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Galactic-form spinning beams
Check for updates
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Creating a structured transverse-intensity distribution that undergoes axial rotation during
propagation while preserving its overall shape remains a major challenge, as achieving a stable,
continuous, and substantial rotation across the entire beamcross-section has thus far proven elusive.
Here, we introduce a class of intensity-rotating structured beams generated by diffracting a plane
wave through a purely amplitude-based spiral-like structure composed of curved radial spokes,
periodic in both radial and azimuthal directions. The diffraction patterns form concentric rings with
petal-like intensity spots, whose number and spacing are set by the spoke count. Spoke curvature, L,
induces relative azimuthal shifts between rings, producing a global rotation around the optical axis
during propagation. Increasing Lby anorder ofmagnitude yieldsmeasurable rotations over 10−2 of the
initial propagation length, enabling faster rotations at shorter distances. Simultaneously, the beam
divergence decreases, evolving toward a quasi-non-diffractive regime. The spots trace spiral
trajectories reminiscent of galactic arms, inspiring the term galactic-form spinning beams. Phase
analysis shows vortex-like azimuthal variations with topological charge equal to the spoke number.
Numerical andexperimental results confirm thesedynamics, offering opportunities for structured-light
applications.

Optical beams are light waves characterized by well-defined spatial and
temporal coherence, propagating through free space or various media in
forms such as directed, focused, or collimated beams. As foundational tools
in modern optics, coherent beams including lasers have enabled diverse
applications spanning communications1,2, medical imaging3,4, and material
processing5. In recent decades, variety of classes of structured beams-
exhibiting engineered intensity, phase, and polarization distributions-have
drawn considerable interest in the optics and laser communities. These
complex field distributions enable a variety of propagation behaviors, such as
beam acceleration, self-healing, diffraction resistance, and localized ampli-
fication. For example, in radial carpet beams (RCBs), self-amplification
occurs in the core region by redistributing power from the pattern-less
central zone into the surrounding structured area during propagation6,7.

Structured beams are essential in advancedmicroscopymethods, such
as confocal, light-sheet, and super-resolution imaging8–13. Additionally,
Bessel beams and RCBs play key roles in optical trapping, enabling the
manipulation of microscopic particles and biological cells14,15.

The generation and application of optical beams have been central
topics in photonics and laser physics. As solutions to the wave equation,
beambehavior varies with boundary conditions. Bessel, Laguerre-Gaussian,
and Hermite-Gaussian beams (whose fundamental mode reduces to a
Gaussian beam) each differ in their intensity, phase, and propagation
characteristics and can be generated within laser cavities determined by
cavity geometry16.

Recent advances in optical engineering have enabled the generation of
complex beams via diffraction techniques17,18. In these approaches, dif-
fractive elements impose specific boundary conditions on simple sources,
such as Gaussian or plane waves, to produce structured fields. For example,
high-order Laguerre-Gaussian beams are generated by diffracting Gaussian
beams through multi-circle phase-shifted amplitude fork gratings19, and
Bessel beams via axicons or ring-shaped apertures20,21. Similarly, RCBs are
produced by passing a plane wave through radial amplitude/phase struc-
tures, creating intricate diffraction patterns that merge near-field and far-
field behaviors6,22,23. These methods have led to recently developed beam
types, such as half-integer Bessel-like beams24.

Among the various families of structured beams, thosewhose intensity
profiles rotate during propagation have attracted considerable research
attention. Such rotational dynamics might provide additional functional
capabilities, potentially enabling advanced optical manipulation14,15, such as
trapping with controllable displacement of particles along the propagation
axis accompanied by rotation, as well as applications in free-space optical
communication25 and high-resolution imaging10,11.

Several works have explored the concept of intensity-rotating beams.
However, many of these either remain theoretical-with negligible observed
rotation-or display unstable intensity profiles during propagation. In ref. 26,
rotating beamswere proposed using on-axis interference betweenLaguerre-
Gaussian and vortex Bessel beams with frequency shifts. A rotating
Hermite-Gaussian beam was obtained by superposing frequency-shifted
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modes LG0,1 and LG0,−1, while rotating Bessel beams arose from similar
superpositions of vortex Bessel modes. Likewise,27 introduced a configura-
tion combining two vortex beams with opposite azimuthal indices, pri-
marily for analyzing particle dynamics. However, such approaches lack
experimental realization.

The rotation ofHermite-Gaussianbeampatterns depends on thebeam
waist and wavelength, rather than a fixed distance, and is best described
using normalized propagation distance z/zR, where zR is the Rayleigh
range26. Rotation is observed in the far field (z/zR ≳1); for instance, a 180°
rotation may appear at z ≈ 6 × 105 cm for a beam waist of b = 0.3mm.
Higher topological charges reduce rotational displacement for the same
distance. While the effect exists, it is minimal over practical propagation
ranges. Moreover, generating such beams requires precise alignment of
optical elements, such as fork gratings, spiral zone plates (SZPs), or spatial
light modulators. Even slight misalignment can result in mode mismatch
and power loss. These beams also suffer from structural expansion and
divergence during propagation, limiting their utility.

Although Bessel vortex beams are diffraction-free, their rotational
intensity profile exhibits onlymarginal evolution during propagation,much
like Hermite-Gaussian beams. Many theoretical and experimental studies
have investigated rotating beams formed through superposition with tai-
lored phase differences28–32. However, these methods typically produce
rotation over limited distances and require careful mode selection to
maintain beam integrity. Moreover, the superposition approach demands
complex optical setups, increasing system cost and reducing efficiency.

