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Abstract. Orbital angular momentum (OAM) of an optical vortex has attracted great interest from the scientific
community due to its significant values in high-capacity optical communications such as mode or wavelength
division multiplexer/demultiplexer. Although several configurations have been developed to demultiplex an
optical vortex, the multiwavelength high-order optical vortex (HOOV) demultiplexer remains elusive due to lack
of effective control technologies. In this study, we present the design, fabrication, and test of metasurface
optical elements for multiwavelength HOOV demultiplexing based on optical gyrator transformation
transformations in the visible light range. Its realization in a metasurface form enables the combined
measurement of OAM, the radial index p, and wavelength using a single optical component. Each
wavelength channel HOOV can be independently converted to a high-order Hermitian-Gaussian beam
mode, and each of the OAM beams is demultiplexed at the converter output. Furthermore, we extend the
scheme to realize encoding of the three-digit gray code by controlling the wavelength or polarization state.
Experimental results obtained at three wavelengths in the visible band exhibit good agreement with the
numerical modeling. With the merits of ultracompact device size, simple optical configuration, and HOOV
recognition ability, our approach may provide great potential applications in photonic integrated devices
and systems for high-capacity and demultiplex-channel OAM communication.
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of the most promising fields of application, offering a wider
state space for enhanced-capacity transmission and high-
alphabet quantum protocols.”® For most of these applications,
the determination of OAM in advance is important and neces-

1 Introduction

In the past few decades, since Allen et al. pointed out that a
light beam with a helical phase factor carries orbital angular

momentum (OAM), the study of optical modes beams has be-
come extremely important in the field of photonics.'” The
OAM beam has attracted immense interests for its unique char-
acteristics and applications.” In particular, in information and
communication technology, OAM has probably opened some

*Address all correspondence to Jie Lin, linjie@hit.edu.cn; Peng Jin, P.Jin@
hit.edu.cn

Advanced Photonics Nexus

016005-1

sary. The need to measure OAM has promoted the develop-
ment of many methods and techniques with different levels
of complexity and performance.”"’

Generally, the generated optical vortex beam can then trans-
mit either in specific vortex fiber or in free-space, and finally the
OAM information is demultiplexed.'®'* Mostly, for the detection
of a given OAM value, researchers have presented many meth-
ods to detect OAM states.”” One common way to identify the
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Fig. 1 Schematic of mode detection HOOV mode LGy, is
chosen as an example. (al1) Intensity distribution of HOOV
beam of LG,,. (a2) SSP with F =13.4 mm= and ¢ =0 deg.
(@3) Intensity distribution of HOHG HGy4e. (b1) HOOV LGy».
(b2) SSP with F = 13.4 mm2 and = 45 deg. (b3) Intensity dis-
tribution of HOHG HG,¢ after rotating 45 deg. The subscripts
(p,I) and (m,n) are the mode numbers of LG,, and HG, .
The subscript (F,0) indicates the modulation parameters of
SSP. The SSP range of the x, y coordinate is (-0.3 mm, 0.3 mm)
and (-0.3 mm, 0.3 mm), respectively.

topological charge [ is to directly observe the interference or far-
field diffraction intensity patterns.”’* But, these methods ap-
plied only to the detection of the azimuthal index I(p = 0).
The interference or diffraction patterns could be indistinguish-
able in the high-order optical vortex (HOOV).** In particular, for
HOOV, the Laguerre-Gaussian (LG) modes form a complete
and orthonormal basis and are described by a radial index p
and an OAM azimuthal index L.** Consequently, detection of
the radial and azimuthal of HOOV beams simultaneously and
precisely is of vital significance for further increasing the optical
communication modes system capacity.” Up to now, many ef-
fective methods have been proposed to measure the p and I,
which mainly include astigmatism or mode converters” ™'
and special diffraction gratings.**** All the aforementioned
methods have significant disadvantages. Among these, holo-
graphic amplitude-masking techniques modulating the ampli-
tude and phase of a beam using a phase-only spatial light
modulator (SLM), although lossy, have become a useful exper-
imental tool to measure any arbitrary desired optical vortex
modes. However, these traditional methods of OAM detection
are based on large-sized optical devices such as SLM or cylin-
drical pair, which are only suitable for large communication sys-
tems rather than the integrated lab-on-chip systems, resulting in
a low modulation rate and poor integration. Therefore, to ad-
dress this problem, the research of a chip-level OAM detection
device has become a hotspot. Recently, with the appearance of
on-chip nanostructures or metasurfaces, compact OAM detec-
tion strategies have been proposed, exhibiting additional merits
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of miniaturization and enhanced functionality.**’ Undoubtedly,
these methods provide new routes to detect the input OAM
modes / (p = 0), however they do not simultaneously measure
both radial and azimuthal (p, ). Therefore, how to detect the
HOOV mode becomes a task of great importance.

