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ABSTRACT
We design and demonstrate what we called shape-preserving “optical pin beams” (OPBs) that possess stable wavefronts against diffraction
and ambient turbulence during free-space long distance propagation. Theoretically, we show that a laser beam passing through properly
assembled phase elements paired with opposite transverse wavevectors can morph quickly into a stable optical field, exhibiting “self-focusing”
dynamics during propagation without optical nonlinearity. The overall shape of such OPBs remains invariant, while their width can in prin-
ciple be inversely proportional to the propagation distance, in contradistinction to conventional Bessel beams and radially symmetric Airy
beams. Experimentally, utilizing a single photoetched mask, we demonstrate efficient generation and robust propagation of the OPB through
atmospheric turbulence beyond kilometer distances. We envisage exciting opportunities arising from such OPBs, especially when propagation
through turbulent environments is unavoidable.

© 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5095996., s

I. INTRODUCTION

For decades, the prospect of achieving optical stable fields that
can propagate invariantly (“diffraction-free” and resilient to pertur-
bations) has been an elusive goal. In space domain, for example, pin-
like or needlelike shape-preserving optical beams have always been
sought after. Ideally, such optical beams could be exploited for many
applications including, for example, remote atmospheric sensing,
optical communication, laser guide stars, and lidars. To overcome
natural diffraction, one could in principle use linear nondiffract-
ing beams (such as Bessel1–3 and Airy4–6 beams) or nonlinear opti-
cal solitons.7,8 The former typically requires that the optical beams

carry infinite energy for long enough nondiffracting propagation,
while the latter needs an ideal nonlinear hosting medium unsuitable
for practical free-space applications. In addition, when an optical
beam propagates through turbulent environments, light scattering
loss and wavefront distortion have always been an arduous hurdle.9

To resist the disturbance from ambient turbulence, adaptive optics
(AO) has been employed to correct the wavefront distortion. How-
ever, due to the complexity of AO systems, it has mainly been used in
optical telescopes for astronomical imaging10 or optical microscopes
for biological imaging.11

Over the last dozen years, the area of optical beam shap-
ing has attracted tremendous attention, fueled by copious exciting
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applications proposed or demonstrated based on self-healing Bessel
and Airy beams.6,12–19 For instance, nondiffracting Bessel beams
propagating along a straight line can in principle be exploited for
applications in optical communications. Theoretically, it has been
shown that Bessel beams have a number of benefits over the con-
ventional Gaussian beams when propagating through atmospheric
turbulence.20 Airy-type accelerating beams, on the other hand, prop-
agate along a curved or self-bending trajectory, also exhibiting non-
diffracting and self-healing features while being resilient to pertur-
bations. In recent years, Airy beams or pulses have been highly
advocated and tested for a variety of applications, including, for
example, particle manipulation, biomedical imaging, material pro-
cessing, generation of light bullets, and routing of electric discharge
and synchrotron radiation.6 Despite these advances, there are quite
a few factors one must consider for using such beams for free-space
real applications. First, the propagation distance of nondiffract-
ing beams is very limited in experiment: so far, most of the beam
shaping techniques based on spatial light modulators (SLMs) can
lead to nondiffracting propagation from only a few centimeters
to a few meters even under ideal conditions or with sophisticated
designs, although the terms such as “ultralong antidiffracting beam”
were used.14,15,21–23 The intensity structure of these beams cannot
be generated efficiently due to the maximum power limit set by
the SLM damage threshold. Second, due to the turbulence-induced
wavefront distortion, the effectiveness of Bessel and Airy beams is
rather limited for applications that require long distance propaga-
tion through atmospheric turbulence.24,25 In addition, even though
it has been developed for several decades, AO is still hard to use
in free-space applications due to various problems such as tech-
nological complexity and high production cost, where the role of
propagation-invariant beams of the Airy or Bessel type has yet to be
explored.