In other approaches, rotation emerges from vortex phase structures,
but typically remains limited to within 180°, as shown in simulations of
vortex beams reflecting in free space33. Larger rotations are possible with
asymmetric Laguerre-Gaussian mode combinations34, and even more
complex behaviors, such as combined rotation and revolution-have been
demonstrated using spatiotemporal beam shaping with frequency combs
and orbital angular momentum engineering35. Yet, these methods depend
heavily on frequency manipulation and multi-beam interference.

In a recent study36, a combined diffractive optical element was
employed to generate rotating diffraction patterns with triangular dis-
tributions. These patterns exhibited a progressive change in their apex angle,
increasing from nearly zero to 30 degrees over a propagation distance of
1.5m. The diffraction pattern rotated around the optical axis by an angular
amount of 90 degrees over the same distance. Despite the rotation, the
diffraction pattern did not maintain a beam shape. Due to the considerable
expansion of its apex angle, the pattern underwent substantial transfor-
mation over further propagation, with its form changing noticeably as the
apex angle increased.

Despite the progress achieved in earlier approaches26–36, most reported
rotating beams either suffer from negligible rotation26,33,36, require complex
superposition of multiple modes28–32 that demand delicate interferometric
alignments prone to instability, or remain purely theoretical without prac-
tical implementation26,27. Evenwhen experimentally attempted, these beams
often diverge during propagation and exhibit unstable or weakly rotating
intensity profiles28–30,36, as elaborated in the preceding discussion. Such
limitations severely restrict their practical applicability in optical manip-
ulation, imaging, and free-space communication.

In contrast, this study presents a simple approach based on diffraction
of a plane wave from a pure amplitude diffractive element having spiral-like
structure (SLS) composed of curved spokes with dual radial and azimuthal
periodicity.Unlike radial gratings having straight spokes, the SLS lines curve
systematically outward, forming spiral paths. This curvature introduces a
structural phase twist, generating beams with rotating, localized high-
intensity spots-main intensity spots (MISs)-without relying onmulti-mode
interference. These beam-like patterns (BLPs) exhibit vortex phase char-
acteristics and carpet-like radial intensity distributions, combining struc-
tural complexity with propagation stability.

Our analysis and experiments reveal that the vortex phase originates
from the spoke curvature, while the radial carpet-like intensity results from
periodicity in both radial and azimuthal directions-a property absent in

SZPs. Thus, SLSs can produce rotating vortex radial carpet-like beams. The
resulting beams exhibit reduced divergence and even local amplification.
Particles trapped in MISs may undergo axial motion, orbital rotation, and
orbital angular momentum transfer, potentially enabling inter-spot hop-
ping-a behavior not reported before.

The diffraction patterns consist of concentric rings populated with
petal-like spots, whose number and rotation dynamics are governed by the
SLS curvature rate. The rotating spots trace helical paths around a dark
central region, forming a three-dimensional structure reminiscent of a spiral
galaxy-thus inspiring the term “galactic-form spinning beams.”

The proposed SLS method offers a simple, low-cost, single-element,
pure-amplitude solution that is easy to implement experimentally, while at
the same time enabling robust rotational dynamics, reduceddivergence, and
localized amplification over practical propagation distances. Furthermore,
by tuning the structural parameters of the SLS, the degree of rotation can be
precisely controlled and tailored to specific applications, with the rotational
behavior preserved over considerable propagation ranges.

Results and Discussion
Transmission function of SLSs
We define the pure-amplitude transmission functions of SLSs exhibiting
dual periodicity in both radial and azimuthal directions. These functions are
modeled using sinusoidal and binary profiles, as described below:

tsðr; θÞ ¼
1
2

1þ cos mθ þ 2πrL
m

� �� �
; ð1Þ

tbðr; θÞ ¼
1
2

1þ sgn cos mθ þ 2πrL
m

� �� �� �
; ð2Þ

wheremdenotes the number of spokes in the structure, r and θ are the radial
and azimuthal polar coordinates, respectively, sgn is the signum function,
and L is a curvature parameter that governs the azimuthal advancement of
the spokes per unit radial distance. This parameter has units of inverse
length and is expressed in mm−1, consistent with the centimeter-scale
dimensions of the fabricated SLS samples.

By tuning the value of L, the curvature of the spokes can be precisely
controlled. It is noteworthy that Eqs. (1) and (2) are periodic in θ for fixed r,
and periodic in r for fixed θ, thus exhibiting a dual-periodic nature in both
coordinates.

To illustrate this property, Fig. 1a, d display the spatial amplitude
patterns of the sinusoidal and binary SLSs, respectively, for the parameters
m = 30 and L = 5mm−1. The corresponding one-dimensional (1D) profiles
along the radial and azimuthal directions are presented in Fig. 1b, c for the
sinusoidal SLS, and in Fig. 1e, f for the binary SLS.

In Fig. 2, we present various examples of SLSs withm = 10 andm = 30,
featuring sinusoidal profiles. As evident from the figures, increasing the
value of L results in greater curvature of the spokes in the structure. When
L = 0mm−1, the structure reduces to the radial grating as described in
refs. 6,22. Additional examples, including binary profiles and further var-
iations of L, are shown in Fig. S1 and detailed in Supplementary Note 1.

