A ER-INC)

Chinese Optics B

High-precision detection of topological charge of integral and fractional vortices based on metasurface

GAO Xin-peng, DING Shuang-shuang, MA Jing-wen, ZHOU Xiao-xiao, SHANG Yu-li, FAN Shi-song, TENG Shu-yun

Citation:

GAO Xin-peng, DING Shuang-shuang, MA Jing-wen, ZHOU Xiao-xiao, SHANG Yu-li, FAN Shi-song, TENG Shu-yun. High-
precision detection of topological charge of integral and fractional vortices based on metasurface[J]. Chinese Optics, 2026, 19(3): 754—
761. doi: 10.37188/CO.EN-2025-0037

TG, TR, THIESC, FEGRIGE, 14 57, I i, et 2. B R T ) B A 109 B L Y R R BE AL )],
D2, 2026, 19(3): 754-761. doi: 10.37188/CO.EN-2025-0037

View online: https://doi.org/10.37188/CO.EN-2025-0037

Articles you may be interested in

Principle and application of metasurface optical field modulation of atomic layer thickness

Jir 32 P A R T e e S R v
Chinese Optics. 2021, 14(4): 851 https://doi.org/10.37188/C0.2021-0069

Dynamical optical beam produced in rotational metasurface based on coherent spin hall effect
T R THT AR T 1R A8 B4 R IR
Chinese Optics. 2021, 14(4): 927 https://doi.org/10.37188/C0.2021-0097

Enhancement of terahertz absorption spectrum based on the angle multiplexing of the dielectric metasurface

LT B A T A B 5 A DRl 2% 1 ek W i
Chinese Optics. 2022, 15(4): 731  https://doi.org/10.37188/C0.2021-0197

Research progress of aberration analysis and imaging technology based on metalens

AR T B IR 22 0 T HUS AR BRI
Chinese Optics. 2021, 14(4): 831 htips://doi.org/10.37188/C0.2021-0014

Recent advances in metasurfaces for polarization imaging
TE ) i 1 PR AR 14 P TR F 5 0 e
Chinese Optics. 2023, 16(5): 973  https://doi.org/10.37188/C0.2022-0234

Research development of amplitude—modulated metasurfaces and their functional devices
R 2 T PO DR W 42 S D RE AR ST 2
Chinese Optics. 2021, 14(4): 886 https://doi.org/10.37188/C0.2021-0017


https://www.chineseoptics.net.cn
https://www.chineseoptics.net.cn
https://www.chineseoptics.net.cn
http://www.chineseoptics.net.cn/cn/article/doi/10.37188/CO.EN-2025-0037
http://www.chineseoptics.net.cn/cn/article/doi/10.37188/CO.2021-0069
http://www.chineseoptics.net.cn/cn/article/doi/10.37188/CO.2021-0097
http://www.chineseoptics.net.cn/cn/article/doi/10.37188/CO.2021-0197
http://www.chineseoptics.net.cn/cn/article/doi/10.37188/CO.2021-0014
http://www.chineseoptics.net.cn/cn/article/doi/10.37188/CO.2022-0234
http://www.chineseoptics.net.cn/cn/article/doi/10.37188/CO.2021-0017

W19% 3 i EDE (Fhaes0) Vol. 19 No.3
2026 4F 5 H Chinese Optics May 2026

XERS 2097-1842(2026)03-0754-08

High-precision detection of topological charge of integral and fractional

vortices based on metasurface
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Abstract: High-precision detection of topological charge is significant for the practical applications of vor-
tex beams. In view of the existing evaluation with low resolution of topological charge and more complexity
to judge simultaneously integer and fraction, this paper theoretically proposes and numerically verifies the
double judgment method for topological charge based on the designed metasurface. The inner and outer dif-
fraction patterns of metasurface can judge the value and sign of topological charge. The detection precision of
the proposed method reaches 0.05. The theoretic and simulated results give the solid verification for the ef-
fectiveness of the proposed method. This method has outstanding advantages including planar structure
design without additional elements, direct judgment without data processing and high precision over the ex-
isting methods, which is beneficial to the detection of topological charge and the applications of optical vor-

tices.
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1 Introduction

Optical vortices refer to light beams with helic-
al phase fronts!". Usually, a vortex with helical
phase changing the integral times of 27 is termed an
integral vortex and a vortex with helical phase chan-
ging the fractional times of 27 is termed a fractional
vortex!?, The intensity distribution of integer vortex
is symmetrically donut-shaped. Yet, the intensity
distribution of fractional vortex loses the symmetry
and it is even opening as the topological charge
takes an half integer. Because of the orthogonal
properties of integral vortices and carrying orbital
angular momentum, integral vortices have been
used in quantum information processing®!, optical
trapping!” and optical communication®. And be-
cause of distinct intensity distribution, fractional
vortices are widely used in complex particle manip-
ulation, quantum entanglement!), large capacity
communication® and edge-enhancement imaging'.

