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Metasurface generation of directional circular swallowtail beams
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Abstract: The circular swallowtail beams have recently exhibited better autofocusing ability and more tunab-
ility compared with low-order Airy or Pearcey catastrophe beams. However our attention is paid to exploring
their metasurface generation and dynamics propagation of directional circular swallowtail (DCS) beams car-
rying power-exponent-phase vortices based on all-dielectric metasurfaces using finite-difference time-do-
main (FDTD) method, where the directional phase related to launch angles in x- and y- directions is con-
sidered. The combined influence of directional and power-exponent phases on dynamics propagation and or-
bital angular momentum (OAM) of the proposed beams is explored. It is found that their autofocusing posi-
tions can be freely adjusted along pre-designed trajectories owing to different launch angles. And rotation be-
havior and Archimede spiral structure originated from power-exponent phase can be also found during
propagation. More importantly, the directional phase associated with launch angles can be regarded as the su-
perposition of spiral spectrum, which can further extend OAM modes to wider multimode states compared
with the non-directional cases. The OAM reduction in multiple modes with directional cases is smaller than
that in non-directional cases during propagation, which indicates that multimode OAM spectra of our pro-
posed beams provide potential for reducing OAM power attenuation in free-space propagation because the
power decay is jointly undertaken by multiple modes rather than a single mode. This work may provide in-
spiration for guiding or trapping microparticles in three-dimension space as requirement, and for OAM-based
optical communication and imaging by the modulation of multi-degrees of freedom associated with direction-

al and power-exponent phases.
Key words: metasurface; circular swallowtail beams; orbital angular momentum; power-exponent-phase

vortex.

W #m B 83:2026-04-18; 1817 H HB: xxxx-xx-xx
EETUE: PP E A ARRHEEERMPTETH5T H (No. 2025JC-YBMS-770)
Supported by Shaanxi Natural Science Foundation Program (No. 2025JC-YBMS-770)



2 FEDEE (hgEso

B 1 3R T A& I8 v = 1S S0 L im e RY
7E [7] [B] 7 3¢ B St 3R

FExE

;éf[g %1,2’ ﬁ ;F: 1,2*’ gl;j f/%f/iu
(LEAHEEIRAF tH ITR¥R L tREFSARUEHFT
B LI E, A 610225;
2. RAERTRAY AR EHRET AR A W) E TR F8, & 610225;

3.WEIARAFE Wl TRFR, BZ 710048 )

R SRS LA BRI R A L, RO R CgaiE S B RO LS 9 [ R R RE ) SR R e, BT
A OB T, F A FR 227012 (FDTD) WIS 1T #5415 i RO (32 30 € 14 7 1o [ 1 4 P& (DCS ) LR i A il 12, H
HhE I AR R G RAE x Ry O [ B TSR S A S R o ZEICRERD b, PRARERIST 1 [ AR 5 A O AL 0 e R 3 25
ek KB M sl i (OAM) B2 o 45 R 38 1 RO [R] 04 5 56, LR 1 SR A (08 T oy B B E AT 1 el 42
TR RO, 25 SO R ALt P v BB AE A 7o, FLIRL A A BT K PR 4K . S E A, 5 A S ARG Y
JE 1] AL AT AR RO BRETE 1) Z 1, B REHS OAM By B B ST RS, HAZ W IE TR Z KIS OAM B9 D A3 ok i A2
AINTARE Y . XEWRE, 2R OAM HETEAL i B o i DA sl il ph 245Uk ) 20, AR SR b T B — 5L, Oy
0 s ) A 0 A Sl s B T RTRE . A SCIFTE A A GOk 5 | SR . OAM B R | SIE R A TERY

I A

X # EARARE; BERRLR; PLE A E; RIFEARL AR

HFE S 3ES:0436 LHkFRERD: A

1 Introduction

The canonical or conventional optical vortices
carrying orbital angular momentum (OAM) possess
a helical phase front described by exp(ilp) with the
topological charge / and the azimuthal angle !,
Such beams are generally characterized by dough-
nut-shaped intensity profiles, symmetrical spiral
phase and a concentrated OAM mode, which play
important roles in optical manipulation, communica-
tion, and super-resolution imaging®'", In contrast to
the canonical optical vortex, the power-exponent-
phase (PEP) vortex follows a power order relation-
ship with the azimuthal angle, which results in
asymmetric intensity profiles and spiral energy flow
during propagation!>*l. In 2014, Li and Zhao et al.
first introduced the PEP into the circular or ring
Airy beams, where the spiral autofocusing Airy
beams are experimentally generated and fascinating

dynamics propagations are also exhibited by their

doi: 10.37188/C0O.EN-2026-0013

CSTR:32171.14.CO.EN-2026-0013

unique phase structures!'. Subsequently, Yan and
Guo et al. extended the circular Airy beams with
PEP vortex to weak anisotropic atmospheric turbu-
lence and explored their probability densities of
OAM modes!". Pei et al. experimentally compared
the microparticle manipulation capabilities of PEP
beams with those of canonical vortex beams, and
demonstrated their advantages in directional trans-
port and multi-particle trapping®. These works fo-
cused on the PEP vortex beams have paved the way
for microparticle manipulation and turbulence-res-
istant optical communications.