In Fig. 3, we compare different SLSs and radial gratings to highlight the
curvature degree of the SLSs’ lines. i displays the radial gratingswith a binary
profile form = 10 andm = 30. ii show the SLSs using Eq. (2) for L = 1mm−1

and L = 2 mm−1. iii illustrate the superimposition of thinned dark spokes/
lines from the structures in panels (i) and (ii). Intersection points between
the radial grating spokes and SLS lines are highlighted with dashed-line
circles.

As illustrated in Panel (iii) of Fig. 3a, each line of the SLS intersects the
adjacent spoke of the radial grating on the first circle at radius r1 = 1 cm,
reaches the next spoke on the second circle at radius r2 = 2 cm, and super-
imposes on the third spoke on the third circle at radius r3 = 3 cm, and so on.
In Fig. 3b, as L increases from 1 to 2, the curvature of the lines also increases.
Here, each line of the SLS intersects the adjacent radial grating spoke on the
first, second, and third circles at radii of r1 = 0.5 cm, r2 = 1 cm, and
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Fig. 1 | Amplitude sinusoidal and binary spiral-like structures (SLSs) with cor-
responding radial and azimuthal profiles.Amplitude sinusoidal (a) and binary (d)
SLSs with parametersm = 30 and L = 5mm−1. b and c show the radial and azimuthal

profiles for the sinusoidal SLS in (a), while e,f show the corresponding profiles for the
binary SLS in (d), plotted at θ = π/4 rad and r = 30 mm, respectively.

Fig. 2 | Transmittance of radial gratings and
spiral-like structures (SLSs) with sinusoidal
amplitude profiles. a Sinusoidal amplitude radial
grating and SLSs with m = 10, b sinusoidal ampli-
tude structures withm = 30, for various values of L. i
corresponds to radial gratings, while ii–iv corre-
spond to SLSs. Additional examples, including
binary profiles and further variations of L, are pro-
vided in Fig. S1.

https://doi.org/10.1038/s42005-025-02450-1 Article

Communications Physics |            (2026) 9:20 3

www.nature.com/commsphys


r3 = 1.5 cm, respectively, which are half of the values for L = 1 mm−1. As L
increases to values of 3, 4, 5, … , the radii r1, r2, and r3 decrease pro-
portionally to 1/3, 1/4, 1/5 of the corresponding values for L = 1mm−1.

Furthermore, as the number of spokes in the radial grating, m,
increases from 10 to 30, Fig. 3(c) for L = 1 mm−1 and Fig. S2(d) for
L = 2mm−1 illustrate the corresponding changes in r1, r2, and r3. For
L = 1mm−1, the values are r1 = 3 cm, r2 = 6 cm, and r3 = 9 cm; for
L = 2mm−1, the values are r1 = 1.5 cm, r2 = 3 cm, and r3 = 4.5 cm.Therefore,
the radii of the intersection circles can be expressed by the following simple
relation:

rðm;LÞ
n ¼ n

m
L
; ð3Þ

wherendenotes the indexof the intersection circle,m is thenumber of spokes,
and L is the curvature parameter that governs the angular variation of the SLS
lines per unit radial distance. The parameter L has units of inverse length.

Diffraction of a Plane Wave by an SLS
As a reference case, Fig. 4a shows the diffraction pattern generated by an
amplitude sinusoidal radial grating with parameters m = 10, L = 0mm−1,
which corresponds to an RCB, numerically obtained using the angular
spectrum method (angular spectrum method is presented in Methods).
Subsequently, Fig. 4b–d illustrate the diffraction patterns produced by SLSs
with parameters m = 10, L = 5, 10mm−1 and m = 30, L = 5mm−1, respec-
tively. Additional details for the case m = 10, L = 1mm−1 are provided in
Fig. S3 and discussed in Supplementary Note 2.

To track the rotation of the diffraction patterns, one of the MISs in
(b–d) is highlighted with a light blue circle. The figure clearly demonstrates
that the MISs’ positions shift both azimuthally and radially as the wave
propagates, leading to an expansion of the diffraction pattern accompanied
by rotation around the optical axis.

The results indicate that, increasing the curvature of the lines (larger L)
and reducing the number of spokes (m) results in greater rotation. Addi-
tionally, these changes reduce the radial expansionof the central pattern-less
region, which is proportional to the radial position of theMISs.Our analysis
shows that diffraction from SLSs generates rotating BLPs that closely
resemble RCBs. Over varying propagation distances, the core region of the
BLPs rotates around the optical axis, with the central spots maintaining an
almost shape-invariant structure during rotation. These distinctive rota-
tional propertieshave ledus to refer to theMISs as ’optical drills.’Thedegree
of rotation varies with the curvature of the spokes in the SLS structure. For
further insight, see Supplementary Movie 1.

In Fig. 4f, g, we present 3D visualizations of theMIS trajectories, which
resemble optical drills, to highlight the rotational dynamics of BLPs during
propagation. These trajectories are derived from diffraction patterns with
m = 10, L = 5mm−1 and m = 10, L = 10mm−1, as shown in Fig. 4b, c. For
comparison, Fig. 4e shows the propagation trajectory of the MISs for the
RCB, which demonstrates no rotational behavior along the propagation
axis. The analysis spans a propagation distance from z = 1m to z = 25m.

