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Abstract

We discover that a standard Fourier transformation intrinsically imparts a parity-dependent phase shift to optical vortices, yielding a phase
difference of m between modes carrying odd and even topological charges. This phase shift, however, is not directly observable from the
intensity profile of the transformed beam. To render it measurable, we develop a spin-selective Fourier transformer by co-designing
propagation-induced dynamic phase and Pancharatnam-Berry geometric phase in a pair of hybrid-lenses. This device converts the
parity-dependent phase shift into orthogonal polarization states via spin-orbit interaction, enabling non-destructive separation of both
individual and superimposed orbital angular momentum (OAM) modes without the need for an interferometer. Our work establishes Fourier
transformation as a new mechanism for parity-resolved vortex manipulation, offering an integrable platform for high-dimensional photonic
applications.
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1. Introduction

The Fourier transform is a fundamental tool in modern optics, underpinning a broad range of applications including imaging!'=l,
Fourier holography!*l, and coherent information processing!>°l. Its canonical physical implementation uses a simple lens to map a
spatial field distribution into its angular spectrum, a property for which the Fourier transform is almost exclusively appreciated for its
amplitude-transfer characteristics. The phase it imparts, in contrast, has received considerably less attention. For conventional
optical fields such as plane waves or Gaussian beams, this phase is trivial and can be safely neglected. For structured fields such as
optical vortices carrying orbital angular momentum (OAM), however, this neglect may obscure a nontrivial and deterministic phase
modulation.

Optical vortices are beams characterized by a helical phase front of the form exp(ilf), where 0 is the azimuthal angle and the integer [

is the topological chargel’ 1%, Since the work of Allen et al. in 1992!'1], such beams have been known to carry ]} of OAM per photon,
establishing OAM modes as a high-dimensional and orthogonal state spacel'?. The unique properties of OAM beams have inspired a
wide range of applications, including high-capacity optical communications!!>!, quantum information processing!*>"8l, and OAM
holography!!*-2°l, Within this context, the Fourier transform has typically served a supporting function, namely mode cleaning and
spatial filtering?!l, OAM demultiplexing(??], or as a tool for vortex beam generation and synthesis!?>2?!l, with prior studies focusing
primarily on the intensity profile of the transformed field. The phase imprinted by the Fourier transform itself, and its implications for
optical mode manipulation, have remained largely unexplored.

Here we demonstrate that a standard 4f imaging system imparts a parity phase factor exp(il77) to an incident vortex field.
Consequently, modes with even [ acquire a phase shift of 0, whereas modes with odd [ acquire a phase shift of 77, establishing an
intrinsic parity-dependent phase shift between opposite-parity OAM modes. This phase shift, however, is not directly accessible from
the intensity distribution of the transformed beam. To render this hidden phase shift measurable, we introduce a spin-selective
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Fourier transformation that converts the parity-dependent phase shift into an observable polarization rotation. By co-designing
propagation-induced dynamic phase and Pancharatnam-Berry geometric phase in hybrid-lenses, the Fourier transform is configured
to act selectively on one circular polarization component while leaving the orthogonal component unaffected. Upon recombination,
the parity-dependent phase shift is mapped onto orthogonal linear polarizations: even OAM modes retain their input polarization,
whereas odd OAM modes undergo a 90° rotation. Experimentally, we demonstrate non-destructive separation of pure OAM modes
spanning from [ = #1 to [ = +3, as well as sorting of randomly selected vortex pairs spanning from [ = #1 to [ = +10 under multimode
excitation. This work establishes Fourier transformation as a new physical mechanism for parity-resolved vortex manipulation,
serving as an intrinsic phase encoder rather than merely an amplitude filter, which may have potential in optical communications
with both polarization and OAM multiplexing.

2. Methods

As shown in Figure 1a, a standard 4f imaging system performs a coordinate inversion operation (x, y)—(-x, -y). For an optical beam
carrying OAM, the annular intensity profile is invariant under this rotation. The crucial transformation occurs in the phase.
Theoretical analysis (detailed derivation provided in the Supplementary materials) shows that for an input OAM field,
Up(r, 0) = A(r) - explilf) (where A(r) is the radial amplitude distribution, [ is the topological charge, and 6 is the azimuthal angle), the
output field after passing through an ideal 4f system becomes:
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Figure 1. Principles of parity phase and spin-selective Fourier transformation. (a) A standard 4f system performs coordinate inversion (x, y)—(-x, -y) from input to output
plane; (b) Schematic of the parity phase. Even OAM acquires a phase shift of 0, while odd OAM acquires a phase shift of m; (c) The spin-selective Fourier transformation
converts the parity-dependent phase shift into an observable polarization rotation. The LCP component is Fourier-transformed while the RCP component remains
unchanged. Upon recombination, the parity-dependent phase shift is converted into an engineered polarization rotation. The polarization states of the output OAM beams

