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Terahertz vortices prompt numerous advanced applications spanning classical and quantum communications,
sensing, and chirality-based detection, owing to the inherent physical properties of terahertz waves and orbital
angular momentum (OAM). Nonetheless, existing methodologies for generating terahertz vortices face challenges
such as unalterable topological charges and intricate feed networks. To address these limitations, we propose a
novel approach to generate multi-mode and tunable vortex beams based on chiral plasmons. Through eigenmode
analysis, the uniform helical gratings are demonstrated to support chiral plasmons carrying OAM. By leveraging
their vortex characteristics and introducing modulation into the periodic system, these chiral plasmons are alter-
natively diffracted into high-purity vortex radiations according to the Bragg law. To validate the theory, the vortex
beam emitter is fabricated and measured in the microwave regime based on the modulated scheme. Experimental
results confirm the emission of vortex beams with desirable phase distributions and radiation patterns. Our find-
ings highlight the potential of chiral plasmons as seeds for tunable and compact vortex radiation, offering prom-
ising applications in tunable vortex sources. © 2023 Chinese Laser Press

https://doi.org/10.1364/PRJ.497533

1. INTRODUCTION

The angular momentum of photons encompasses both spin
and orbital components, which are related to the polarization
and wavefront distributions of electromagnetic waves. In con-
trast to the limited states of spin angular momentum, such as
right and left rotations, orbital angular momentum (OAM) ex-
hibits an infinite range of states, spanning from negative infin-
ity to positive values, as demonstrated in seminal work by Allen
et al. [1]. Exploiting the advantages of OAM, such as topologi-
cal protection and mode orthogonality within different quan-
tum states [2,3], optical vortex photons have found numerous
applications in optical tweezers [4], communications [5], quan-
tum entanglement [6], and nonlinear optics [7]. Extending op-
tical vortices into the terahertz (THz) band, leveraging the
broadband and unique properties of THz waves, further pro-
motes the development of THz communications [8] and chiral
spectroscopy [9]. As a result, significant efforts have been dedi-
cated by the community toward generating high-performance
THz vortex beams. However, achieving tunable vortex beams
over a broad range remains an urgent need for advanced multi-
mode and high-purity applications. The spiral phase plate is
first proposed to apply helical phase constraint for the incident
Gaussian beam, where the topological charge (TC) is structur-
ally limited to certain values without tunability in OAM and
operation band [10]. Inspired by holographic optical photon-
ics, a computer-assisted THz hologram has been fabricated

to spatially govern the in-plane phased distributions of the
incident beam, whereas their tunability is still limited [11].
Through the advancement and miniaturization of metamateri-
als, the V-shaped slits have been tailored to function as vortex
plates, precisely designed to operate at frequencies that align
with the structural resonant frequencies [12]. Based on the
comparable mechanism, emission of nondiffractive Bessel
vortex beams at 2.13 THz has been achieved through the im-
plementation of Fresnel spiral plates, which have been exper-
imentally demonstrated using the Novosibirsk free-electron
lasers [13,14]. Furthermore, the conversion of radially polarized
beams into high-power and broadband vortex beams has been
realized through the use of achromatic elements across the fre-
quency range of 0.75 to 2 THz [15]. To summarize, these
methodologies have been meticulously crafted to manifest THz
vortices with a precise TC at either a singular frequency or
within narrow bandwidths. However, the constrained tunabil-
ity of the TC and the narrow operating bands pose limitations
on their potential for advanced multi-mode applications. To
surmount these obstacles, the utilization of chiral plasmonics
carrying OAMs holds immense promise, offering a potential
solution for achieving a tunable TC separately in multiple
narrow bands.

Spoof surface plasmons (SSPs) are artificial counterparts of
optical surface plasmons that operate across the microwave to
infrared bands by leveraging structural periodic systems [16].
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Remarkably, these plasmons eliminate the requirement for met-
als with negative permittivity, presenting a novel avenue for
replicating the behavior of natural plasmons [17]. Due to their
dispersion relations exhibiting large longitudinal wave vectors,
these mimicking modes exhibit near-field local effects and
transverse surface-field enhancement. Consequently, they en-
able compact and intense applications in the THz bands, in-
cluding integrated plasmonic sensors and waveguides [18–20],
subwavelength focusing [21], and far-field optical hyperlens
[22]. Advancements in material topology and functional re-
quirements have led to the evolutionary development of dis-
tinctive plasmonic modes characterized by their structural and
functional properties [23]. Examples include planar SSPs [24],
conformal SSPs [24], and localized SSPs [24]. Among this
diverse range of SSPs, chiral ones offer inherent versatility
for achieving tunable vortex radiation, as they naturally carry
OAMs associated with different mode orders [25]. In efforts
to generate vortex beams, a compound scheme has been devised
where supplemental diffraction structures are placed around the
helical grating, resulting in the emission of multi-mode vortex
radiation [26]. However, this approach necessitates an addi-
tional concentric diffractive structure, which poses challenges
to practical robustness. Consequently, the exploration of a
scheme for diffracting localized chiral plasmons into vortex
beams remains an active area of research. Promisingly, the
implementation of periodic modulations holds potential in
overcoming this hurdle [27–29]. While vortex free-electron
radiation based on chiral plasmons can generate tunable vortex
beams, the constraints associated with generating symmetry-
customized electron beams pose challenges in the design of
electron optical systems and dynamic vacuum systems [29].
As a result, it remains a considerable distance away from prac-
tical applications and development into a high-performance
vortex beam generator. Therefore, the exploration of engineer-
ing-feasible and implementable generators that enable the cre-
ation of multi-mode and tunable vortex beams remains an
ongoing pursuit. Such research would undoubtedly make a
substantial and valuable contribution to THz spectroscopy and
communication.