In this work, we report on the generation of an optical
pinlike shape-preserving beam that can propagate in free space
(or in the presence of air turbulence) over kilometer distances
without significant wavefront distortion, exceeding such light

evolution achieved by all previous techniques. To this end, we
employ a new mechanism to generate such optical pin beams (OPBs)
by eliminating transverse wavevectors with the superposition of
directionally truncated Airy-like beam components (see the sup-
plementary material). Directional truncation ensures that all beam
components bend toward the center, and thus the main lobe of the
beam propagates in a stable fashion. Experimentally, we generate
such optical pin beams with a photoetched single fused silica mask
and observe robust propagation of high-intensity OPBs in both a
laboratory setting and outside free space through atmospheric tur-
bulence. The intensity stability of OPBs is compared directly with
a Gaussian beam under the same propagation conditions. In addi-
tion, we develop a theoretical model that utilizes radial symmetry
to simulate the beam dynamics. Surprisingly, it is found that the
beam width decreases in a fashion that is inversely proportional
to the propagation distance, and thus the resulting wave takes the
form of an optical pin. Clearly, these autofocusing OPBs, as a sta-
ble optical wave entity, could be exploited for many applications
especially when it is necessary for light to traverse through turbulent
media.

II. MATERIALS AND METHODS
The mechanism for highly efficient generation of the shape-

preserving OPBs can be understood intuitively from Fig. 1. In par-
ticular, Fig. 1(a) illustrates the modulation of a broad beam by an
engineered phase mask, leading to cancellation of the transverse
wavevectors from pairing opposite mask elements, as detailed in the
supplementary material. We all know that a finite sized optical beam
can be viewed as consisting of many plane wave components, and
its diffraction or wave shape distortion arises from the “dephasing”
of these wave components during propagation. To create a beam
with shape-preserving characteristics, in the sense that the beam
shape does not change during propagation due to diffraction or
ambient turbulence, it is necessary to keep all the wave components
propagating along the same direction, eliminating any transverse

FIG. 1. Illustration of phase engineering for optical pin
beam generation. (a) Schematic for generation of shape-
preserving OPBs from a single engineered phase mask,
where cancellation of transverse wavevectors from two
pairs of opposite mask elements is illustrated. (b) Part of the
white-light interferogram image of the fabricated 3D mask.
[(c)–(f)] Simulations results showing that opposite mask ele-
ments [(c) and (d)] lead to opposite directions of energy flow
[(e) and (f)] from the side lobes toward the central main lobe.
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wavevectors at any longitudinal position. By the virtue of the self-
bending property, radially symmetric Airy beams26–28 are the nat-
ural choice for such purpose. As illustrated in Fig. 1(a), two pairs
of wave components with Airy-type phase modulation propagate
along curved parabolic trajectories, bending toward the center with
their transverse wavevectors canceled out. As long as the wavevec-
tors with different bending angles can all undergo such cancella-
tions at different z-positions, a “steady state” nondiffracting prop-
agation can be realized. It should be pointed out that the work here
will be focused on the efficient generation of propagation-invariant
pinlike optical beams, which is different from the ideal diffraction-
free beams whose intensity profile and beam width remain invari-
ant throughout the propagation. In particular, our beam shaping
technique is based on a special photoetched mask (rather than an
SLM) which allows for 90% conversion efficiency with a low damage
threshold.

In experiment, the phase mask is fabricated by use of pho-
tolithography for fine-etching a 3D structure with nanometer pre-
cision in a quartz plate [Fig. 1(b)], as detailed in the supplementary
material. During the etching process, several sets of printing boards
are used multiple times to get a series of concentrical rings with a
jump step of about 40 nm in height. The horizontal scale of these
rings ranges from several micrometers to a few millimeters. The
exact parameters are so chosen that along any radial direction a
cubiclike phase is realized, similar to that of the one-dimensional
Airy beams.4,5 To illustrate the idea of directional truncation of
the Airy beam, we numerically truncate a cubic phase pattern for
a 1D Airy beam with an isosceles triangle aperture. If we put two
such truncated phase filaments in reversed directions as shown in
Figs. 1(c) and 1(d), the output beams after phase modulations clearly
show bending of their pick intensity toward the center from oppo-
site directions [Figs. 1(e) and 1(f)]. The advantage of such trunca-
tion is that the bending or transverse acceleration could be readily
adjusted by modifying the apex angle of isosceles phase filaments.
Thus, proper assembly of multiple pairs of such phase filaments
could lead to a circular phase mask as required for the generation
of radially symmetric autofocusing beams. In fact, numerically, we
found that if more than 32 such phase filaments are assembled,
the generated output beam is quite similar to the abrupt autofocus-
ing beams.26 As shown in Figs. 1(c)–1(f), the superposition of the

fragmentary Airy beams guarantees the energy flow from the side
lobes to the main lobe. Since they propagate along a curved trajec-
tory, different parts of the Airy beams converge at different positions
along the propagation direction.