To cope with this problem, in this study, we propose a smart
and powerful method of optical integration based on the optical
metasurface to detect HOOV. The broadband response of the
designed metasurface will achieve the wavelength demultiplex-
ing. The core of the HOOV detection technique is mainly based
on the use of a saddle-shaped phase (SSP). By superposing the
optical vortex phase and SSP, the designed gyrator transforma-
tion (GT) metasurface can transform the Gaussian beam into
high-order Hermitian—Gaussian beam (HOHG). In this manner,
we are able to obtain both the azimuthal index / and the radial
index p (p # 0) of each wavelength HOOV component within
our state—space. In addition, our technique enables us to achieve
the optical coding of the gray code of a three-wavelength state
HG,¢ in the natural basis of detection LG,4,. The detection ef-
ficience for multiwavelength HOOV is 100%, and the polariza-
tion conversion efficiencies of the GT metasurface are larger
than 87.9%. Our method provides an efficient method for multi-
wavlength HOOV demultiplexing, which is expected to pave the
way for high capacity and high efficiency optical communica-
tion applications.*®

2 Design and Simulation

Here, we will discuss how to determine the mode indices of an
HOOV. Based on the optical mode transformation of LG,,; to
HG,, ,, researchers proposed the GT-based OAM detection
scheme for the LG, ; vortex optical beam. We have investigated
the double cylinder lenses model, which provides a kernel func-
tion for astigmatic mode converter conversion between HOOV
and HOHG modes.” The mode conversion is in the category of
GT, which is physically explained by Rodrigo et al.“*** The
schematic diagram of mode indices measurement of LG4, with
SSP is shown as Figs. 1(al)-1(a3). To validate that SSP can
achieve detection HOOV, the modes of the optical field of
LGy, with beam waist @y, = 0.3 mm are performed. After
GT, the complex amplitude of the output field in the far-field
is:

+oo [ +oo
E(x,y) = / / E(x0, Yo, @) - exp(iy)dx dy. (D

In Eq. (1), Ey(xq,y9,wg) represents the incident complex
amplitude. y represents the phase of the GT kernel function.
The intensity distributions of the detection output modes are
shown as Fig. 1(a3), where the number and orientation of
diffraction bright spots provide the information of the radial
and azimuthal mode indices of HOOV. Meanwhile, the mode
number relationship is p =4 =min (m =4, n =6) and [ =
2 = |m — n| = |6 — 4] (the upper left orientation of diffraction
bright spots signify positive, and the upper right signify
negative) in GT of HG,,_4,—¢ and LG,_4;—», where p and [
are two integer indices to describe the mode LG, ;. m and n
are two integer transverse indices to describe the mode HG,,, ,,.*

Here, the kernel function can be through the geometrical
optical analysis of the orthogonal double cylindrical lens
(see Supplementary Material, Sec. 1). The kernel function is
called the SSP or hyperbolic phase. The SSP performs mode
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Fig. 2 Design and fabrication of geometric metasurface. (a)-(e) Process of the phase superposition.
(a) Phase distribution of the incident field LG, , corresponds to Fig. 1(a1). Symbol + indicates phase
superposition. (b) SSP with F = 13.4 mm=2 and # = 0 deg corresponds to Fig. 1(a2). The sign —
indicates the result phase superposition. (c) Phase distribution of HG,4 ¢ corresponds to the phase of
Fig. 1(a3). (d) Blazed grating phase with the period A = 0.03 mm. (e) Metasurface phase. (f) Unit
cell of TiO, metasurface and the structural parameters. (f0) 3D view of nanorods. Length
L =165 nm, width W = 65 nm, height H = 500 nm, and period T = 200 nm. (f1) — (f4) Top view
of the nanorods corresponds to four characteristic phase rotation angles ¢ = 0 (180 deg), 46.8, 83.6,
and 105.3 deg. The red plus sign + indicates the center of the structure. (g) Phase value of the four
characteristic corners of the nanorods at the corresponding design wavelengths of 405, 532, and
633 nm. Color corresponds to the corresponding wavelength. (h) Metasurface device corresponding
to phase diagram (e). Optical microscope image of the metasurface with a radius of 300 ym
(Olympus objective, magnification 10x, numerical aperture NA = 0.5, scale bar = 50 ym). The
red dotted frame shows a partially enlarged view of the central phase optical microscope image
(Olympus objective, magnification 100x, numerical aperture NA = 0.95). Plus sign + indicates
the center of the metasurface corresponding to (f) symbol +.