As illustrated in Fig. 4b–d, f, g the parameter L significantly influences
the rotation of BLPs. Higher values of L enhance rotational dynamics while
reducing divergence during propagation. Specifically, in Fig. 4b, f, and
Supplementary Movie 2 (see part (a)), the MISs complete approximately

Fig. 3 | Transmittance of radial gratings and
spiral-like structures (SLSs) with binary profiles
for different parameters. a m = 10, L = 1mm−1;
b m = 10, L = 2mm−1; c m = 30, L = 1mm−1. The
superimposition of thinned dark spokes/lines from
the structures in i and ii is shown in (iii). Intersection
points between the radial grating spokes and SLS
lines are highlighted with dashed-line circles. An
SLS withm = 30, L = 2mm−1 is presented in Fig. S2.
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one full turn around the propagation axis over a distance of 25m. Con-
versely, in Fig. 4c, f, and Supplementary Movie 2 (see part (b)), the MISs
complete approximately three full turnsover the samepropagationdistance.
Additionally, in Supplementary Movie 3, more pronounced rotational
features are observed for smaller values of m, analyzed for two different
values of L. For instance, for m = 2 and L = 3mm−1, the MISs complete
approximately seven full turns over a 6m propagation distance. To provide
a clearer view of the beam evolution and divergence characteristics during
propagation, longitudinal cross-sections (in the y-z plane) of the intensity
distributions corresponding to Fig. 4b, c are shown in Fig. 4h, i, respectively.
These slices complement the 3D and transverse intensity profiles, offering
additional insight into the beam’s propagation dynamics.

To further elucidate the characteristics of the BLPs, detailed transverse
intensity and phase distribution-along with their corresponding wrapped
and unwrapped representations of phase profiles around a circular trajec-
tory of MISs-are illustrated in Fig. 5 and Fig. S4. Figure 5a shows the
intensity andphase structure of theRCBat z=25m, serving as a baseline for
comparison with the vortex phase structures observed in the rotating BLPs,
and providing further insight into the underlying cause of their rotational
behavior. Specifically, the transverse intensity distribution of the RCB

generated by amplitude sinusoidal radial gratingwith theparametersm=10
and L = 0mm−1, is shown in Fig. 5a1, while Fig. 5a2 provides an enlarged
view of one of the MISs and its surrounding region. The corresponding
phase distributions related to these intensity patterns are displayed in
Fig. 5a3, a4, respectively. The internal phase structure of the MISs is high-
lighted in Fig. 5a5. Finally, Fig. S4(a6) presents both the wrapped and
unwrapped phase profiles along a circular trajectory surrounding the MIS,
further clarifying the phase characteristics associated with the non-
rotating beam.

Figure 5b provides an overview of the intensity and phase structure of
the BLPs generated by an SLS withm = 10 and L = 5mm−1, illustrating the
complex vortex features associated with their rotational propagation
dynamics. In detail, Fig. 5b1 showBLPs resulting from SLSwithm= 10 and
L= 5mm−1 during a propagation distance of z= 25m. Enlarged view of one
of MISs and its surrounding area are provided in Fig. 5b2, phase distribu-
tions corresponding to the intensity patterns in Fig. 5b1, b2 shown in
Fig. 5b3, b4, respectively. Corresponding phase distribution and wrapped
and unwrapped phase profile of MISs over circular trajectory are plotted in
Fig. 5b5 and Fig. S4(b6). Figure 5b5 and Fig. S4(b6) show that the phase
structure of theMISs in the inner ring, covering the range from − π to π, is

Fig. 4 | Comparison of the propagation of an radial carpet beam (RCB) and
beams produced with sinusoidal amplitude spiral-like structures (SLSs). a A
radial grating and the resulting RCB under propagation. b–d three SLSs with dif-
ferent m and L, along with the corresponding beam-like patterns (BLPs) during
propagation. b, c display diffraction patterns of concentric rings populated with
petal-like spots whose number and rotation are governed by the curvature of the SLS.
Dynamic visualizations of b, c are provided in Supplementary Movie 1. Diffraction
patterns through the SLS withm = 10 and L = 1 mm−1 is presented in Fig. S4. These

spots follow helical paths around a central dark core, forming a Three-dimensional
(3D) structure akin to a spiral galaxy-hence the term galactic-form spinning beams.
One of themain intensity spots (MISs) in panels (b), (c), and (d) is highlightedwith a
light blue circle to track the rotation. e–h 3D trajectories of MISs resembling the
grooves of a mechanical drill, referred to here as optical drills. h, i show y-z cross-
sections of the intensity distributions corresponding to (b, c), respectively. (See also
Supplementary Movies 1-3).
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Fig. 5 | Propagation dynamics of intensity and phase distributions of radial
carpet beams (RCBs) and beam-like patterns (BLPs) generated by radial gratings
and spiral-like structures (SLSs). a Simulated intensity and phase distributions of
an RCB at z = 25 m, generated by a sinusoidal radial grating withm= 10. a1 Intensity
distribution; a2 enlarged view of one of the main intensity spots (MISs) and its
surrounding region; a3, a4 simulated phase distributions corresponding to the
intensity patterns in (a1) and (a2), respectively; a5 phase distribution of the MISs.
b Intensity and phase distributions of BLPs generated by an SLS with m = 10 and