Here, a novel approach is presented for the design of a com-
pact and tunable vortex beam emitter that leverages chiral plas-
mons with separate OAMs. Through eigenmode analysis, the
presence of distinct TCs carried by the photons is revealed by
the spiral wavefronts observed in the spatial phase distributions
in real space. To achieve the desired properties, double-period
depth modulation is incorporated into the proposed helical
periodic systems, enabling a gentle phase-matching condition
between the chiral plasmons and free space, as dictated by
the fundamental principle of the Bragg law. Consequently,
vortex beams with desired TCs are alternatively generated as
the frequency increases. Furthermore, a gradient coupling sec-
tion is designed to effectively excite these plasmons and facili-
tate their transformation into high-purity vortex radiations.
Experimentally, a plasmonic emitter is fabricated in the micro-
wave region to validate the operational principle in terms of
radiation patterns and the phase distributions of TCs. The
proposed methodology fully exploits the OAM of the chiral
plasmons and Brillouin-folding phenomena, boosting the

development of compact and tunable generations of THz
vortex beams.

2. RESULTS AND DISCUSSION

A. Chiral Plasmons Carrying OAMs
As illustrated in Fig. 1(a), the double-slots helical grating is
employed here for achieving the compact and tunable vortex
beam emitter since its eigenmodes are a series of chiral plas-
mons carrying OAMs. Therefore, the structural description
and dispersion analysis are necessary for the following discus-
sion and demonstration of the vorticity of these plasmons. The
propagation and modulation periods of the helical periodic
system are d and L � 2d , and the slot width is a � d∕2.
The outer radius of the helical grating is R1 � 3.5d , whereas
the inner radii of the two slots are R2 � R3 � 2d for the uni-
form scheme. In the following, based on the multi-slots uni-
form helical grating, the general solution for its eigenmodes
will be revealed to facilitate the understanding of the origin
of the OAMs carried by chiral plasmons, where the cylindrical
coordinate system is chosen for analysis. It is also supposed that
all the field components are steady-state varying sinusoidally in
time with monochromatic circular frequency ω, that is, time-
harmonic fields. The helical grating used for the analysis
contains G small slots of propagation period d within the
modulation period L, thus G � L∕d . Assuming the G slots
have the same depth, the helical grating is thus uniform with
a minimum period of d . For forward TM-polarized (electric
field parallel to the z direction) modes existing in a right-
handed periodic system, the E components should be Bloch
states that can be labeled by the Bloch wave vector k � kzbz.
Among them, kz is the propagation constant lying in the
Brillouin zone, and bz � ŷ 2π∕d is the primitive reciprocal lat-
tice vector. Thus, these eigenmodes are in the form [30]

Ekz �r,φ, z� � ejkz z · ukz �r,φ, z�, (1)

where (r,φ, z) are the coordinates in the cylindrical coordinate
system, and ukz �r,φ, z� is a periodic function consistent with
the periodicity of the helical system. According to the discrete
translational symmetry along the z direction and the rotational
symmetry around the z axis, the function ukz �r,φ, z� should
satisfy the following periodic conditions:

ukz �r,φ, z� � ukz �r,φ, z � κd �, κ ∈ Z, (2)

ukz �r,φ, z� � ukz �r,φ� l · 2π, z�, l ∈ Z: (3)

In satisfying the periodic conditions above, the periodic
function ukz �r,φ, z� relating to φ and z can be expanded into
a double Fourier series of the form

ukz �r,φ, z� � R�r�
X∞
l�−∞

Al
φejlφ

X∞
κ�−∞

Aκ
z e−jκ

2π
d z , (4)

and the field expression Eq. (1) becomes

Ekz �r,φ, z� � R�r�
X∞
l�−∞

Al
φejlφ

X∞
κ�−∞

Aκ
z e

−j
�
kz�κ2πd

�
z , (5)

where R�r� is an eigenfunction of radial distance r, and A l
φ and

Aκ
z are the complex Fourier amplitudes of the electric field
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associated with the azimuthal l th and axial κth space harmon-
ics, and can be evaluated by