The accurate detection of topological charge
(TC) is the foundation of practical applications of
vortices. The detection of integral TC is usually
realized through judging the size of annular intens-
ity distribution” or the complete different pattern!'"!
or the number of interference fringes''"*l. Relat-
ively, the distinction of fractional TC gets more dif-
ficult. Recently, different devices like /2 mode
converter'™ and circular grating!”! have been pro-
posed to distinguish the fractional TC.

Besides the qualitative observation, the quantit-
ative studies are also performed. The TC of simple
fractional vortex was detected using optimized frac-
tional vortex evaluation algorithm®, and the meas-

urement precision for simple fractional vortex was

doi: 10.37188/CO.EN-2025-0037

CSTR:32171.14.CO.EN-2025-0037

0.1. The cross-blade diffraction approach was also
proposed to measure integer and fraction TCs
through calculating the first-order moment of the
diffraction pattern, and the measurement precision
of fractional TC within a smaller range was 0.11'",
Recently, the fractional TC was calculated based on
the proposed hybrid digital-optical correlator®, and
the resolution of TC smaller than 0.75 reached 0.05.
And the rotational Doppler effect was also utilized
to real-timely measure fractional TC through ana-
lyzing the frequency broadening behavior of frac-

1 and the resolution was 0.1.

tional vortex beams
These methods for the measurement for TC need the
complex experimental setup.

Recently, the deep learning-based method was
proposed to recognize the diffraction intensity distri-
bution of fractional vortex and the resolution of TC
reached 0.01%%. Yet the additional calculation is
needed since the training and testing of network.
This paper proposes the metasurface design and the
diffraction patterns give double judgment for TC.
The single metasurface element integrating the amp-
litude grating and the imaging lens simplifies the de-
tection setup of optical vortex. The proposed meth-
od individually indicates the total value of TC, in-
cluding the sign and the magnitudes of integral and
fractional TC. With the help of diffraction patterns,
the measurement precision of TC can reach 0.05.
The high precision measurement of TC lays the

groundwork for the applications of optical vortices.

2 Measurement principle

Here, the TC of vortex beam is detected based
on the metasurface, which integrates the amplitude

of a grating and the phase of a lens. Fig. 1(a) (color
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online) presents the schematic diagram of TC meas-
urement, where the transmittance of metasurface can
be expressed as

2
g(r):%(l+cos?)exp(—ﬂ) , 1

with 4 and f representing the period of grating and
the focusing length of lens, and » denoting the radi-
al coordinates. Certainly, it can be also expressed by
the summation of three terms of exp(—jmr*/Af),

exp(—jnr/if—j2nr/A) and exp(—jur?/Af+j2nr/A).

(a)
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Fig. 1
2.0,2.5and 3.5

Thus, the far-field diffraction of metasurface
with the vortex beam with the TC of a illuminated

can be obtained,
L .
u(p,0) =A | exp(jag)g(ridrdg =

A L 2
0} LL exp(jap) (1 + cos%r)x

J2mrpcos(e — 6)
] T

where A is one complex constant, L denotes the size

}drd(p , 2)

of metasurface, ¢ represents the azimuth angle of
vortex beam, p and 6 are the radial and angular co-
ordinates at the focusing plane of lens. Insert Eq. (1)
into Eq. (2), one can find that the diffraction field
with vortex beam illuminated containing three parts.
The first part corresponds to zero order diffraction
of vortex beam, the second part is the diffraction of
explj(ap+2nr/A)] and the third part is the diffrac-
tion of exp[j(ap—2mr/A)]. Fig. 1(b) (color online)
gives the diffraction patterns with 4=21 and f=
10 pm, the incident wavelength of vortex beam tak-
ing 2=632.8 nm, and the TC taking 1.0, 2.0, 2.5 and

(a) Schematic diagram of TC measurement based on metasurface and (b) diffraction patterns with the TC taking 1.0,

3.5, respectively.