L = 5mm−1 under propagation. b1 Intensity distribution; b2 enlarged view of an
MIS and its surroundings; b3, b4 corresponding phase distributions; b5 phase
distribution of the MISs. i–v illustrate the evolution of these patterns during pro-
pagation. c same as (b), but for an SLS with m = 10 and L = 10 mm−1, evaluated at
z = 25 m. For dynamic visualizations of phase evolution in the cases withm = 10 and
L = 10 mm−1, see Supplementary Movie 4. Wrapped and unwrapped phase profiles
along a circular path across the MISs for all cases in (a)-(c), as well as a comparison
with an SLS defined by m = 20 and L = 10mm−1, are provided in Fig. S4.
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fully established after a propagation distance of z = 1m. The corresponding
phase analysis for thediffractionof aplanewave throughanSLSwithm = 10
and L = 10mm−1 is shown in Fig. 5c, specifically in panels (c1) to (c5), at a
propagation distance of z = 25m, while the wrapped and unwrapped phase
profiles are provided inFig. S4(a6). The unwrappedphaseprofile in this case
is compared with that obtained for an SLS with the same L = 10mm−1 but a
higher spoke numberm = 20, illustrated in Figs. S4(d) and S4(e) at different
propagation distances. As seen, the phase analyzes of rotating BLPs reveal
that each concentric MISs ring carries an azimuthal varying phase profile
with a topological charge equal to the number of spokes. These visualiza-
tions, shown for various SLS configurations and propagation distances,
provide deeper insight into the vortex phase structure of theMISs and their
evolution along the optical axis. For dynamic visualization of the phase
evolution during propagation, readers are referred to Supplementary
Movie 4.

As shown in Fig. 4b, c, the central diffraction pattern exhibits a
propagation-invariant intensity profile with a distinct rotational behavior.
This stationary intensity region initially forms around the MISs and pro-
gressively extends to larger radii as the beampropagates. For instance, after a
propagation distance of 5 meters in Fig. 4c, the entire displayed window
maintains a nearly invariant structure.

Further illustrated in panels (b) and (c) of Fig. 4 and Fig. 5, these
diffraction patterns feature concentric rings filled with petal-like intensity
spots. The number and rotational dynamics of these spots are directly
governed by the curvature rate of the SLS spokes. As the beam advances, the
spots first appear in the inner rings and gradually populate the outer ones,
while the entire structure rotates uniformly around the optical axis-
resembling the coherent motion of galactic matter.

During propagation, the intensity spots trace helical paths around a
central dark core, collectively forming a 3D structure reminiscent of spiral
galaxy arms. This feature motivates the designation of these beams as
’galactic-form spinning beams’ (see Supplementary Movies 1 and 4).

This rotational behavior can be physically understood from the geo-
metry of the SLS. The spiral curvature of its spokes introduces a structural
phase twist into the diffractedwavefront, analogous to the effect observed in
SZPs, and this twist drives the rotation of the intensity spots during pro-
pagation. In contrast, RCBs generated by diffraction from radial gratings
with straight spokes exhibit no such rotation, since their geometry lacks
curvature. The rotating carpet-like intensity distribution produced by SLSs
arises from the combination of radial and azimuthal periodicity-a geometric
feature absent in conventional SZPs. This interplay between phase twisting
and radial periodicity leads to the stable rotation of localized high-intensity

spots without the need formulti-mode interference, as demonstrated by the
simulated intensity and phase distributions in Fig. 5.

Comparison of Diffraction Patterns of SLSs and SZPs
A Fresnel zone plate (FZP) is a diffractive optical element that mimics the
focusing behavior of a conventional lens. Unlike traditional lenses that rely
on refraction, the FZP focuses light through the constructive interference of
diffracted waves1. It consists of a series of concentric zones specifically
designed so that the transmittedwaves converge coherently at adesired focal
point. By incorporating a helical phase singularity into the FZP’s trans-
mission function, a generalized formknown as the spiral zone plate (SZP) is
realized37.

The transmission functions of pure amplitude SZPs-whether sinu-
soidal or binary-can be describedusing the same equations as those for SLSs,
namelyEqs. (1) and (2),with the exception that the argument mθ þ 2πrL

m

� �
is

replaced by ‘θ þ πr2
λf

� 	
, where ℓ denotes the topological charge and f is the

focal length.
It is important to note that while the SZP in ref. 37 employs a pure

phase transmission function, the SZP considered here-illustrated in Fig. 6a-
is based on amplitude modulation.

Furthermore, unlike the SZP’s phase or amplitude transmission
function, which exhibits a quadratic dependence on the radial coordinate
(r2), the transmission function of SLSs given by Eqs. (1) and (2) is linearly
dependent on r. This fundamental difference leads to distinct spatial
modulations on the incident beam and results in markedly different dif-
fraction patterns and beam dynamics.

The azimuthal phase term ℓθ in theSZP’s transmittance imparts orbital
angular momentum (OAM) to the transmitted beam, with the beam
acquiring a topological charge equal to ℓ. A representative SZP designed for
ℓ = 3 is shown in Fig. 6a, with its radial and azimuthal profiles depicted in
Fig. 6b, c. The resulting diffraction pattern, calculated using the same
method as in the previous section, is shown inFig. 6d.As evident, diffraction
from the SZPmaintains the focusing behavior of a conventional zone plate
while also generating an optical vortex, characterized by a central phase
singularity and an annular intensity distribution (see also Supplementary
Movie 5).

