where scattering and turbu-
lence pose challenges to optical trapping and manipulation. !

As we know, excellent focusing of a beam is critical for
achieving good optical trapping and manipulation in complex
environments. At present, a popular method is to reshape
the wavefront and achieve beam focusing through random

6-10

media.[®1% However, the recovery of the optimum wavefront

requires careful and complicated pre-compensation for beam

scattering. Thus, alternative routes are still in high demand.

(11,12

Recently, autofocusing beams I have gained popularity

Corresponding author. E-mail: liangyi @gxu.edu.cn
© 2024 Chinese Physical Society and IOP Publishing Ltd

DOI: 10.1088/1674-1056/ad2bf4

with optical tweezers and manipulation.3->13-18] Without tra-
ditional lenses or nonlinearity, autofocusing beams allow sud-
den autofocusing, giving rise to enhanced intensity at the fo-
cus. Previous works have demonstrated that Gaussian beams
are susceptible to severe distortions and continuous “center of
mass” hopping under turbulence, while Airy beams experience
significantly less distortion and drift.''>?] Moreover, when a
Gaussian beam passes through a scattering medium, random
speckles form due to light scattering!?!l whereas Airy beams
maintain their basic characteristics, except for a reduction in
intensity due to scattering. By using rotational symmetry, a
traditional Airy beam can be extrapolated to a circular Airy
beam (CAB); CABs suggest an autofocusing feature and may
have greater robustness during propagation in complex envi-
ronments.

In contrast to CABs, a circular Pearcey beam (CPB),
which is derived from another kind of accelerating beam called
a Pearcey beam,[?>?3! offers better autofocusing performance.
CPB has a shorter autofocusing distance and stronger peak fo-
cusing intensity and eliminates post-focus oscillations, making
it more effective for optical manipulation. Moreover, circular
Pearcey vortex beam in complex environments can, in theory,
propagate better than circular Airy vortex beam,?* implying

that CPB may also have better performance than CAB. There-
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fore, to confirm the potential of CABs and CPBs in optical
manipulation under complex environments, we theoretically
and experimentally investigate how the autofocusing propaga-
tion of CABs and CPBs changes with the degree of air tur-
bulence. Moreover, we also compare CABs and CPBs with
equivalent Gaussian beams selected according to two different
criteria: the same focal spot-size Gaussian beam (SSGB) and
the same envelope Gaussian beam (SEGB). The SEGB beam
width equals the diameters of the main rings of the CAB and
CPB.['7-23] We analyze the distortion and intensity fluctuation
of these beams passing through complex environments and
compare their robustness in focusing propagation. Our results
show that autofocusing beams can resist air turbulence and
light scattering, implying potential robustness in penetrating
tissues for excellent optical trapping and manipulation. Fur-
thermore, our findings indicate that CPB performs better than
an SSGB, SEGB or CAB in turbulence. Overall, our study
highlights the potential of autofocusing beams as a superior
option for applications that require robustness in complex en-
vironments.

2. Theory and experiment

The input fields of the Gaussian beam, CAB and CPB are
respectively expressed as![?326]

2
-

v (1,0) = Agexp (-2 1)
o

)
)
2

(c2

Vers (1;0) = AsPe [ ,0} a (), 3)

where Ag, Aj, Ai(x) =
Jo cos (%—Fxt) dt/m is the Airy function, Pe(u,v) =

A, are the amplitudes,
J= exp [i (t4 +t2u+tv)] dr is the Pearcey function, r =
\/x%2+y? is the radial coordinate, wq is the waist radius of
the Gaussian beam, cy, ¢ are parameters controlling the
initial radii of the CAB and CPB, wi, w, are the trans-
verse scale factors and o is the exponential decay factor.
q(r) = rect(r/r1) (r > 0) is an indicator used to limit the
power for generating the beams in experiment and r is used
to restrict the beam range. To compare the propagation be-
havior effectively and consistently, we adopted appropriate
parameters to give beams the same focal length and spot size
or initial envelope (see supplementary Section 1 for details).
In addition, A = 532 nm and input power P = 1 W.