The diffraction patterns in Fig. 1(b) show they
consist of two parts, namely, the inner zero-order
pattern and the outer fringe pattern coming from the
interference of +1 order diffraction of grating. The
inner pattern varies with the value of TC. The case
corresponding to integral TC is symmetrical ring-
shaped, as indicated by the blue arrow, and the case
corresponding to the fractional TC is petal-shaped,
as indicated by the red arrow. The number of petals
increases as the TC increases. The outer pattern also
changes with the value of TC. The case correspond-
ing to integer TC is also symmetrical ring-shaped,
and the case corresponding to fractional TC appears
the bifurcation, as marked by the yellow circles.
Therefore, these results provide the double judg-

ment for the value of TC.

3 Theoretical calculations

In order to verify the performance of the pro-

posed method to detect the TC of vortex, we theor-
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etically calculated the diffraction patterns of optical
vortex with the TC changing from integer and frac-
tion. Fig. 2 (color online) presents the magnified in-
ner diffraction patterns of integrated grating and

lens. Herein, the period of grating takes 24, the fo-

cal length of lens takes /=10 um, and the TC
changes from 4 to 5. And Fig. 3 (color online) gives
whole diffraction patterns and the magnified inner

ones with the TC taking different values.

Fig.2 Magnified inner diffraction patterns of optical vortex with TC changing from a=4.0 to a=5.0 with the separation of

0.1 and 0.05, where the scale bar denotes 1 pm

Fig. 3 (a) Inner and (b) outer diffraction patterns with the TC taking £2.5, £3.5 and +4.5, where the scale bar denotes 1 um

and the patterns inserted in the right of (b) are the magnified parts of squared ones

From the results in Fig. 2, one can see that as
0=4.0, the inner diffraction pattern is symmetrical
rings. As a increases, the central dark spot gradu-
ally decomposes into 4 close dark spots above, and
one dark spot appears below. When « increases to
4.5, this phenomenon is the most prominent and the
lower dark spot is the farthest away from the others.
Then, as a continues to increase, the lower dark spot
gradually approaches the upper ones. When a in-

creases to 5.0, the lower dark spot completely com-

bines with the upper dark spots and reverts to a sym-
metrical ring pattern. The number of close dark
spots corresponds to the integer value of TC and the
position of the isolated dark spot determines the
fraction value of TC.

This remarkable change of the inner pattern of-
fers significant criteria for differentiating between
integer and fraction TC. To illustrate the high preci-
sion of this method, the patterns with the interval of

TC taking 0.05 are also given in Fig.2, such as the
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cases with 0=4.25, 4.45, 4.55 and 4.75 are inserted.
It can be clearly observed that as a increases, the po-
sitions marked by the yellow and red arrows below
the patterns constantly change. The branch marked
by the yellow arrow disconnects near o=4.5, and the
fringes at the positions marked by the red arrows on
both sides bifurcate. This indicates that the measure-
ment precision of the fractional TC can reach 0.05.
Certainly, besides the measurement of integer
and fraction TCs, the sign of TC can be judged us-
ing this method. Fig.3 shows the calculated results
with the TC taking different values, where Fig. 3(a)
gives the magnified inner diffraction patterns with
the TC taking £2.5, £3.5 and +4.5, and Fig. 3(b)
shows the whole diffraction patterns and the magni-
fied local outer patterns. The parameters of metasur-
face are the same as the ones in Fig. 2. The results in
Fig. 3(a) show that the inner diffraction patterns
with the opposite TCs are upside-down. As the TC
is positive, the petal-shaped dark spots are above.
And as the TC is negative, the petal-shaped dark
spots are below. The results in Fig. 3(b) show that
the outer patterns are also upside-down as the TC

takes the opposite values, and the bifurcated fringes

among the outer patterns clearly confirm the up and
down flip phenomenon. Therefore, the sign of TC
can also be determined based on the diffraction of

metasurface.

4  Simulation verification

To verify the feasibility of this proposed detec-
tion method, we design dielectric metasurface based
on diatoms and carry out simulation experiments via
the FDTD software®'-2, The metasurface consists of
double silicon nanopillars with the length of /=
180 nm, the width of w=100 nm, the height of
h=310 nm, and the separation of two adjacent nan-
opillars takes p=300 nm. These nanopillars are de-
posited on a glass substrate and each one can be
equivalent to a half-wave plate at a wavelength of
633 nm.