In contrast, the SLS structure features uniformly spaced radial lines and
periodicity in both radial and azimuthal directions. This dual-directional
periodicity enables the formationof vortex rotatingRCBs-referred tohere as
’galactic-form spinning beams’-which the SZP cannot replicate due to its
lack of such structural double-periodicity.

Fig. 6 | Transmittance and diffraction character-
istics of a spiral zone plate (SZP). a Transmittance
of an SZP with topological charge ℓ = 3. b, c present
one-dimensional cross-sectional profiles of the SZP
in the radial and azimuthal directions, plotted at
θ = π/4 rad and r = 3mm, respectively. d Simulated
diffraction pattern resulting from a plane wave dif-
fraction through the SZP shown in (a). See also
Supplementary Movie 5 for the full propagation
dynamics.
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Moreover, the diffraction pattern generated by the SLS remains
structurally stable during propagation, exhibiting a rotating intensity dis-
tribution accompanied by a twistedphase profile. In contrast, the diffraction
pattern from the SZP undergoes rapid structural changes as it propagates,
eventually forming a ring-shaped intensity distribution at the focal plane.
Despite these distinct behaviors, both diffraction patterns share a common
attribute: a helical phase structure that imparts rotational characteristics to
the transmitted beam.

Experimental Results and Comparison with Simulations
In Fig. 7, both experimental and simulation results are presented for the
diffraction of a plane wave through pure amplitude SLSs with a sinusoidal
profile form = 10 and varying values of L. By tracking the position of one of
theMISsof theBLPsduringpropagation from z=1mto z=5m,weobserve
that increasing L results in greater rotation of the BLPs. For further illus-
tration, refer to Supplementary Movies 6-7.

The same analysis is applied to sinusoidal and binary amplitude SLSs
withm = 30 andm = 20 in Figs. 8 and 9, respectively. These configurations

exhibit less beam rotation compared tom = 10. However, as in the previous
case, increasing L consistently leads to a more pronounced rotation of the
BLPs. Additional Supplementary Movies 8-9 are provided to enhance
comprehension.

In Figs. 7-9, the experimental measurements consistently confirm the
simulated rotational dynamics of the MISs. By tracking the position of one
of the MISs during propagation from z = 1m to z = 5m, the recorded
rotations for L = 5mm−1 are approximately 67° form = 10, 22.5° form = 20
(binary structure), and 13° for m = 30. For L = 10mm−1, the rotations
increase to 173° for m = 10, 45.5° for m = 20, and 23.5° for m = 30, with
simulations reproducing these values with high accuracy. This clearly
illustrates that the angular rotation of the BLPs decreases with increasingm
and increases with larger L.

For further illustration and comparison, Supplementary Movie 10
presents the experimental propagation of BLPs generated by sinusoidal and
binary SLSs withm= 10 and L = 5mm−1. The results clearly show that both
configurations exhibit the same angular rotation of the centralMIS over the
same propagation distance.

Fig. 7 | Transmittance and diffraction patterns of
sinusoidal amplitude spiral-like structures (SLSs)
with m = 10. a, d show Transmittance of two dif-
ferent SLSs with sinusoidal amplitude profiles and
parameters m = 10 and L = 5, 10 mm−1. An inset in
panel (d) shows a zoomed-in view to better illustrate
the curvature details. b, c show the simulated and
experimentally recorded diffraction patterns under
propagation when a plane wave passes through the
structure in (a). e, f present the corresponding pat-
terns for the structure in (d). One of the main
intensity spots (MISs) in (b), (c), (e), and (f) is
highlighted with a white circle to track the rotation.
Refer to Supplementary Movies 6 and 7 for further
details.

Fig. 8 | Transmittance and diffraction patterns of
sinusoidal amplitude spiral-like structures (SLSs)
with m= 30. a and d show the transmittance maps
of two SLSs designed with sinusoidal amplitude
profiles and curvature parameters L = 5, 10 mm−1.
d includes amagnified view to resolve fine structural
details. b, c present the corresponding simulated and
experimental diffraction patterns under plane wave
illumination for the structure in (a), while e, f display
the patterns for the structure in (d). Amain intensity
spot (MIS), marked by a white circle, is tracked in
each case to illustrate the rotation dynamics. Further
visualization of these effects is available in Supple-
mentary Movie 8.
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A detailed analysis of the rotational dynamics and divergence char-
acteristics is provided in Supplementary Note 3 (Rotational Dynamics and
Minimal Divergence of the Generated Beams). As shown in
Figs. S5(a) and S5(b), for the same number of lines (m = 10) and different
curvatures (L), the divergence of the BLP decreases as the curvature
increases, while the rotation becomes more pronounced during propaga-
tion. In contrast, Figs. S5(c) and S5(d) illustrate that for afixed curvature (L),
increasingm leads to greater divergence and reduced rotation. Furthermore,
as demonstrated in panels (b), (c), (h), and (i) of Fig. 4, the beams generated
by SLSs with small m and large L preserve their rotating carpet-like struc-
tures with negligible divergence even after 25m of free-space propagation,
confirming their quasi-non-diffractive behavior. These results indicate that,
the extent of the quasi-non-diffractive regime is determinedby the interplay
between the structural parametersm andL. Additional visualizationof these
dynamics is provided in Supplementary Movies 11-12, where Supplemen-
tary Movie 11 corresponds to SLSs with m = 10 and varying
L = 5, 10, 15, 20mm−1, and Supplementary Movie 12 corresponds to SLSs
with L = 10mm−1 and varying m.