In the experiments, SSGB and SEGB are focused by an
additional lens (L3 in Fig. 1(al) with a focal length equal to
the autofocusing distance f;) after their sizes have been ad-
justed by lenses L1 and L2 to match the simulation. CAB

and CPB are generated by the off-axis hologram method, 4]

as depicted in Fig. 1(a2). We used an expanded quasi-plane
Gaussian beam modulated by a spatial light modulator (SLM)
(L4 and L5 are used to expand the Gaussian beam), and the
desired hologram of the CAB/CPB is loaded on the SLM (a
hologram is generated by computing the interference between
the CAB/CPB wave and a plane wave). Then a 4f system
(composed of L6 and L7) with a pinhole, which only lets the
first order of light modulated by the SLM pass, turns the beam
into CAB/CPB. Propagation of the generated SSGB, SEGB,
CAB and CPB is monitored by a charge-coupled device and
an imaging lens (L8, image beam profiles at different prop-
agation positions). To simulate atmospheric turbulence, we
heat an accordion-shaped aluminum foil with an alcohol lamp
to generate turbulent air currents in the beam’s path.!'”] We
controlled the turbulence by varying the position of the lamp
to adjust the temperature of the hotplate. It is challenging to
quantitatively replicate the theoretical turbulence by heating
the foil with a lamp; however, the experiment primarily serves
as a qualitative confirmation of the conclusions derived from
the simulations.

To comprehensively analyze the propagation properties
in turbulence, we employed the widely accepted Kolmogorov
turbulence theory!?’! to calculate the beam propagation. In this
case, the index structure parameter C2 is usually used to define
the strength of atmospheric turbulence.?®! Then, based on the
multiple-phase-screen method,??*! we simulated beam prop-
agation in atmospheric turbulence. The modified von Kdrman
power spectral density (PSD) in Kolmogorov turbulence the-

ory is expressed as[>28

K2
0.033C2exp (—Kz)
T (C)

(i)

() =

where Kk = 27 ( fol+ 5 f) is the angular spatial frequency in
rad-m~!. The larger k is, the smaller the PSD ¢"* (k) is,

Km = 5.92/ly,
Ko = 27 /L, Iy is called the inner scale and Ly is called the

and the influence of turbulence is smaller.

outer scale. Finally, under the paraxial condition of Fresnel
diffraction, the beam propagation can be simulated via the an-
gular spectrum method.

3. Results and discussion
3.1. Beam propagation in turbulence

Figures 1(b)-1(e) show that SSGB, SEGB, CAB and
CPB experience different intensity fluctuations when passing
through the same distance with the same magnitude of tur-
bulence. The simulated side-view profiles in Figs. 1(bl)—
1(el) reveal that, compared with the case of no turbulence (see

Fig. S1 in the supplementary material), the peak intensities of
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the SSGB, SEGB and CAB in turbulence of C2 = 10~8 m~%/3
are attenuated by 50%, 43% and 41%, respectively, while that
of the CPB decreases by only 30%. At the focus, the instan-
taneous peak intensities of the SSGB and SEGB deviate far-
ther from the original center position than those of the CAB
and CPB [Figs. 1(b2)-1(e2) and supplementary visualizations
1-4]. These observations suggest that autofocusing beams ex-
hibit a more robust propagation in turbulence than Gaussian
beams, while they maintain autofocusing. These beam fea-
tures are further corroborated by experiments in atmospheric
turbulence. The experimental results match well with the theo-
retical simulation [insets of Figs. 1(b1)—1(el) and 1(b3)-1(e3),
as well as supplementary visualizations 5-8].

To further support our findings, we dynamically recorded
the instantaneous positions of the beams in both simulation
and experiment, and their statistical distributions are shown in

-' " Af
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Figs. 1(b4)-1(e4) and 1(b5)-1(e5). Seemingly, the distribu-
tion of autofocusing beams is more concentrated than that of
Gaussian beams, evidenced by a smaller centroid deviation. In
fact, our calculations reveal that the corresponding statistical
positional variances of the SSGB, SEGB, CAB and CPB are
0.0036 mm?, 0.0041 mm?, 0.0034 mm? and 0.0033 mm?

simulation, and 0.0014 mm?, 0.0022 mm?, 0.0013 mm? and
0.0012 mm?