conversion between the LG and HG modes. The phase distribu- of air and the spherical cap radius R of the cylindrical lens.
tion of the proposed SSP is expressed as: 0 is the rotation angle of the SSP.* F and @ are the most critical

parameters of the SSP. According to physical optics, the
w(x,y,0) = F-[(x* — y*)cos 20 — 2xy sin 26), (2)  focal length of the cylindrical lens is f = R/(n —1). n is the

refractive index of the lens. The mode-matching condition is
where (x,y) are the Cartesian coordinates of the SSP. F=  wj=(1+1/ \/\/i_) f4/7.* Therefore, F can be further expressed
ny/AR denotes a coefficient related to the refractive index ny  as F = (2+ v2)ny/(n — 1)2zw}. For the constant mode
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Fig. 3 Experimental results of multiwavelength HOOV detection. (a) Schematic of optical field
diffraction of the metasurface. Three wavelengths 1; = 405 nm, 1, = 532 nm, and 13 = 633 nm
combined optical incident with left-handed circular polarization. The dotted line corresponds to
wavelength color. Three-color sample drawing villains represent the photons of three wave-
lengths. ¢,; is the diffraction angle at three wavelengths. The target detection field HG, s appears
at three different diffraction azimuths ¢,; = 19.72 deg, ¢,, = 26.31 deg, and ¢,3 = 31.94 deg,
which accompany a right-handed circular polarization state. (a1)—(a3) Diffraction field of the target
detection field HG, ¢ at three wavelengths. (a1) Detection diffraction field at the design wavelength
A4 =405 nm. (a2) Diffraction field at 1, =532 nm. (a3) Diffraction field at A3 = 633 nm. The
Cartesian coordinate system is represented by the black dotted line with a single arrow. The
red solid arrow line indicates the z axis direction. The dotted line double arrow indicates the posi-
tion of the target detection field on the CCD. (b) Simulated polarization transformation efficiency of
metasurface in the visible light band (from 400 to 700 nm) and the experimental measured data
points at three wavelengths 1, = 405 nm, 1, = 532 nm, and /3 = 633 nm. The black solid line is
the calculated data for the entire visible band. The circular data points are the calculated values at
three wavelengths. Triangular data points are the experimental data (color corresponds to wave-
length). (c) Gray code pattern based on metasurface detection LG, , mode with three-wavelength
switches. (c1)—(c8) Gray code images 111, 110, 101, 011, 100, 010, 001, and 000 corresponding
to binary numbers 5, 4, 6, 2, 7, 3, 1, and 0, respectively. The white number group is the gray code
array. Cyan numbers are binary numbers. The colored circular arrow curve indicates the polari-
zation state of the corresponding wavelength.

Wavelength (nm)

I i
700

incidence, the initial beam waist @, is a certain value. F deter-
mines the number of equivalent phase lines of the SSP. The
two-dimensional (2D) phase distribution of the SSP with F' =
13.4 mm~? (the initial beam waist @, is 0.3 mm, ny = 1 is the
vacuum, and n = 1.45 is the glass) and the rotation angles 6 = 0
and z/4 are shown in Figs. 1(a2) and 1(b2). For the 2D SSP
distribution with different F and 3D SSP, one can find that in
Sec. 2 of the Supplementary Material.