The quantitative dependence of rotation on these parameters is sum-
marized in Table S1, which lists the rotation values for the BLPs corre-
sponding to m = 2, 3, 4, 5 and L = 1, 3, 5 mm−1. As observed, the rotation
increases with larger curvature L for a fixedm, while higherm values lead to
reduced angular rotation. Among the examined cases in Table S1 with
m=2, 3, 4, 5 andL=1, 3, 5mm−1, the SLSwithm = 2 andL = 5mm−1 yields
the largest total rotation-approximately 18, 110° overa propagationdistance
of 15m. As further clarified in the Discussion section, this rotation can be
increased by using larger values ofL. To further illustrate these trends, a–c of
Fig. S6 shows the evolution of the angular rotation as a function of propa-
gation distance for the cases listed in Table S1. The results clearly indicate
that, increasing L enhances the rotation rate, producing faster angular
evolution over the samedistance. The correspondingmean angular rotation
values, plotted in Fig. S6d, confirm a monotonic increase with L and an
inverse dependence on m. Together, these findings demonstrate that both
the rotation and the number of MISs can be effectively tuned by adjusting
the structural parameters m and L. For further details on the rotational
dynamics and minimal divergence of the generated beams, see Supple-
mentary Note 3 (Rotational Dynamics and Minimal Divergence of the
Generated Beams).

Discussion
The results demonstrate that the rotating BLPs generated by SLSs exhibit
distinctive propagation characteristics governed by the structural

parametersm and L. Increasing the curvature of the SLS lines enhances the
rotationof theBLPswhile reducing their divergence, leading to a quasi-non-
diffractive propagation regime.

Further investigations in Supplementary Note 3 provide detailed
analyses of the wavelength-dependent behavior and the localized self-
amplification phenomena observed in the patterned zones of the generated
beams. The results show that the rotational dynamics of BLPs are strongly
influenced by the incident wavelength-an increase from 400 to 800 nm
enhances the angular rotation of the MISs over the same propagation dis-
tance, as illustrated in Fig. S7 and Supplementary Movie 13.

The spinning area-referred to as the galactic-form spinning beam-
represents the extended rotating field surrounding the core and is high-
lighted by the green dot-dashed circles in panels (a–c) of Fig. S8, where the
diffraction patterns of three different SLSs with m = 10 and L = 1, 3, and
5mm−1 are shown at a propagation distance of 15m. The corresponding
rotational dynamics of these beams are presented in Supplementary
Movie 14. The relative power contained within this galactic-form spinning
area, as indicated by the green dot-dashed lines in panels (d–f) of Fig. S8,
increases during propagation and reaches approximately 20, 15, and 10%of
the total transmitted power at a distance of 25m, in the same order. For
further details and the power percentage of the MISs and the surrounding
core area, which includes theMISs and the pattern-less region, the reader is
referred to Supplementary Note 3 (See Self-Amplification in the Patterned
Zones of the Generated Beams).

To enable rotational dynamics at smaller scales suitable for particle
manipulation, the geometry of the SLS can be tailored by adjusting the
spoke curvature (L) while keeping the number of spokes (m) constant.
For example, as illustrated in panels (a–c) of Fig. S9 and Supplementary
Movie 15, two SLSs withm = 10 and spoke curvatures of L = 5 mm−1 and
L = 500mm−1 produce beams with identical angular rotations. However,
the beam generated by the SLS with L = 500mm−1 completes the rotation
over only 2.5 mm of propagation-10,000 times shorter than the propa-
gation distance required for L = 5 mm−1. This demonstrates that,
increasing L by roughly two orders of magnitude allows the same rota-
tional effect to occur over only 0.0001 of the original propagation dis-
tance, making this structure particularly suitable for laboratory-scale
particle manipulation. For further details and a comparison of the radial
and azimuthal positions of an MIS resulting from diffraction through the
different SLSs, the reader is referred to Supplementary Note 3 (See Self-
Amplification in the Patterned Zones of the Generated Beams), and
panels (d–g) of Fig. S9.

Fig. 9 | Transmittance and diffraction patterns of
binary amplitude spiral-like structures (SLSs)
with m = 20. a, d present the transmittance of two
binary SLSs with curvature parameters
L = 5, 10 mm−1. An enlarged view in (d) reveals
detailed structural features. The simulated and
experimental diffraction patterns under a plane
wave illumination are shown in panels (b) and (c)
for the structure in panel (a), while e, f show the
corresponding patterns for the structure in (d). The
rotational evolution of a selectedmain intensity spot
(MIS) is indicated by a white circle. The complete
propagation dynamics are provided in Supplemen-
tary Movie 9.
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Conclusion
In this work, we introduced a class of structured beams-termed galactic-
form intensity-twisted vortex beams-generated by diffracting plane waves
through SLSs with dual radial-azimuthal periodicity. These beams exhibit
rich rotational and propagation dynamics, with the entire intensity pattern
rotating around the optical axis during free-space propagation. The angular
velocity of this rotation scales with the curvature of the radial spokes, while
the overall divergence remains significantly lower than that of conventional
RCBs, indicating a quasi-diffraction-resistant behavior.