A l
φ · Aκ

z �
Z

2π

0

Z
d

0

ukz �r,φ, z�
R�r� e−jlφe−jκ

2π
d zdφdz: (6)

The initial coordinate is assumed to be (r0, φ0, z0), where r0
is the outer radius of the helical grating. When the eigenmode
described by Eq. (5) propagates an arbitrary distance Δz along
the z direction, to remain invariant, its azimuthal coordinate φ
should also be rotated by an angle Δφ satisfying

Δφ � Δz
2π

d · G
, (7)

where G is the number of slots in a period. This one-to-one
correspondence is also requested inherently by the periodic
helical structure. Hence, the periodic function at coordinates
(r0, φ0, z0) and (r0, φ0 � Δφ, z0 � Δz) should be identically
described by the following relationship:

ukz �r0,φ0, z0� � ukz �r0,φ0 � Δφ, z0 � Δz�

� ukz

�
r0,φ0 � Δz

2π

d · G
, z0 � Δz

�
: (8)

Since the electric field has the form of Fourier series, the
above equation becomes

R�r0�
X∞
l�−∞

Al
φ0
ejlφ0

X∞
κ�−∞

Aκ
z0e

−jκ2πd z0

� R�r0�
X∞
l�−∞

A l
φ0
ejlφ0

X∞
κ�−∞

Aκ
z0e

−jκ2πd z0 · ej
2π
d

�
l
G−κ

�
Δz : (9)

To ensure that the above equation is valid and physically
achievable, the azimuthal and axial index of space harmonic
should be identical, which gives

�
κ � l

G , Al
φ0

≠ 0, Aκ
z0 ≠ 0

κ ≠ l
G , Al

φ0
� 0, Aκ

z0 � 0
: (10)

Hence, the electric field in Eq. (5) must be single Fourier
series with κ � l∕G:

Ekz �r,φ, z� �
X∞
m�−∞

Fl �r�ejlφe−j
�
kz� l

G
2π
d

�
z , (11)

where the Fl �r� � Al
φ · Aκ

z · R�r� is a function that satisfies
Helmholtz’s equation in cylindrical coordinates. Hence, in
the region of r > r0, the function Fl �r� should be a series
of modified Bessel function K l �τl r�, where τ2l � k2 −
�kz � 2πl∕�Gd��2 denotes the transverse angular wavenumber
and k � ω�μ0ε0��1∕2� is the wavenumber of the free space.
By utilizing the method of Borgnis’s potential, the Ez field
components of the slow wave in the region of r > r0 could
be expressed as follows:

Fig. 1. Schematic diagram and dispersion analysis of double-slots helical grating with or without depth modulation. Panels (a), (b), and (c) present
the structural descriptions, dispersion curves, and field distributions of eigenmodes for the uniform grating. On the other hand, panels (d), (e), and
(f ) depict the structural descriptions, dispersion curves, and field distributions of eigenmodes for the modulated grating.
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Ez �
X∞
l�−∞

−τ2l Al K l �τl r�ejlφe−j
�
kz� l

G
2π
d

�
z , (12)

where Al is the coefficient of the Fourier series of the scalar
function utilized in the method of Borgnis’s potential:

BU �
X∞
l�−∞

Al K l �τl r�ejlφe−j�kz� l
G
2π
d �z : (13)

As described in Eq. (12), each eigenmode is characterized by
the quantum number l, which is both the angular order and the
longitudinal order of space harmonics. These eigenmodes re-
present space-sinusoidal waves, and their combination must sat-
isfy the boundary condition of the helical grating. Interestingly,
each mode exhibits a phase rotation factor ejlφ, which corre-
sponds to the rotational factor in the expressions of vortex beams.
Thus, the l th-order mode carries OAM with a TC of l . When
the dispersion relations of these space harmonics fall below the
light line, chiral SSPs with TC � l are formed. In particular, the
analysis pertains to a right-handed helical system. In the case of
a left-handed helical system, the OAM exhibits rotation in the
opposite direction, i.e., TC � −l .