As shown in Figs. 1(al)-1(a3), we proposed precise detec-
tion from LG,; to HG,,, through the precise parameter F
modulation of SSP. The generated HG,4, is shown in
Fig. 1(a3)."” The direction of the HG mode in the upper left
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direction corresponds to the positive topological charge [ of
the LG,,,, mode, and vice versa. As shown in Figs. 1(bl)-
1(b3), the rotation of the detection optical field is determined
by the rotation angle € of SSP. In Fig. 1(b2), SSP rotating
45-deg counterclockwise corresponds to Fig. 1(al). For a
determined F, the 2D relative spatial distribution of SSP is
unchanged for different rotation angle 6. Their spatial distri-
bution is revolving for different 8, which does not affect the
numbers of mode index p and [. Therefore, Fig. 1(b3) of
HG,¢ clockwise rotating 45 deg corresponds to Fig. 1(a3).
In the Supplementary Material, Sec. 3, we analyze the GT of
the LG4, modes detection in various F. Next, consisting of

Sep/Oct 2022 e Vol. 1(1)
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Fig. 4 Schematic diagram of the experimental setup.

artificially engineered nanostructures, the metasurface is gener-
ally used in various functional optical devices to manipulate the
optical beam in almost any arbitrary manner. Here, we design
and fabricate a metasurface that is applied to detect LG,,. To
facilitate the experiment and reduce the registration error during
the experiment, we fabricated a single metasurface device
through the principle of phase superposition to demonstrate
the detection capability of SSP. The design physical device
of the HOOV detection metasurface is shown in Fig. 2, which
realizes the modulation function of Figs. 1(al)-1(a3).

3 Results and Discussion

The phase of the design metasurface phase is shown in
Figs. 2(a)-2(e). In the design, the phase superposition and phase
shift are applied to realize the metasurface phase distribution.

As shown in Fig. 2(a), the phase distribution of the LG4 ;—»
beam can be written as

w1 (r, @) = arg[U},(r, ¢,z = 0)]

el (2252 ] ]
(3)

In polar coordinates, arg[] indicates a complex angle.
Ul (r.¢,z = 0) is the complex amplitude of the incident beam
LG_4 > corresponding to Fig. 1(al). The coefficient C; , is

!
Cup = T\ witi
L, (2r*/w}) is the generalized Laguerre polynomial. @, is
the beam waist. k=2x/1 is the wave number, and
q(0) = ik} /2 = iz, is the beam complex parameter in the
beam waist plane (z, is the beam’s Rayleigh distance).”® By
superimposing the LGy, phase in Fig. 2(a) and the SSP phase
in Fig. 2(b), we can obtain the phase y,(r, ) + w(x,y,0)7,
which is shown in Fig. 2(c). T represents the conversion of

(69, is the Kronecker delta function).
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Cartesian coordinates to polar coordinates. In the design, a lin-
ear phase is introduced to separate the target detection optical
field from the zeroth-order diffractive field. In Fig. 2(d), the
period of the blazed phase grating is A = 0.03 mm, which is
applied as linear phase. The phase of the grating is expressed as

1
wo(x,y) = kLx. 4)

As shown in Fig. 2(e), the final phase distribution of the
metasurface is (7, @) +w(x,v,0)" +y,(x,y)T. Actually,
our proposed design method can also be applied to popularize
an arbitrary HOOV detection. Obviously, the three disperate
phase elements can be achieved by one metasurface. Therefore,
the system is more simple and compact.

Furthermore, the designed phase distribution can be realized
by a metasurface based on Pancharatnam—Berry phase modula-
tion. For the design wavelength of 405 nm, a metasurface device
with a nanorods unit will realize the phase of Fig. 2(e).*"°
In Fig. 2(f0), the length, width, height, and period of the
TiO, nanorod is L = 165 nm, W = 65 nm, H = 500 nm,
and T = 200 nm, respectively. As shown in Figs. 2(fl)-
2(f4), the rotation angles of the four selected nanorods are
@ =0, 46.8, 83.6, and 105.3 deg about the metasurface center.
The modulation phase values of the four selected rotation angles
@ are represented by the height of the purple pyramid in
Fig. 2(g). The corresponding phase values are approximately
equal to 0.56z, 0.957, 1.137z, and 27, respectively. Meanwhile,
because the metasurface is the broadband response, we also
calculated the phase modulation beyond the design wavelength
of 405 nm. In Fig. 2(g), the green pyramid represents the
phase modulation value for the wavelength of 532 nm. The
red pyramids indicate the phase modulation values for the
wavelength of 633 nm. In this way, the detection HOOV of
multiwavelength broadband can be realized. Moreover, the
polarization conversion efficiency for a single nanorod and
the phase modulation relationship corresponding to the entire