CPB exhibits the most robust focusing propagation. A sim-

in experiment. This clearly indicates that the
ilar trend persists even under stronger turbulence conditions
such as C2 = 1077 m~2/3
cus position of the SSGB and SEGB exhibits significant shifts
(from 300 mm to 240 mm and 180 mm) while that of the CAB
and CPB remains relatively stable with minor changes (from
300 mm to 264 mm and 270 mm).

. For example, the longitudinal fo-
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Fig. 1. (a) Schematic diagram of the experimental setups: (al) for SSGB and SEGB; (a2) for CAB and CPB. L, lens; P, pinhole; SLM, spatial
light modulator; CCD, charge-coupled device. (b)—(e) Simulated (Jet) and experimental results (Hot) of the propagation of (b) SSGB, (c)
SEGB, (d) CAB and (e) CPB in atmospheric turbulence: (b1)—(el) side view of propagation; (b2), (b3)—(e2), (e3) intensity distributions at the
focus with z = f. (f; is the focal length); (b4)—(e4) and (b5)—(e5) the statistical distributions of instantaneous dynamical positions of the beams

in (b4)—(e4) simulation and (b5)—(e5) experiment.
3.2. The coherence factor

Light scattering in complex environments causes beam
distortion and intensity fluctuation, which leads to decoher-
ence. To assess the impact of turbulence on coherence, we
also calculated the modulus of the complex coherence factor
(MCF) of the beam.!?%30] See Section 3 in the supplementary
material for details.

Figures 2(a)-2(d) depict the variation of the MCF and av-
erage intensity distribution for (a) SSGB, (b) SEGB, (c) CAB
and (d) CPB at the focus with C2 = 1079 m~2/3,

trast to turbulence-free conditions, all beams demonstrate an

In con-

amplified average intensity distribution under the influence of
turbulence, as depicted in Figs. 2(a2)-2(d2). Furthermore, a
comparative examination of the MCFs reveals that the distri-
butions for the CAB and CPB are more extensive than those
of Gaussian beams [Figs. 2(al)-2(d1)]. Since the coherence
factor of the beam is also impacted by beam spreading during
short-distance propagation, 3!l we plotted the change of MCF
with respect to Ar/ry (Ar =r—r, ry is the focus radius) for
accessing a more accurate perturbation of turbulence on beam
m~2/3 [Fig. 2(e)],
10-8 m~2/3 [Fig. 2(f)] and 10~7 m~2/3 [Fig. 2(g)]. The MCFs

coherence considering C2 values of 10~°
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of autofocusing beams consistently outperform those of Gaus-
sian beams, even though all MCFs exhibit rapid decline with

X107
8
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escalating turbulence [Figs. 2(e)-2(g)]. In other words, auto-
focusing beams exhibit more robust propagation.
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Fig. 2. MCF and average intensity profiles of (a) SSGB, (b) SEGB, (c) CAB and (d) CPB. (a)-(d) Two-dimensional cases for C,zl =109 m~2/3,
Panels (e)—(g) show the variations of MCF in one-dimensional form with the ratio of the axial change Ar to the spot radius rg in the case of

©C2=10"m 23, (1) 1078 m~2/3 and (g) 1077 m /3.

3.3. The scintillation index

Scintillation is the intensity fluctuation caused by random
perturbation!®?! when a beam passes through turbulence, and
is harmful to the beam’s propagation. Usually, the scintillation
index (SI) is employed to describe such fluctuation, which can

be calculated by!>2°!

2 _ <I(F,Z)2> -1 (5)

{1(r2))?

where 62 represents the variance of irradiance, I is the instan-

o(rz)

taneous intensity and angle brackets stand for the average.
Figures 3(a)-3(d) portray the average intensity fluctu-
ations (SI) of entire beams encompassing SSGBs, SEGBs,
CABs and CPBs, considering different structure parameters
C,Z,. As expected, there is a noticeable rise in SI as the index
structure parameter increases, along with an increase in prop-
agation distance. In this case, the SI in stronger turbulence
rises quickly even at smaller distances. Notably, for Gaussian
beams, the SI demonstrates a peak at a specific propagation
distance, followed by a subsequent decline. This pattern arises
due to the autocompensation effect or the diffractive spreading
of fragments within the distorted beams, consistent with the re-
port in Refs. [24,33]. Anyway, across all turbulence scenarios,
the SI values for SSGBs and SEGBs consistently surpass those
for CABs and CPBs in all turbulence cases. This discrepancy