are mapped onto the Poincaré sphere. RCP: right-handed circularly polarized; LCP: left-handed circularly polarized; OAM: orbital angular momentum.
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The spatial coordinate inversion introduces a global parity phase factor exp(il7r) that depends on the topological charge I. As shown in
Figure 1b, when [ is an even number, the phase shift is zero; when [ is an odd number, the phase shift is 77. Thus, a standard 4f system
inherently introduces a deterministic phase difference between OAM modes of opposite parity (odd and even topological charges).
This phase shift, however, is not directly accessible from the intensity distribution of the transformed beam. To render this hidden
phase shift measurable, we introduce a spin-selective Fourier transformation that converts the parity-dependent phase shift into an
observable polarization rotation. As illustrated in Figure 1c, when an incident OAM beam passes through the designed spin-selective
Fourier transformer, its left-handed circularly polarized (LCP) component undergoes a Fourier transformation, whereas its
right-handed circularly polarized (RCP) component remains unaffected. After the two components recombine, the resulting output
field exhibits distinct polarization behaviors depending on the topological charge:
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Here, |H),|V),|L) = 1/v2(|H) —i|[V)), and |R) = 1/v2(|H) + i|V)) are the state vectors of horizontal linear polarization, vertical linear
polarization, left-handed circular polarization, and right-handed circular polarization, respectively. For odd-order OAM beams, the
phase difference between the LCP and RCP components equals 77, causing the polarization to rotate by 90°. For even-order OAM
beams, the phase difference is zero, and thus the polarization remains unchanged. Thus, a polarization-dependent beam splitter
separates the even and odd OAM modes.
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3. Results

To achieve spin-selective Fourier transformation, a pair of hybrid-lenses is developed. As shown in Figure 2a, the hybrid-lens is
designed by integrating a Pancharatnam-Berry (PB) phase liquid crystal lens with a dynamic phase lens. It is important to distinguish
this PB phase from the parity phase: the former arises from adiabatic evolution of polarization states on the Poincaré sphere*’l, while
the latter originates from the topology of spatial coordinate inversion. The total phase profiles for the two circular polarization
components can be expressed as the superposition of the PB phase and the dynamic phase, given by:
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Figure 2. Design and characterization of the hybrid-lens. (a) Design of the hybrid-lens; (b) Schematic of the spin-dependent phase modulation of the hybrid-lens;
(c) Two-dimensional slow-axis orientation map of the PB phase lens. Scale bar: 100 um; (d) Cross-polarized microscopy image of the PB phase lens. Scale bar: 200 ym;
(e) Photograph of the fabricated hybrid-lens. Scale bar: 1 cm; (f) Optical intensity distributions at the corresponding positions of the 4f hybrid-lens system for an LCP Gaussian

beam input or an RCP Gaussian beam input, respectively. Scale bar: 0.5 mm. LCP: left-handed circularly polarized; RCP: right-handed circularly polarized.
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where f; and f, are the focal lengths of the dynamic phase lens and PB phase lens, respectively. Here, both are set as 200 mm. The
effective focal length of the hybrid-lens for each polarization can be calculated as:

o = fife

 fitoife “)

where 0. = +1 and -1 denote LCP and RCP, respectively. Consequently, the LCP component focuses at 100 mm, while the RCP
experiences an effective focal length of infinity (i.e., no focusing), as illustrated in Figure 2b.