Sep/Oct 2022 e Vol. 1(1)
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phase rotation angle 0 < ¢ < 180 deg are in Sec. 4 of the
Supplementary Material. Figure 2(h) is the optical microscopy
image of the metasurface. The diameter of the metasurface is
600 pym. The red dotted frame shows the 100x partial enlarged
image, and the red cross shows the center position. From the
10x overall optical image and the 100x partial enlarged image,
the phase structure is consistent with the calculated phase struc-
ture in Fig. 2(e), especially at the center position related to the
mode number /. The fabrication process of the TiO, metasurface
is the same as that in our previous works.” The actual photo of
the metasurface is in the Supplementary Material, Sec. 5.

As shown in Fig. 3, we perform the optical experiments
of the metasurface. Figure 3(a) shows the schematic diagram of
the optical path. The experimental optical path is displayed in
the methods. Firstly, the combined three left-handed circularly
polarized beams are incident with wavelengths 1; = 405 nm,
Ay =532 nm, and A3 = 633 nm, respectively. The combined
three-wavelength optical beam is diffracted by the metasurface
and generates the right-handed circularly polarized optical
beam HG,¢. The target field is located in y;; = tan ¢,; X zgg,
(i = 1,2,3). The observed results are in excellent agreement
with the simulation shown in Figs. 1(al)-1(a3). The number
of the bright spots minus one gives the magnitude of the azimu-
thal index p, and the sign of / can be determined easily by in-
vestigating the orientation of these spots. The diffraction angle
relationship is ¢,; = arcsin(4;/6T), (i = 1,2,3) followed by
target detection fields of different wavelengths.”> Hence, the
different wavelength HOOV can be effectively separated by the
designed metasurface. As shown in Fig. 3(al), it is the detection
optical field of LGy, at the design wavelength of 405 nm. The
diffraction angle is ¢;; = 19.72 deg, and the detection pattern
is consistent with that simulated in Figs. 1(al)-1(a3). For the
wavelengths of 532 and 633 nm, they are shown in Figs. 3(a2)
and 3(a3). Obviously, our metasurface can be effectively
separated by demultiplexing multiwavelength HOOV in the
space. As shown in Fig. 3(b), to further discuss the character-
istics of the metasurface, the polarization conversion efficiency
reflecting the capacity of the basic cells for manipulating
the light in the local area, which is defined as 5=
Ircp/(ILcp + Ircp) X 100%, is employed to evaluate the per-
formance of the designed metasurface. The black solid curve
represents the calculated, which is the different polarization con-
version efficiency between the 400- and 700-nm wavelengths.
For the three experimental wavelengths, the corresponding col-
ored triangles are the experimental results, and the blue circles
are the simulation results. The maximal polarization conversion
efficiency of the detection HOOV metasurface is as large as
87.9% at the design wavelength of 405 nm. For the wavelengths
of 532 and 633 nm, the conversion efficiency is about 46.9%
and 24.9%, respectively.