highlights the heightened sensitivity of Gaussian beams to in-
tensity fluctuations due to turbulence. This finding reinforces
our previous assertion, once again confirming that the propa-
gation of autofocusing beams remains relatively more stable
in atmospheric turbulence.
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Fig. 3. Scintillation indices of SSGBs, SEGBs, CABs and CPBs
vary with the propagation distance z under different index structure
parameters C,%: (a) 10710 m—2/3, (b) 1072 m2/3, (c) 10°8 m2/3,
(d) 1077 m~2/3,
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4. Discussion

The results presented above demonstrate that both CABs
and CPBs exhibit more robust focusing propagation than
Gaussian beams in turbulent environments. This can be ex-
plained as follows.

Airy beams and Pearcey beams exhibit a remarkable self-
healing property within the field of structured light.!'%>3] This
intrinsic ability empowers them to rapidly restore their inten-
sity distribution, effectively reverting to a state closely resem-
bling their configuration prior to encountering any obstruction.
In more detail, based on catastrophe theory, the acceleration
of Airy beams and Pearcey beams originates from the pres-
ence of their catastrophic caustics, i.e., fold and cusp caus-
tics. Caustics are regions where the intensity reaches its high-
est level, and they are closely associated with the existence of
stable “singularities”.3*33 Such “singularities” are positions
where the second derivative of the full phase of the beam an-
gular spectrum is zero, identified as caustics. Moreover, struc-
tural stability is an inherent characteristic of the caustics of

136] In this case, the beams achieve

Airy and Pearcey beams.
equilibrium, with their inherent characteristics remaining sta-
ble against minor disturbances, including subtle phase shifts
induced by turbulence. Consequently, these beams exhibit
unique attributes such as self-healing properties and a height-
ened ability to propagate robustly, particularly in turbulent
environments. Thus, CABs and CPBs, stemming from Airy
beams and Pearcey beams, surpass Gaussian beams in terms of
their propagation capabilities within turbulent environments.

Moreover, as presented in Figs. 2(e)-2(g) and 3, in con-
trast to CPBs, as turbulence intensifies (shifting from C,% =
1072 m~2/3 to C2 = 10~7 m~%/3), CABs exhibit a wider MCF
width and smaller SI but change more rapidly. This points to
the heightened susceptibility of CABs to the impact of strong
turbulence. So, for robust turbulence scenarios, CPB emerges
as the superior option for autofocusing propagation due to its
stronger autofocusing peak intensity and more stable focus po-
sition.

Our results can be extended to other complex environ-
ments. For example, when beams pass through a scatter-
ing medium of dielectric polystyrene solution, autofocusing
beams still show less distortion than Gaussian beams (see Sec-
tion 5 in the supplementary material). Such a system may fur-
ther be applied in underwater optical communication and in

vivo optical trapping.

5. Conclusion

In summary, we have conducted a comprehensive investi-
gation on the propagation behavior of SSGBs, SEGBs, CABs
and CPBs in complex environments. Our results indicate that

autofocusing beams stand out with superior robust autofocus-
ing performance — showing less intensity distortion and fluc-
tuation than Gaussian beams. Statistical analysis at the fo-
cal position supports the heightened stability of autofocusing
beams, particularly CPBs. Coherence factor analysis confirms
that autofocusing beams exhibit greater coherence than Gaus-
sian beams, reinforcing their superior resistance to turbulence.
Examining the variation of scintillation with propagation dis-
tance, we find that autofocusing beams experience fewer dis-
ruptions and smaller scintillation than Gaussian beams, under-
scoring the enhanced stability of their intensity. Compared
with previous studies, this research presents a more detailed
theoretical and experimental comparison of the propagation of
autofocusing beams and Gaussian beams in complex environ-
ments. These findings hold practical significance, guiding the
selection of beams that remain stable, maintain a high focal in-
tensity and propagate effectively in challenging environments.
This provides valuable insights for future selection of more
stable beam in diverse applications such as optical communi-
cation, imaging and optical trapping in complex media.
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