To validate the accuracy of the theoretical analysis, we em-
ployed the Eigenmode Solver in CST Studio Suite to calculate
and analyze the dispersion and field distributions of the uni-
form double-slot helical grating, as illustrated in Figs. 1(b)
and 1(c). Notably, the plasmonic modes showcased in this
study exhibit positive group velocities and possess transverse
even symmetry. This selection is based on the subsequent uti-
lization of coaxial modes characterized by uniform field distri-
butions in the transverse direction, which gradually transform
into plasmonic modes. As this transformation occurs, the
modes undergo equal compression within the two slots of
the helical gratings. Consequently, only modes exhibiting even
rotational symmetries in the transverse direction can be effi-
ciently excited. This behavior is evident from the field distri-
butions of plasmonic modes M0, M−

2, and M−
4. For expression

M�
m , the lower and upper corners denote the absolute value of

the TCs and the rotational direction of OAM. For mode M0,
the first row of Fig. 1(c) presents its Ez field and phase distri-
butions. Its electric field exhibits an almost uniform distribu-
tion along the z axis, while the phase remains nearly constant.
To verify the value and direction of the OAM carried by it, the
normalized spectral weight or the so-called mode purity of
the TC of mode M0 is calculated by [31,32]

Wm � PmP∞
l�−∞ Pl

, (14)

where Pm indicates the OAM spectrum weight of the spiral
harmonic basis ejmφ. To evaluate the mode purity, a cir-
cular curve, aligned with the helical grating, is employed as
the sampling curve. Data points are uniformly placed along the
sampling curve to capture the field properties accurately. In ex-
perimental measurements, both the amplitude and phase of the
Ez field can be accurately measured, and these measurements
can be conveniently converted to determine the real and imagi-
nary parts of the field components. The mode purity can then
be assessed using the discrete Fourier series provided by the
following equation:

Pl �ρ, z� �
1

N

XN
n�1

Q�ρ,φn, z�e−jlφn , (15)

where N is the number of data points and Q�ρ,φn, z� is the
complex quantity consisting of real and imaginary parts of the
Ez field sampled on the sampling curve from the simulation:

Q�ρ,φn, z� � R�Ez� � jI�Ez�: (16)

As illustrated in the first row of Fig. 1(c), the calculated
mode purities based on Eq. (12) demonstrate that mode M0

exhibits a high-purity OAM with a TC � 0, yielding a purity
value of 0.9926. For modeM−

2, its field and phase distributions
are illustrated in the second row of Fig. 1(c). When revolving
around the z axis, the energy distribution remains nearly uni-
form, while the phase completes two full cycles from 0 to 2π.
This behavior signifies its possession of OAM with a TC � −2,
as corroborated by its mode purity of 0.9933. Likewise, for
mode M−

4, its phase distribution is depicted in the third row
of Fig. 1(c), revealing its association with OAM characterized
by a TC � −4 and a remarkable purity of 0.9918. Thus,
M0, M−

2, and M−
4 correspond to chiral plasmons carrying

high-purity OAM with TCs of 0, −2, and −4, respectively,
aligning seamlessly with the theoretical predictions provided
by Eq. (12). Under double-slots helical grating configuration,
the Ez field of each dispersion line ω�m, k0z � shown in Fig. 1(b)
with TC � m in the region 0 < �L∕2π� · k0z < 2 can be
expressed as

E0
z,�m,k0z � � −τ2mAmK m�τmr�ejmφe−jk0z z ,

m ∈ Z, 0 <
L
2π

· k0z < 2, (17)

which is a simplified form of the general solution of Eq. (12),
and can be utilized to describe the vortex characteristics of the
supported chiral plasmons of the helical grating. In the follow-
ing, we will focus only on the dispersion lines within
0 < �L∕2π� · k0z < 2. As depicted in Fig. 1(b), this is the small-
est region within the momentum space for which the dispersion
ω�m, k0z � possesses the full characteristics of the helical periodic
system owing to translational symmetry. In addition, according
to the periodic conditions Eqs. (2), (3), and (7), the total
dispersion relation ω�l , kz� over the momentum space should
also be periodic in kz and l , thereby satisfying the following
condition:

ω�l , kz� � ω

�
l �N · G, kz �N

2π

d

�

� ω

�
l �N · G, kz �N · G ·

2π

L

�
, (18)

where N ∈ Z. Since G equals 2 in the proposed M0 double-
slots system, the above equation should take the following
form:

ω

�
l � 2N , kz � 2N ·

2π

L

�
� ω�l , kz�: (19)

Accordingly, the Ez field of an arbitrary mode M�
jm�2N j

within 2N < �L∕2π� · k2Nz < 2�N � 1� can be expressed
by the following transformation of Eq. (17) according to
Eq. (19):
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E2N
z,�m,k2Nz � � −τ2mAmK m�τmr�ejlφe−jk2Nz z ,

2N <
L
2π

· k2Nz < 2�N � 1�, (20)

where l � m� 2N is defined as the integrated TC of the
dispersion line for its corresponding Brillouin region.