The desired PB phase lens is realized by spatially tailoring the effective optical axes of the liquid crystal molecules, as illustrated in
Figure 2c. To verify the OAM mode separation capability of the proposed non-interferometric scheme, a pair of hybrid-lenses was
custom-fabricated by JCOPTIX, China. As shown in Figure 2e, the dynamic phase lens (diameter: 12.7 mm) is bonded to the PB phase
liquid crystal lens (diameter: 25.4 mm). The size difference is designed to facilitate the alignment of their optical centers. The
cross-polarized microscopy image of the PB phase liquid crystal lens is shown in Figure 2d. The concentric rings indicate that the
orientation of the local optical axis changes continuously along the radial direction. In the experiment, the two identical
hybrid-lenses were arranged in opposite orientations with a separation of 200 mm to implement spin-selective Fourier
transformation. As shown in Figure 2f, the intensity distributions at the input, focal, and output planes indicate that the input LCP
Gaussian beam is firstly focused into a small spot after passing through the hybrid-lens1, with its polarization converted into RCP due
to the PB phase modulation. The beam is then recollimated to its original Gaussian profile after the hybrid-lens2, and its polarization
is converted back to LCP. For the RCP case, the lens phases introduced by the PB phase and dynamic phase lenses cancel each other.
Therefore, the RCP Gaussian beam undergoes normal diffraction without focusing. The experimental results confirm that
spin-selective Fourier transformation is successfully realized, in good agreement with theoretical predictions.
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The spin-selective Fourier transformer converts the parity-dependent phase shift into orthogonal polarization states via spin-orbit
interaction, enabling non-destructive separation of OAM modes without the need for an interferometer. The experimental setup of
the OAM mode separation system is illustrated in Figure S1. The OAM beams were generated using a computer-controlled phase-type
spatial light modulator (spatial light modulator (SLM), CAS MICROSTAR) based on the principle of computer-generated holograms®l. A
linearly polarized Gaussian beam from a 632.8 nm He-Ne laser (Thorlabs) was incident on the SLM. The forked-phase hologram used
to generate OAM beams was designed by combining a spiral phase profile with a blazed grating phase. The desired OAM beam,
extracted from the first-order diffraction, was directed into the spin-selective Fourier transformer to perform OAM-to-polarization
coupling. The use of liquid crystal-based hybrid lenses, however, imposes limitations on achieving short focal lengths. Consequently,
the longer effective focal length results in a non-negligible mismatch between the beam spot sizes of the LCP and RCP components
after propagation. To evaluate the beam-size mismatch quantitatively, we performed numerical simulations by propagating the LCP
and RCP components through the 4f system for different focal lengths. As shown in Figure S2, the spot-size mismatch increases
monotonically with the focal length. For longer focal lengths, however, the mismatch becomes significant and would degrade the
recombination efficiency. With the 4x beam expansion used in our experiment, the mismatch is reduced to a negligible level, ensuring
high-fidelity recombination of the two spin components. Notably, the liquid crystal-based hybrid lenses employed in this scheme can
be replaced with spin-decoupled metasurfaces?’3%., Since the characteristic size of meta-atoms is significantly smaller than that of
liquid crystal molecules, metasurfaces enable the realization of much shorter focal lengths. When the focal length is sufficiently
reduced, the propagation-induced spot-size mismatch is effectively minimized.

We first launched a vortex beam carrying a single OAM mode into the device. The polarization undergoes the following
transformation: |H) ) lleyen)—1H) & lleven) and IH) Q) lloga)—1V) Q) lloaq). Consequently, the even and odd OAM modes emerge from
output ports A and B of a polarization-dependent beam splitter (PBS), respectively. The optical intensity distributions of the input and
the separated OAM modes were captured with a complementary metal-oxide-semiconductor (CMOS) camera (Cinogy), as shown in
Figure 3. The intensity distributions at ports A and B confirm that the separation function operates effectively. Due to slight deviations
between the phase retardation of the PB phase lens and the ideal half-wave retardation, a small fraction of the unmodulated vortex
light remains in the output field, resulting in faint concentric interference rings in the intensity profiles. These interference effects
can be further suppressed by optimizing the fabrication processes. To quantify the influence of the PB lens imperfection on the
separation performance, we performed numerical simulations based on Jones matrix analysis, as shown in Figure S3. For a
quantitative characterization of the separation performance, we measured the input and output powers for each tested OAM mode
using a calibrated power meter. The calculated performance metrics are summarized in Table S1.
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Figure 3. OAM mode separation under single-input-mode conditions. Experimentally captured intensity profiles of the input vortices, the output fields appear at ports A and

B. The theoretical phase profiles of the input vortices are shown in the upper right corner. Scale bar: 1 mm. OAM: orbital angular momentum.

A more general case involving an input beam comprising a superposition of multiple OAM modes was also investigated. Specifically,
we consider an input composed of two distinct vortex pairs with opposite I. The superposition of each #I pair produces a petal-like
interference pattern with 2/l petals, which also provides a method for determining the I by counting the number of petalsi*'. The
intensity distributions of the input vortices with mixed OAM modes are presented in the second column of Figure 4. After passing
through the transformer, the even and odd OAM modes are separated into ports A and B, as shown in the third and fourth columns.
For example, when the input contains [ = 6 and [ = +7 OAM modes, a 12-petal pattern (corresponding to [ = +6) is observed at the even
port (A), whereas a 14-petal pattern (corresponding to [ = +7) appears at the odd port (B). This result clearly demonstrates the effective,
non-destructive separation of mixed OAM modes based on parity.
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Figure 4. OAM mode separation under multiple-input-mode conditions. Even OAM modes (/ = £6, +10) appear at port A, while odd OAM modes (/ = +1, +7) appear at port B.

Scale bar: 1 mm. OAM: orbital angular momentum.