The central region of the beam becomes dark, while the first intensity
ring features high-intensity spots tracing helical paths. Due to their drill-like
spatial structure and dynamic rotation, we refer to this inner ring config-
uration as an optical drill. As the curvature parameter L increases, both the
rotational speed and power modulation frequency of the MISs increase; for
lower L, the modulation becomes less frequent and occurs over longer
distances. This self-organizing behavior results in a gradual, quasi-periodic
amplification of power along the propagation axis, with the transfer of
power from the pattern-less central region to the surrounding MISs
becoming increasingly uniformwith distance. It is observed that, the rate of
power gain saturates over long propagation ranges.

Our results also confirm that the beams exhibit localized self-
amplifying power properties, akin to those seen in RCBs, yet with
enhanced directional control and confinement. These features make them
well-suited for applications requiring efficient and stable beampropagation.

Particles placed along the trajectories of the MISs could potentially
experience both rotational and axial optical forces, leading to simultaneous
spinning and forward translation. This combined motion presents exciting
prospects for advanced optical manipulation techniques, such as non-
contact microfluidic transport, optical trapping of asymmetric or aniso-
tropic particles, and the actuation of optically driven microrotors. These
theoretical capabilities may pave the way for future applications requiring
precise light-matter interaction, including biological cell manipulation,
targeted drug delivery, and high-resolution control in micro- and nano-
scale systems.

Additionally, we assessed the robustness of these beams under align-
ment imperfections, including slight off-axis displacements and non-
normal illumination. Our findings indicate that the generated beam struc-
ture remains stable under such minor perturbations. Preliminary simula-
tions also suggest that even structural imperfections, such as the removal of a
single spiral line-do not significantly affect the rotation dynamics, empha-
sizing the inherent resilience of the beamdesign.Ongoing investigations are
exploring the self-healing capabilities of these beams under environmental
disturbances, such as atmospheric turbulence, with results to be reported in
a forthcoming publication. These particular characteristics also suggest
potential applications beyond optical manipulation, including enhanced
imaging and robust long-range free-space optical communication.

Overall, the distinct structural anddynamic properties of galactic-form
twisted vortex beams provide opportunities in light-matter interaction and

beam engineering, with strong potential across both fundamental and
applied photonics.

Methods
Numerical Simulation Method
When a plane wave with a complex amplitude ψ0 illuminates a structure
defined by the transmission function t(x, y), the resulting distribution of the
complex amplitude immediately after the structure, at the z = 0plane, canbe
expressed as follows:

ψðx; y; z ¼ 0Þ ¼ ψ0tðx; yÞ; ð4Þ

where (x, y) represents the Cartesian coordinates and z = 0 indicates the
plane immediately after the structure. The complex amplitude of the field at
a propagation distance z from the structure can be determined using the
angular spectrum technique as follows1:

ψðx; y; zÞ ¼ FT�1 FT½ψðx; y; z ¼ 0Þ�Hðf x; f y; zÞ
n o

; ð5Þ

where, FT and FT−1 represent the Fourier transform and inverse Fourier
transform, respectively, while H(x, y, z) denotes the free space transfer
function under the Fresnel approximation, expressed as1

Hð f x; f y; zÞ ¼ h0 exp iπλz f 2x þ f 2y

� 	h i
; ð6Þ

where h0 ¼ expðikzÞ, λ is the wavelength of the light beam, fx and fy are
angular frequencies in the x and y direction, respectively. Unless otherwise
specified, all simulations and experiments throughout this work are per-
formed using a wavelength of λ = 532 nm, consistent with the experimental
laser source.

By applying Eq. (1) in Eq. (4) and using Eq. (5), the diffraction patterns
of a plane wave passing through various SLSs were numerically simulated
based on the angular spectrum propagation method.

Experimental Setup
The experimental setup is shown in Fig. 10. A second-harmonic beam at
532 nm, generated by an Nd:YAG diode-pumped laser, was used. To
achieve a uniform and expanded intensity profile, the beam first passed
through a spatial filter. It was then collimated using a 4-inch diameter lens
with a 65 cm focal length, ensuring that the SLSs were illuminated over a
large area. Diffraction patterns were captured at various distances from the
grating using a Nikon D100 camera; For this purpose, the camera’s built-in
imaging lens was removed so that the diffraction patterns were recorded
directly onto its sensorwithout anymagnification. The SLSswere fabricated
on transparent substrates using lithographic techniques with a spatial
resolution of 600 dpi. Each SLS measures 3 × 3 cm2 and is fully illuminated

Fig. 10 | Schematic of the setup used to generate
and record the diffraction patterns through
the SLSs. A 532 nm second-harmonic beam from a
diode-pumped Nd:YAG laser is first passed through
a spatial filter to produce a clean, expanded profile,
and then collimated by a 4 inch, 65 cm focal-length
lens to uniformly illuminate the SLS. The diffraction
patterns at different propagation distances are cap-
tured using a lensless Nikon D100 camera.
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by a uniform, expanded laser beam at the SLS plane. The beam size was
adjusted to cover the entire SLS area, ensuring uniform illumination and
maximizing diffraction efficiency.

Data availability
The datasets generated and analyzed in this study comprise diffraction
images recorded at 10 cm intervals along the propagation axis. Given the
large number and substantial volume of these images, they are not publicly
accessible. The complete dataset, including all recorded diffraction patterns,
is available from the corresponding author for research purposes upon
request.

Code availability
The MATLAB codes used to generate and analyze the data supporting the
results of this study are publicly accessible in the online repository: https://
doi.org/10.6084/m9.figshare.30208651.
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