For the uniform grating, it can be observed from Fig. 1(b)
that the dispersion curves of the supported chiral plasmons lie
below the light cone and their wave vectors exceed those of free
space. Consequently, these plasmons are tightly confined to the
surface of the grating. To facilitate their diffraction into free
space and the generation of vortex beams, a scheme employing
modulation of the grating slot depth is adopted. This approach
harnesses the Brillouin-zone folding phenomenon, compensat-
ing for the wave vector mismatch between these modes and
the free-space modes. By exploiting band folding, the discrep-
ancy in wave vectors is remedied, allowing for efficient diffrac-
tion of the excited chiral plasmons into vortex wave beams.
Figure 1(d) presents the structural schematic of the modulation
scheme, where one slot is deeper than the other, as indicated
by R2 � 0.9R3. The field and phase distributions of modesM0,
M−

2, and M−
4, computed using the CST Eigenmode Solver, are

shown in Fig. 1(f ). These distributions confirm that these
modes are chiral plasmons carrying OAMs with TCs of 0, −2,
and −4, respectively. The dispersion curves of the modulated
scheme obtained through eigenmode analysis are presented
in Fig. 1(e). Compared to the uniform one, these curves fold
back within the boundaries of the Brillouin zone, falling into
the fast-wave region (yellow shaded region). Consequently,
when excited, these chiral plasmons within the fast-wave region
undergo diffraction with the −1st spatial harmonic, resulting
in the generation of free-space vortex beams. According to
Eq. (17) and Bloch’s theorem, the diffraction wave of the mth
modeM��−�

jmj within 0 < �L∕2π� · k0z < 2 can be written in the
following general form:

E0
z,�m,k0z � � −τ2mAmK m�τmr�ejmφe−jk0z z · Z�φ, z�,

0 <
L
2π

· k0z < 2, (21)

where Z�φ, z� is a periodic function with the same periodicity
as the modulated grating. Therefore, the following three peri-
odic conditions hold:8><
>:

Z�φ, z� � Z�φ, z� n · L�, n ∈ Z ,

Z�φ, z� � Z�φ� n · 2π, z�,
Z�φ, z� � Z�φ�Δφ, z�Δz� � Z

�
φ�Δz 2π

L , z�Δz
�
,

(22)

where the distance Δz and the angle Δφ should satisfy
Δφ � 2πΔz∕L. Similar to the analysis method for ukz �r,φ, z�
relating to Eqs. (4) to (10), Z�φ, z� can be expressed as a
Fourier series of kz :

Z�φ, z� �
X∞
n�−∞

Bnejnφe−jn
2π
L z , (23)

where n is the diffraction order of the space harmonic belonging
to the modulated helical system, and the coefficient Bn can be
calculated by

Bn �
Z

2π

0

Z
L

0

Z�φ, z�e−jnφe−jn2πd zdφdz: (24)

Therefore, the fundamental general form Eq. (21) of the
mode within 0 < �L∕2π� · k0z < 2 becomes

E0
z,�m,n,k0z � �

X∞
n�−∞

−τ2mAmBnK m�τmr�ejlφe−jknz z ,

n <
L
2π

· knz < n� 2, (25)

where l indicates the integrated TC carried by the nth-order
diffraction of modes M�

jmj within 0 < �L∕2π� · k0z < 2,

l � m� n: (26)

Then, the Ez field of an arbitrary mode M�
jm�N j within

N < �L∕2π� · kNz < N � 1 can be obtained by

EN
z,�m,n,kNz � �

X∞
n�−∞

−τ2mAmBnK m�τmr�ejlφe−jkn�N
z z ,

n�N <
L
2π

· kn�N
z < n�N � 2, (27)

where l indicates the integrated TC carried by the nth-order
diffraction of modes M�

jm�N j within N < �L∕2π� · kNz <
N � 1,

l � m� n�N , (28)

thereby enabling additive (subtractive) manipulation of the
TC through diffraction. In addition to this, the nth-order dif-
fraction of M�

jm�N j also superimposes the propagation con-
stants kNz with n2π∕L, i.e., kn�N

z � k0z � �n�N �2π∕L.
This is the key to achieving wave vector compensation between
the chiral plasmons and free-space vortex beams, thus con-
verting the modes M�

jm�N j into vortex beams. Regarding
Eq. (27), the compensation requires the relation −1 < �L∕2π� ·
kn�N
z < �1 to be established, i.e., n�N � −1. Hence, for
arbitrary SSP M�

jmj, the ultimate TC of the vortex beam by
its diffraction is

l � m − 1: (29)

Based on the above discussion, the −�1�N �th-order dif-
fraction of an arbitrary mode M�

jm�N j within N < �L∕2π� ·
kNz < N � 1 yields the vortex beam with integrated
TC � m − 1. Since the intensity of the fundamental space
harmonics is the highest, only the diffraction characteristics
of the SSPs M�

jmj within 0 < �L∕2π� · k0z < 2 will be discussed
in the following. For the sake of meeting the compensation
condition, the diffraction order should be n � −1, and
Eq. (25) becomes

E0
z,�m,−1,k0z � �

X∞
n�−∞

−τ2mAmBnK m�τmr�ej�m−1�φe−jk−1z z ,

− 1 <
L
2π

· k−1z < �1: (30)

It can be confirmed that the propagation constant k0z de-
creases by 2π∕L from Eq. (30). Therefore, as the modes within
the light cone undergo −1st-order diffraction, their wave vec-
tors remain confined within the light cone. This wavenumber
compensation process enables the direct transformation of
these chiral plasmons into vortex beams. Therefore, with the
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introduction of depth modulation in the helical grating, the
modesM0,M−

2, andM
−
4 carrying TCs of 0, −2, and −4, respec-

tively, undergo diffraction and transform into vortex beams
with TCs of −1, −3, and −5 according to the ultimate TC in-
dicated by Eq. (29).