III. EXPERIMENTAL RESULTS AND ANALYSIS
For experimental demonstration of the above proposed OPB,

a CW laser operating at 532 nm with an output power of about
2 W was expanded and then sent through a specially engineered pho-
tomask, as shown in Fig. 1, as detailed in the supplementary material.
The mask has a diameter of about 5 cm, and the measured modula-
tion efficiency of the mask (defined as the ratio of the power of gen-
erated OPB at 10 m away to the power of incident Gaussian beam)
is about 90%, indicating very good conversion efficiency. A series of
experiments were performed both inside laboratory and outside in
free space to compare long distance propagation of the laser beam
with and without the phase mask. Typical experimental results are
presented in Fig. 2, where Figs. 2(a) and 2(b) show the sideview
images of the propagation of the normal Gaussian beam (without
the mask), and Figs. 2(c) and 2(d) show corresponding images of
the optical pin beam generated with the phase mask. The pictures in
Figs. 2(a) and 2(c) were taken in a hallway with spread air-borne par-
ticles, and those in Figs. 2(b) and 2(d) were taken at about 60 m prop-
agation distance but for another meter long propagation through a
container filled with colloidal suspension of polystyrene beads as a
scattering medium. From these figures, one can see clearly the pin-
like feature of the laser beam with highly localized peak intensity
after being modulated by the phase mask [Figs. 2(c) and 2(d)]. A
direct comparison of the output intensity profiles between these two
beams after propagating 60 m in free space is shown in Fig. 2(e).
While the Gaussian beam diffracts slightly and remains to be a
broad beam (about 17 mm in diameter), the energy of the OPB
becomes highly localized in space (with a FWHM of less than 3 mm),
and its peak intensity reaches more than 10 times higher than that
of the Gaussian beam after the same 60-m-long propagation dis-
tance. In Fig. 3, we show the corresponding transverse intensity
patterns and horizontal beam profiles of the OPB taken at differ-
ent propagation distances while the optimal focus was realized at
about 60 m.

FIG. 2. Experimental side-view comparison between an OPB and a Gaussian beam. Experimental side-view images depicting long distance propagation of [(a) and (b)] a
normal Gaussian beam and [(c) and (d)] an optical pin beam generated with the phase mask. Pictures in (a) and (c) were taken for 100 m-long propagation through air in
a hallway, and those in (b) and (d) were taken for 1 m-long propagation through colloidal suspension of polystyrene beads. (e) Plots of output intensity profiles for direct
comparison between the Gaussian beam (blue) and the OPB (red) after 60 m of propagation.
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FIG. 3. Snapshots of the beam profiles
from the OPB. Transverse intensity pat-
terns (top row) and corresponding hori-
zontal beam profiles (bottom row) of the
optical pin beam taken at different prop-
agation distances (0 m, 2.4 m, 25 m, and
60 m) relative to the mask. Note that the
maximum for the y-axis is different for the
intensity profiles in the bottom row since
the peak intensity for the first two panels
is much lower than that for the last two
panels (note that the images in the last
two panels were taken with a stronger
attenuation to avoid camera saturation).
These figures are meant to show qualita-
tively that the peak intensity of the OPB
increases and the overall beam width
decreases with the propagation distance.

Perhaps, the most exciting experimental results are those
shown in Fig. 4 (see videos in the supplementary material), where
a direct comparison is displaced for the intensity pattern and its sta-
bility between a normal Gaussian beam and an OPB after more than
1 km of propagation through atmospheric turbulence. As clearly
seen in the pictures of Figs. 4(a) and 4(b) taken in open country,
the overall pattern of the OPB takes a Bessel-like circular shape with
a pronounced main lobe, and its width only increased just a few mil-
limeters during propagation (from 6 mm when close to the mask
to 9 mm after 1 km long propagation). In contrast, the Gaussian
beam with the same output size/power from the laser expands and

fluctuates dramatically due to diffraction and ambient disturbance
through atmosphere. While it is apparent that the OPB has evolved
into a Bessel-like intensity pattern [Fig. 4(b)] at such a kilometer
long distance, one must keep in mind that, up to now, Bessel beams
have been realized only with a few meters in length with currently
available techniques even under ideal conditions. In an ideal design,
as we should discuss later in theory, one could in principle move
the “focus” to much longer distances, which could lead to desir-
able applications of these optical beams when transmission through
free-space must be considered. In the supplementary material,
detailed simulation results are given to show that, for long distance