4. Discussion

We have demonstrated that a standard Fourier transformation imparts an intrinsic parity-dependent phase shift to optical vortices.
For a single OAM mode, the parity phase is a global phase and is therefore not observable by any measurement, not merely by
intensity. It becomes physically meaningful only as a relative phase between modes of different parity, or, as implemented in our
device, between the LCP and RCP components of the same beam. Our spin-selective Fourier transformer works by breaking the
symmetry between the two spin components: the LCP component acquires the parity phase while the RCP component does not. The
relative phase between the two circular polarization components is then mapped onto the output polarization state via coherent
recombination.

This effect constitutes a new implementation scheme for non-destructive parity-dependent OAM sorting. The parity-dependent phase
shift introduced by the Fourier transformation is distinct from the well-known topological phase shifts introduced by Dove prisms
and Gouy phase accumulations. Based on these topological phase-shift mechanisms, various non-destructive OAM mode sorting
schemes have been developed over the years. These include interferometric networks incorporating Dove prisms[®2734, a
Faraday-effect-mimicking scheme that couples OAM to polarization®>!, and methods exploiting Gouy-phase-based radial-mode
sorting in focused systems!®*%3”1 or OAM mode sorting in resonators!*®l. However, a persistent challenge for these schemes is their
reliance on numerous bulk optical components, active stabilization, or precise tuning, which increases system footprint,
susceptibility to misalignment, and integration difficulty. In contrast, our approach exploits the intrinsic parity-dependent phase shift
of the Fourier transform itself. This requires no interferometer and no active stabilization, offering a passive and compact solution for
parity-resolved OAM sorting.

We acknowledge that the present device separates OAM modes only into odd- and even-parity groups, rather than resolving
individual topological charges. This is an inherent limitation of parity-based sorting, shared with other parity sorters such as the
Dove-prism-based Mach-Zehnder interferometer*>. For applications requiring full topological charge resolution, our device can
serve as a front-end pre-filter for cascaded sorting systems.

Regarding the operational bandwidth of the hybrid-lens system, the wavelength-dependent performance can be understood by
analyzing the two constituent phase components. For the dynamic phase lens, the phase profile takes the form py(x, y) = -7T(x2 + y2)/Af,.
When the operating wavelength deviates from the design value A, by AA = A - A,, the resulting phase error is
A = ) - 4Ag) = @4Ay): AA/A,, which manifests as an additional wavefront curvature that slightly alters the effective focal length.
For the PB phase lens, the phase distribution gpp(x, y) = 20.a(x, y) (alx, y) is the local orientation angle of the optical axis) is
geometry-dependent and wavelength-independent. However, the conversion efficiency relies on the half-wave retardation condition
6 = 2mAnd/A = 7T at the design wavelength. Wavelength detuning introduces a retardation error A = § - 77, which leaves a fraction of
the incident light unconverted with intensity proportional to sin?(A/2). This unconverted component does not acquire the intended
parity phase, thereby degrading the extinction ratio between the two output ports. These effects are negligible at the design
wavelength but should be considered for broadband applications.
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Despite this limitation, the spin-selective Fourier transformer holds promise for several practical scenarios. In optical
communications, it can function as a compact in-line channel monitor, allowing the desired mode to be routed back into the
communication link without loss while extracting spurious modes induced by link distortions, thus purifying the channel mode, and
enabling channel diagnostics. In conventional OAM multiplexing systems, crosstalk between OAM modes with closely spaced
topological charges typically necessitates a sufficiently large mode spacing to maintain channel isolation*°l. Introducing the
OAM-to-polarization coupling effect provides an additional degree of orthogonality, as adjacent channels can be encoded with
orthogonal polarization states, potentially enabling OAM multiplexing with reduced mode spacing and enhanced spectral efficiency.
In high-dimensional quantum information processing, the device can be used to project OAM-entangled states onto parity subspaces,
enabling simplified Bell-state analysis.

5. Conclusion

In summary, we have discovered that a standard Fourier transformation intrinsically imparts a parity-dependent phase shift to
optical vortices, yielding a phase difference of /T between modes carrying odd and even topological charges. Exploiting this
mechanism, we have further developed a spin-selective Fourier transformation by co-designing dynamic and geometric phases in a
pair of hybrid lenses, which converts this phase shift into orthogonal polarization states via spin-orbit coupling. Using this approach,
we have demonstrated non-destructive separation of odd and even OAM modes without the need for an interferometer. The newly
uncovered parity phase, rooted in the ubiquitous Fourier transform, establishes a new paradigm for vortex beam manipulation. This
work offers an integrable platform for high-dimensional photonic applications, including optical communications and quantum
information processing.

Supplementary materials

The supplementary material for this article is available at: Supplementary materials.
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