B. Excitation of Chiral Plasmons and Generation
of Vortex Beams
To efficiently excite these chiral plasmons and validate their
conversion into vortex radiation, a coupler is designed as shown
in Fig. 2(a). Based on a gradient grating and a carefully designed
outer conductor structure, this coupler enables the transforma-
tion of coaxial modes into plasmons carrying OAMs. The cou-
pling section consists of an inner conductor with gradually
increasing grating depth and an outer conductor with contour
lines gradually moving away from the grating. The total length
along the z direction of the coupling section is G � 8d , cor-
responding to eight transmission periods. As the grating
depth of the inner conductor gradually increases from 0 to h,
the contour lines of the outer conductor move away from
the inner conductor according to the equation y � C1eαz �
C2 �z1 < z < z2�, gradually converting coaxial modes into
plasmonic modes on the helical grating, where C1 �
�y2 − y1�∕�eαz2 − eαz1�, C2��y1eαz2 − y2eαz1�∕�eαz2 − eαz1�, and
α � 0.04. To illustrate the working principle of the coupling
section more clearly, the dispersion of modeM0 as a function of
grating depth, with a spacing of 0.17h, is shown in Fig. 2(b).
When the grating depth is 0, the dispersion of the mode M0

coincides with that of the coaxial mode, perfectly matching
the dispersion curve of the light. As the depth of the gradient
grating gradually increases, the dispersion curve of the mode
M0 gradually splits from the light line, with an increasing wave
vector in the longitudinal direction, exhibiting the characteris-
tics of near-field localization of slow-wave modes. Therefore,
based on the depth-gradient grating, the mismatched wave
vectors can be gradually compensated, allowing for an effective
transformation of coaxial modes into plasmonic modes. To val-
idate the performance of the designed coupler, the field distri-
bution of the system at the normalized frequency f norm � 0.24
is also presented in Fig. 2(c). It can be observed that the coaxial
mode excited at Port 1 gradually converts into the modeM0 on
the grating with the assistance of the coupler. As the plasmonic
waves crawl over the grating surface and reach another coupler,
the mode M0 is efficiently converted back into the coaxial
mode based on the reciprocity principle and transmitted to

Port 2. Apart from mode M0, similar analysis can be applied
to modes M−

2 and M−
4, which can also be effectively excited

from coaxial modes with the assistance of the coupler.
To further validate the excitation effectiveness, a sampling

line is introduced along the propagation direction on the gra-
ting surface to examine their spatial distribution in the wave-
number domain, as shown by the red dashed line in Fig. 3(a).
This sampling line allowed us to capture the spatial distribution
of the excited modes at different frequencies. Subsequently, a
one-dimensional spatial Fourier transform is performed on the
field distribution at each frequency, resulting in the wavenum-
ber distribution of the excited modes, represented by the red
circles in Fig. 3(b). Upon analysis, it is observed that as the
frequency increases, the wavenumber distribution of the excited
modes closely matches the dispersion curve of the grating. This
alignment indicated an effective transformation of the coaxial
modes into modesM0,M−

2, andM
−
4, which can be further sup-

ported by the excellent transmission characteristics from Port 1
to Port 2, as depicted in Fig. 3(c). However, it is important to
note the presence of a photonic bandgap (PBG) between the
dispersion curves of modesM−

2 andM
−
4. The frequency range of

this bandgap, marked by the red shaded region in Fig. 3(b),
indicated that the grating does not support the propagation
of modes within this range. As a result, the transmission per-
formance experienced a decline in this frequency range, as dem-
onstrated in Fig. 3(c). Consequently, when the coaxial mode
is output from the coupler, it cannot be converted into plas-
mons propagating along the grating surface within the PBG.
Instead, it directly generates vortex radiation propagating to-
ward free space, carrying OAM akin to its corresponding mode.
Figure 3(b) reveals that the wavenumber distribution of the
field detected within the PBG is almost an extension of the
dispersion curve of mode M−

4 in the fast-wave region. Hence,
this mode can be considered a variant of mode M−

4 within the
outer conductor and helical grating system, exhibiting similar
transverse field distribution and carrying the same OAM as
mode 4. Consequently, the vortex radiation generated within
the PBG carries a TC � −4.