FIG. 4. Experimental demonstration of robust propagation
of the OPB through atmospheric turbulence (see videos in
the supplementary material). [(a) and (b)] Direct compari-
son of laser beam intensity patterns between (a) a normal
Gaussian beam (without mask) and (b) an OPB (with mask)
after propagation over 1 km distance in open country. The
main lobe of the OPB has a width of about 9 mm, while the
Gaussian beam spreads to about 17 cm and fluctuates dra-
matically. The laser source is visible afar in the lower bottom
corner. [(c) and (d)] Comparison of spatial and temporal sta-
bility of the OPB and the Gaussian beam after propagation
for 45 m through turbulent air in a lab room driven by a cen-
tral air conditioner. (c) Transverse intensity profiles for the
Gaussian (black curves) and the OPB (red curves) and (d)
their corresponding relative intensity variation as a function
of time. The intensity plots in (c) and (d) are in arbitrary units
for stability analysis rather than measurement of absolute
power.
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propagation, the OPB has advantages over the Bessel beam under
the same conditions in terms of preserving the peak intensity and
the focused beam profile.

Furthermore, to compare directly the robustness of the OPB
with the Gaussian beam, we let both beams propagate through tur-
bulent air inside a lab room driven by a central air conditioner
at maximum strength. The recorded beam patterns after 45 m of
propagation are used to analyze the intensity stability, as shown in
Figs. 4(c) and 4(d). Evidently, the OPB exhibits a robust intensity sta-
bility while localized in space as compared to their Gaussian coun-
terparts. In Fig. 4(c), the spatial intensity profile recorded at a given
time (red solid curve) matches well with the time-averaged intensity
profile (red dashed curve) for the OPB. Contrarily, for the Gaus-
sian beam, the intensity profile at a given time (black solid curve)
deviates substantially with the time-averaged intensity profile (black
dashed curve). In addition, in Fig. 4(d), we plot the percentage of
the intensity variation across a beam diameter with time, defined
as

ΔIt = ∫
∣I(x, y, t) − Imean(x, y)∣dxdy

∫ Imean(x, y)dxdy
, (1)

where the time average is performed from 290 frames taken over
20 s. Clearly, these results show that the intensity variation with time
of the OPB is significantly less as compared to that of the Gaussian
beam. From both the spatial intensity profile and the percentage of
the intensity variation with time, we can conclude that the power of
the OPB is much more localized in space and meanwhile has much
less fluctuation in time. Thus, apart from the antidiffracting feature,
we have experimentally demonstrated that the OPB represents an
optical stable shaped light field that can undergo robust propaga-
tion through atmosphere turbulence. As mentioned before, this can
be understood from the structure of the transverse wavevectors: the
influence of air turbulence to a laser beam is in some sense to intro-
duce random transverse wavevectors, which during the propagation
can be canceled out continuously at different distances for an OPB,
thus maintaining its intensity distribution. It is also worth pointing

out that, compared with an AO system, our method for genera-
tion of a turbulence-resistant optical beam does not need feedback
from a closed control loop and thus could be readily implemented in
practical application systems.

To better understand the underlying mechanism for the gen-
eration of the demonstrated OPB, we have numerically studied the
formation of such autofocusing Bessel-like beams by assembling
multiple phase elements in pairs that lead to opposite transverse
wavevectors. Each pair of the elements corresponds to two Airy-like
fragments bending toward the center but from opposite directions.
The resulting beam thus appears to focus after certain propagation
distances (Fig. 5). However, it is found that when the number of
elements is increased to 32, the resulting beam matches almost per-
fectly with a radially symmetric Airy beam [Fig. 5(b)]. In contrast to
the previously demonstrated abruptly autofocusing Airy beams,26–28

such synthetic OPBs do not start with a broad ring beam but rather
morph into a Bessel-like profile fairly quickly right after the input
plane, although optimal “focusing” occurs in later propagation, as
shown in Figs. 5(c)–5(e).