The structure diagram of diatomic metasurface
is shown in Fig.4(a) (color online). Since the geo-
metric phase of 26 can be introduced by the nanopil-
lar with the rotation angle of 6, the transmission

field of double nanopillars can be expressed by

Ae® = e + e = 2cos(h; —0,)e’ " . (3)

@ Metasurface (®)

a=2.0

Silicon Glass

Fig. 4 Structures of metasurface and diatom. (a) Diffraction patterns with the TC taking integers (b) and fractions (c), where

the inserted dash lines denote the trajectories of fringes

Thus, the diatomic metasurface can readily

achieve the amplitude and phase modulation of light

field. We performed simulation experiments as the
TC takes different values. Fig.4(b) (color online)
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gives the results with the TC taking integers of 2.0,
3.0 and 4.0, and Fig. 4(c) (color online) shows the
cases with the TC taking fractions of 2.5, 3.5 and
4.5. The dashed lines inserted in Figs. 4(b) and 4(c)
exhibit the shapes of fringes. It can be observed that
as the TC takes any integer, the inner diffraction
pattern and outer diffraction ring is symmetric. As
the TC takes any fraction, the inner diffraction pat-
tern and outer diffraction ring is not symmetric. The
outer fringes bifurcate and one inner dark spot
moves away from others. These phenomena are the
same as the theory predicted. It needs to be pointed
out that in practical simulation, the vortex beam is
chosen as the incident light, and the detection plane
is placed at the distance of 10 um away from the
metasurface. The minimum mesh size in practical
simulation was 2 nm and the perfect match layers

were employed.

Fig. 5(a) gives the diffraction patterns as the
TC takes —2.5, —3.5 and —4.5. Comparing the res-
ults in Figs. 5(a) and 4(c), one can see that as the TC
takes opposite fractions, the diffraction pattern is
just upside-down including inner spots and outer
fringes. Fig. 5(b) gives the diffraction patterns as the
interval of TC takes 0.05.

The results in Fig. 5(b) show the obvious dif-
ference though the interval of TC takes 0.05. As the
fraction is smaller, one dark spot below the pattern
forms gradually with the TC increases and the bright
spot below closes by degrees to the pattern. As the
fraction is larger, a dark spot below the pattern
moves gradually towards the upper ones as the TC
increases and the whole bright ring closes to one
circle from the irregular shape. The inserted arrows
highlight the above changes. All these results are

consistent with the theoretical ones.

Fig. 5 Diffraction patterns as the TC takes negative values with the interval of TC 0.1 (a) and 0.05 (b)

The advantages of of our proposed method like

high precision, conciseness and visualization can be

seen from Tab. 1, where the comparison with the re-

ported works is given.

Tab.1 Comparison of works for detecting topological charge of vortex

Works Principle and method Complexity Precision
Dehnoei Sfet al'” Cross-blade diffraction Simple 0.1
Shikder A et all'¥ Hybrid digital-optical correlation Complex 0.05
Hu Z et al' Rotational Doppler effect Additional devices 0.1
Liu Z et al® Fraunhofer diffraction Deep learning Additional lens time-consuming 0.01
This paper Fresnel diffraction metasurface Simple 0.05
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5 Conclusion

Here, we propose and validate one high-preci-
sion detection method for the TC of optical vortex
based on dielectric metasurface. The designed
metasurface can realize the complex amplitude
modulation of light field and the diffraction pattern
with the vortex beam illuminated contains two parts.
The inner and outer diffraction patterns give double
judgment of the TC of incident vortex beam. In
terms of this method, the value and sign of TC can
be intuitively determined and the detection preci-
sion reaches 0.05. The detection precision of this
method can be compared with those of the existing

techniques like cross-blade diffraction method and

the Doppler frequency expanding technique. Yet,
the single detection element is much simpler and
much more miniaturized, which is easy to operate
without other additional elements. These advant-
ages of the proposed method are beneficial to de-
tecting TC of vortex field and enable wider applica-
tions of fractional vortices. For the experiment, one
can manufacture the metasurface using the nanomet-
er fabrication technique® and perform the measure-
ment of TC. Certainly, the measurement precision
may be influenced because of the fabrication errors.
Anyway, the higher performance metasurface may
be produced through the optimized design®**% and it
will enable the high precision measurement of frac-
tional TC.
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