Then, the depth modulation scheme is introduced to con-
vert the excited plasmons carrying OAMs into vortex radiation,
as illustrated in Fig. 3(d). Building upon the theoretical analysis
presented earlier, the effectiveness of this excitation method is
further validated by examining the wavenumber distribution
of the field excited on the modulated grating surface at differ-
ent frequencies, as depicted by the red circles in Fig. 3(e).

Fig. 2. Excitation of the chiral plasmons. (a) Coupler utilized for the transformation of coaxial modes into plasmonic modes. (b) Dispersion
curves of mode M0 as the slot depth increases. (c) Field distribution of plasmonic transmission.
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Remarkably, the distribution of the excited field in momentum
space is closely aligned with the dispersion curves of the ei-
genmodes supported by the modulated grating, thereby sub-
stantiating the efficacy of this excitation approach. In
comparison to the uniform grating, the presence of Brillouin
zone folding led to a partial overlap between the dispersion
curves of modes M−

2 and M−
4 with the fast-wave region, as evi-

denced by the orange and blue shaded regions in Fig. 3(e).
These regions are identified as bands B1 and B3, respectively.
Consequently, the modesM−

2 andM
−
4 within the bands B1 and

B3 undergo −1st-order diffraction, resulting in their conversion
into vortex radiation propagating toward free space. Specifically,
the vortex beam from modeM−

2 acquired a TC � −1, while the
other one exhibited a TC � −3. These findings highlight the
transformation of coaxial modes into chiral plasmons through
the interaction with the modulated grating. In addition to these
discovered radiation bands, two additional bands labeled as
bands B2 and B4 emerged due to the emergence of the PBG,
as indicated by the red shaded regions in Fig. 3(e). Band B4,
formed within the frequency interval created by the PBG
between modes M−

2 and M−
4, exhibited a transverse field distri-

bution similar to that of modeM−
4. However, owing to its com-

patibility with free-space wave vectors, the waves within the
band B4 directly transformed into vortex radiation carrying
an OAM with TC � −4. Similarly, band B2 originated from
the PBG within the slow-wave region resulting from the split-
ting band of the mode M−

2. The transverse field distribution of
the converted coaxial modes within this frequency range re-
sembled mode M−

2, enabling their direct transformation into
vortex radiation with the OAM TC of −2, thanks to their wave

vector matching with free space. Consequently, the depth-
modulated helical system facilitated the simultaneous genera-
tion of vortex beams carrying TCs of −1, −2, −3, and −4 within
the frequency intervals of radiation bands B1,B2, B3, and B4,
respectively. The radiation characteristics of these bands are fur-
ther corroborated through the analysis of the transmission
properties depicted in Fig. 3(f ). As anticipated, the presence
of −1st-order diffraction and the PBG resulted in a reduction
in the transmission performance within the frequency intervals
of radiation bands B1,B2, B3, and B4, aligning with the simu-
lated transmission characteristics and confirming the successful
conversion and transmission of chiral plasmons in the system.

To further confirm the validity of the aforementioned analy-
sis, we perform simulations at normalized frequencies 0.2587,
0.3227, 0.3941, and 0.4203 within the bands B1,B2, B3, and
B4, respectively. These calculations focus on evaluating the dis-
tribution of the radiation field, phase distribution, far-field di-
rectivity, and mode purity associated with the OAMs carried by
the beams. The results, illustrated in Fig. 4, unequivocally dem-
onstrate the generation of vortex beams with distinct TCs of
−1, −2, −3, and −4, respectively. The vortex radiation within
bands B1 and B3 results from the −1st-order spiral diffraction
of modes M0 and M−

2, transforming into vortex beams propa-
gating in free space. According to Eq. (1), their expected TCs
are −1 and −3, which harmoniously align with the results ob-
tained from the simulation analysis in Figs. 4(a) and 4(c).
Additionally, their mode purities are determined to be 0.934
and 0.768, respectively. In contrast, the vortex radiations
within bands B2 and B4 are directly generated from the
fast-wave modes with transverse distributions resembling

Fig. 3. Verification of the excitation of the chiral plasmons. Panels (a), (b), and (c) show the schematic diagrams, sampling results, and trans-
mission characteristics of the uniform grating, while panels (d), (e), and (f ) depict the schematic diagrams, sampling results, and transmission
characteristics of the modulated grating.
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modesM−
2 andM

−
4. Hence, their TCs are expected to be −2 and

−4, respectively, in agreement with the results of the simulation
analysis in Figs. 4(b) and 4(d). Their corresponding mode pu-
rities are evaluated as 0.789 and 0.876, respectively. Thus, the
depth-modulated scheme enables the simultaneous generation
of vortex beams with TCs ranging from −1 to −4 within the
four radiation bands. This achievement not only validates
the effectiveness of depth modulation for controlled vortex
plasmon emission but also underscores its potential for various
applications.