Theoretically, we can describe the dynamics of the system by
considering the case where the number of the Airy-type fragments
goes to infinity. In this case, the dynamics of the optical beam in the
paraxial limit is given by the following Fresnel integral:

ψ(r, z) =
ke

ikr2
2z

iz ∫

∞

0
ψ0(ρ)J0(

krρ
z
)e

ikr2
2z dρ, (2)

where ψ0(ρ) is the optical beam at the input (z = 0) or the phase
mask plane, k = 2π/λ is the wavenumber, and J0 is the zeroth order
Bessel function. We assume an initial condition with the Airy-type
phase (proportional to ρ

3
2 )

ψ0(ρ) = A(ρ)e−i
4
3 kβ

1
2 ρ

3
2 , (3)

where β is a parameter with inverse length dimensions that deter-
mines the local frequency of the phase oscillations of the wave. Fol-
lowing a stationary phase approach similar to the one used to derive

FIG. 5. Numerical simulation showing long distance prop-
agation of the OPB. (a) Side-view of the OPB propagating
8 km, where optimal “focusing” occurs around z = 5.0 km.
(b) Peak intensity comparison of a modulated OPB with
32 “fragmented” phase filaments, a radially symmetric Airy
beam, and the theoretical prediction. [(c)–(e)] Intensity pro-
files taken at z = 0, 4, and 8 km and comparison theory. The
theoretical results are obtained using Eq. (4) and are in very
good agreement with the numerical simulations.
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FIG. 6. Calculated energy flow of the
OPB during propagation. [(a)–(c)] Poynt-
ing vector distribution at different propa-
gation distances of z = 30, 60, and 90 m.
A balanced energy flow is reached after
about 60 m of propagation.

Eq. (23) of Ref. 39 (see also the supplementary material) to the above
Hankel transform, we conclude that the dynamics of the optical wave
is given by

ψ(r, z) = 8(πkβ2z3
)

1
2 A(4βz2

)J0(4kβρz)eiΦ, (4)

where Φ = kr2

2z −
8
3kβ

2z3
−

π
4 . We see that the resulting wave takes the

form of a Bessel-like beam with width that is inversely proportional
to the propagation distance

W(z) =
1

4kβz
. (5)

Following a series of numerical simulations, we have found that our
theoretical calculations are very accurate in describing the dynamics
of the OPBs.

To show that the OPB has a robust intensity profile of the
main lobe during propagation, we calculated the Poynting vector
distribution or the energy flow in the transverse plane at different
propagation distances (Fig. 6). After 60 m of propagation, there
is already a good balance for the main lobe between the inward
and outward flows. At 90 m of propagation, there is little energy
flow in any transverse direction for the main lobe, indicating that
the energy flow in the main lobe has somewhat reached a quasis-
teady state, although there is still outward energy flow for the side
lobes.

Finally, we want to mention that, in this work, we focused on
reporting mainly the experimental generation of the OPBs and their
robust free-space propagation through atmospheric turbulence. We
did not present rigorous numerical/theoretical modeling of the effect
from Kolmogorov turbulence, where the dependency of the linear
refraction index on statistical fluctuation (characteristic of the local
turbulence) is important.40–42 Such an issue certainly merits further
studies. Numerically, we used the phase screen method to simulate
turbulent phase structure on the OPB and the effects of turbulence
with different strengths. These results are presented in the supple-
mentary material, showing that even under turbulent environments
the OPB still exhibits decent antidiffracting and turbulence-resisting
features, indicating the robustness of such beams as observed in our
experiments.

IV. CONCLUSION
In summary, we have experimentally demonstrated the gener-

ation of antidiffracting optical pin beams, along with their robust
long distance propagation through artificial turbulent air as well

as over kilometric distances through real-world atmosphere tur-
bulence. The advantages of such OPBs over conventional Gaus-
sian beams were also illustrated. Compared with previously demon-
strated Bessel beams and radially symmetric Airy beams, we show
that numerically the OPBs can exhibit the autofocusing feature along
straight-line propagation with their peak energy delivered to over
kilometers in free space. While recent efforts have led to the genera-
tion of a variety of shaped light in space and time, such as Bessel-type
optical bullets,29 needlelike electromagnetic wavepackets,30 and even
space-time light sheets and pulsed beams,21,22 our results may bring
about a novel approach for designing laser beams with turbulence-
resistant features for various applications when traversing through
atmospheric turbulence is unavoidable. Compared with adaptive
optics, our method may prove to be feasible for free-space com-
munication applications with turbulence-resistant optical beams. In
addition, we believe that the results demonstrated here may prove to
be relevant to shaped optical wavepackets in disordered photonics
proposed and tested for imaging and focusing in scattering biolog-
ical media,31–36 as well as to fine-shaped beam for writing scalable
optical waveguides and photonic lattices.37,38

SUPPLEMENTARY MATERIAL

See supplementary material for phase mask design, experimen-
tal setup, supplemental videos and details of numerical simulation.
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