As described above, multiplexing and demultiplexing tech-
nology is considered to be the most potential future large-capac-
ity communications solution. Here, we study the output field
HG, ¢ located in a different position that can be considered
for information encoding with different wavelengths. The gray
code is one extremely important encoding method due to its
convenience and reliable characters of minimization error.”*”
As shown in Fig. 3(c), our diffracted optical field by the meta-
surface can be applied to encode to achieve the three-digit gray
code by controlling the wavelength or polarization state. In this
study, the code is “1” when the detection optical field HG, ¢
appears, and it is “0” when it does not appear. For example,
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in Fig. 3(c2), the “110” gray code can be achieved by turning
off the incident red light wavelength. Other coding patterns can
be achieved by selecting a combination of three wavelengths. As
shown in Figs. 3(c1)-3(c8), the corresponding gray codes are
“111,7 “110,” “101,” “011,” “100,” “010,” “001,” and “000.”
Cyan numbers are the binary code numbers corresponding to
Figs. 3(c1)-3(c8) gray code, which are “5,” “4,” “6,” “2)”
“7 3“1, “0.” Tt is worthy to note that turning on/off the
wavelength is the simplest and most effective coding method,
but, in fact, we can also control the polarization state of the in-
cident optical to achieve the gray code encoding. The polarizers
or radial polarization converters can be used to achieve real-time
polarization control of the incident field. For example, as shown
in Fig. 3(c3), the gray code of “101” is realized, and the solid
circular line with the color arrow represents the right-handed
circular polarization. In other words, only for the left-handed
circularly polarized incident field, the coding target field will
appear by the metasurface. Here, we only demonstrate the cod-
ing based on the right-handed circular polarization. Actually, the
encoding of different polarization states can also be realized
based on the metasurface because different polarization states
correspond to different intensity encoding, which will greatly
expand the amount of encoded data.

4 Experimental Methods

As shown in Fig. 4, the experimental system was built to realize
the proposed detection LG, , optical field and gray code. A fi-
ber-laser (Fiblaser 405 nm) with wavelength 4 = 405 nm and
the two solid-state lasers (MGL-III-532/633-500 mW) with
wavelength 4 =532 nm and A =633 nm were selected as
the light source. Three visible light waveband (from 400 to
700 nm) beam expander collimators were used to expand
and collimate the three (405, 532, and 633 nm) laser beams.
Three linear polarizers were used to realize the polarization
of the three laser beams. Three 5/5 beam splitters were used
to combine three-wavelength laser beams. The three apertures
were used to ensure the quality of the linearly polarized beam
and adjust the diameter of the laser beam. The three polarizers
were used for the detection of the linear polarization state of the
three-wavelength laser beams after the small aperture dia-
phragm. The quarter-wave plate was used to convert the
three-wavelength combined linear polarization state laser into
a circular polarization state. The combined three-wavelength la-
ser was modulated into left-handed circularly polarized light and
then together through the modulation unit of the metasurface
device. Finally, the generated HG, ¢ optical field was captured
by a CCD camera (DFK 33Ux174, Sony IMX174LQJ-C
1920 x 1200, pixel pitch 5.86 ym, target surface size 1/1.2
in.). In the process of combining three-wavelength lasers, the
red light 2 = 633 nm entering the optical path was modulated
by three splitters when they arrive at the metasurface modulation
unit. The green light A = 532 nm entering the optical path was
located through the action of the beam splitter twice. The blue-
violet light A = 405 nm directly entered the metasurface modu-
lation unit through the beam splitter. We can also select different
combined optical paths for light-field testing. Numbers 1), 2),
and 3) are the planes that indicate the movement of the quarter-
wave plate, the metasurface device, and CCD along the x axis
direction. The red dotted arrow is the coordinate x-o-y. Sec. 6 of
the Supplementary Material has an actual optical path picture.
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5 Conclusions 10.
We propose a method for multiwavelength HOOV demultiplex- 11
ing and coding based on a dielectric metasurface. The metasur-
face for HOOV detection is designed and investigated in detail. 12.
The performances of the proposed device show great agreement
between the theoretical predictions and simulation results.
Different from traditional methods of OAM detection, our de- 13.
signed metasurface has the superiorities of miniaturized size, 14
broadband working wavelength, high polarization conversion '
efficiency, and detection for demultiplexing of the mode indices 15.
p and [. Specifically, the number of the far-field diffraction pat-
terns bright spots denotes the modulus of mode indices (p, [),
and the direction of these spots attests the sign of /. Moreover, 16.
the function of coding for the output light has been integrated on
the demultiplexer directly, which effectively improves the com- 17
pactness of the system. In addition to their potential application
. . . . . 18
in demultiplexing and coding, the compact form of our devices
enables their integration in laser cavities to generate topologi- 19.
cally complex combinations of HOHG states of light at the
source. We thus envision that this work will inspire the creation
of ultra-compact flat nanophotonic elements for wavelength di- 20.
vision demultiplexing, OAM optical communication demulti-
plex devices, and shaping structured light.”** 21.
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