3. EXPERIMENTAL VERIFICATION

To experimentally validate the working principle, we fabricate
the plasmonic vortex beam emitter in the microwave band,
as shown in Fig. 5(d). The helical grating is first printed out
with the whole frame by aluminum alloy AlSi10Mg through
a commercial three-dimensional printing technique and then
coated with copper by the electroplating process. The structural
parameters suitable for the microwave band are as follows:
d � 3.60 mm, L� 7.20 mm, a� 1.80 mm, R1 � 12.60 mm,
R2 � 7.20 mm, and R3 � 6.48 mm. It is noteworthy that

Fig. 4. Generation of the vortex beams. (a), (b), (c), and (d) are radiation field distributions, far-field directivities, and mode purities of generated
vortex beams in bands B1,B2, B3, and B4.

Fig. 5. Experimental setups and measured results. (a) Measured dispersion of the radiation waves from the vortex beam emitter. (b) Measured and
theoretical beam scanning characteristics. (c) Measured and simulated transmission performances between two couplers. (d) Experimental setups.
(e), (f ), (g), and (h) are phase distributions of generated vortex beams in bands B1,B2, B3, and B4.
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the actual manufactured helical grating has increased in size
after being coated with copper, and the measured outer radius
R1 is 12.62 mm instead of 12.60 mm. Thus, the machining
error is approximately 0.1587%, which is within an acceptable
range. The overall experimental setups for the vortex beam
antenna are presented in Fig. 5(d), comprising an Agilent
N5245A PNA-X network analyzer (10 MHz to 50 GHz), a
high-gain horn antenna for receiving the vortex radiation sig-
nal, a turntable for signal reception from different directions,
a computer for programming the vector network analyzer
(VNA), and the fabricated vortex emitter. During the tests,
the vortex beam emitter is connected to the VNA through
an N-type connector and powered through the SubMiniature
version A (SMA) port. Port 1 and Port 2 of the VNA are con-
nected to the couplers of the plasmonic emitter, while Port 3 is
connected to the horn antenna for measuring far-field radiation
performance. Figure 5(c) presents the transmission character-
istics at both ends of the vortex beam emitter obtained from
experimental testing and simulations accounting for losses,
marked by blue and red lines, respectively. The simulation
results exhibit good agreement with the experimental measure-
ments, showing a consistent decrease in transmission character-
istics across bands B1,B2, B3, and B4, as predicted by the
theoretical analysis. Waves that do not transmit through the
grating are transformed into free-space vortex beams, which
are detected by the horn antenna in the far field, as confirmed
by the measured dispersion and beam-scanning characteristics
shown in Figs. 5(a) and 5(b).

Within bands B1 and B3, the vortex radiation results from
the −1st-order diffraction of modes M0 and M−

2, giving rise to
wide-angle beam scanning characteristics. As the frequency de-
creases, the radiation direction increases from 30° to 150°. The
phase distributions at frequencies 0.2618 and 0.3818 within
these bands are shown in Figs. 5(e) and 5(g), respectively.
As the detection horn rotates a full circle, the phase of the longi-
tudinal electric field at these frequencies decreases by 1 and
3 times, respectively, confirming their TCs of −1 and −3. In
addition to these two bands, two radiation spectra are observed
within the 0° to 30° radiation range, as depicted in Fig. 5(b).
These spectra correspond to the PBG bands B2 and B4, whose
waves are directly radiated out of the coupler without beam
scanning capability. The phase distributions at frequencies
0.3314 and 0.4131 within these bands are shown in Figs. 5(f )
and 5(h), respectively, decreasing by 2 and 4 times from 0 to 2π
as the horn rotates, confirming their TCs of −2 and −4. Thus,
through the spectral and phase distributions of the radiation
waves, we have demonstrated that the designed vortex beam
emitter can simultaneously generate vortex radiation with
TCs ranging from −1 to −4.

4. CONCLUSION

In conclusion, we present a theoretical proposal and experimen-
tal demonstration of a chiral plasmons-enabled vortex beam
emitter, capable of simultaneously generating multi-mode
and highly pure vortex beams separate in multiple narrow
bands. By incorporating depth modulation into the helical peri-
odic system, the eigenmodes carrying OAMs undergo alternat-
ing transformations into vortex radiations, following the

principles of the Bragg law. Through experimental observations
of the measured radiation patterns and phase distributions, our
designed plasmonic vortex beam emitter convincingly exhibits
the generation of vortex beams with TCs of −1, −2, −3, and −4.
This proposed scheme offers a promising avenue for the gen-
eration of multi-mode, tunable, and high-purity vortex beams
in the THz frequency range, paving the way for advanced
OAM-based communication and spectroscopy.
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