On the other hand, higher-order catastrophe
beams have gradually stimulated interest in micro-
particle manipulations and autofocusing control of
special optical fields owing to their multi-degrees of
freedom compared with the lower catastrophe
beams such as Airy and Pearcey beams!'”'¥, As typ-
ical examples of high-order catastrophe beams,

swallowtail, butterfly and hyperbolic umbilic
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beams, have recently been studied due to their spe-
cial structures and autofocusing properties!'”?*. Es-
pecially, the novel multi-focus evolution of circular
hyperbolic umbilic beams was demonstrated by
Zhang et al. in 2022, which might provide effective
ways for multi-particle manipulation™!. In 2025,
Deng et al. proposed the controllable needle-like fo-
cus by circular swallowtail beams with cross-phase
and chirp factor, where the linear guiding of micro-
particles along intensity channel was demonstrated™,
These studies indicate that optical catastrophe
beams tend to show better controllability in precise
manipulation of particles. Additionally, the metasur-
faces generally refer to two-dimensional planar
structures composed of array of subwavelength ele-
ments with specific electromagnetic properties. It
can flexibly control the amplitude, phase and polar-
ization of the incident light, and possess strong cap-
abilities for manipulating the optical fields™. The
metasurfaces with various structures have provided
alternative ways for generating different structured
beams, including Airy and Perfect vortex beams?*-",
For example, Li et al. proposed a complex function
fitting method and successfully generated high-en-
ergy circular Pearcey beams with 31.77% enhance-
ments in focal intensity via a metasurface in 20245",
Interestingly, the OAM modes of the Airy beams
with PEP in plasma sheath turbulence were studied
by Chen et al. in 2022. It was found that the ability
to maintain their OAM mode distribution in turbu-
lence is far superior to that of conventional vortex
beams because the effect of turbulence is dispersed
by multiple OAM modesP?. Although metasurfaces
have been successfully employed to generate the
lower-order catastrophe beams such as Airy and
Pearcey beams, the metasurface generation of high-
er-order cases has not been dealt with until now. In
addition, the swallowtail beam is more easily gener-
ated by the metasurfaces, and it also possesses the
autofocusing behaviors of circular catastrophe
beams. The natural question to ask is what happens

to the intensity and OAM evolution if the direction-

al phase and PEP vortex are both embedded into a
circular swallowtail beam.

The purpose of this paper is to explore the
metasurface generation of directional circular swal-
lowtail (DCS) beams carrying PEP vortices based
on all-dielectric metasurfaces using finite-differ-
ence time-domain (FDTD) method, where the novel
guidance autofocusing along predesign trajectory
are found and their OAM densities in Archimede
spiral are also present. Additionally, multiple OAM
modes of our proposed beams demonstrate better
abilities to reduce OAM power attenuation in the
free-space autofocusing plane compared to the inex-
istence case of linear phase and power-exponent
phase. This work may be useful for microparticle
manipulation and OAM-based optical communica-
tion using additional freedom with directional phase
and PEP vortex.

2 Design of metasurface for generat-
ing DCS beams carrying PEP vor-
tices

In catastrophe theory the swallowtail cata-

strophe can be expressed as

oo

Sw(ay,a,,az) = f (s rarstrastrais) g o , (1
where a, a,, a; can be regarded as control paramet-
ers in real space by introducing this catastrophe to
optical field. Assume that the control parameters of
the swallowtail catastrophe in Eq. (1) are set as
ay=a;=0, and embed a directional phase related to
launch angles of D(r, ¢) and a PEP vortex of V()
into its optical field. The initial field of the pro-
posed beams in the cylindrical coordinate can be

written as?!

ro—

E(r,,0) = Sw( ’,0,0) Or. o)V (@) D(r.o) .

(2)

Wo

where r and ¢ represent the radial and azimuthal co-

ordinates, r, is the radius of the main ring in initial
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plane, and wy is a scale factor and Sw corresponds to
the swallowtail catastrophe. The transmittance func-
tion of annular aperture in Eq. (2) of O(r, ¢) is

defined as

1, 0<r<<Rp,0<<¢p<2n
0, other

or,¢) = { (3>
with the ring radius Rjp, which is introduced to en-
sure finite energy of the circular swallowtail beam.

The PEP vortex of V(p) and directional phase of

D(r, ) are described by
_ ; ey
V(p) =exp [zan(—) ], (4)
2n
D(r,¢) = explir(ucosp +vsing)| . (5)

Here / denotes the topological charge, and 7 is
the power order of the spiral phase. If n=1 the PEP
is simplified to the canonical vortex case. Appar-
ently, the PEP for n >1 is a noncanonical or irregu-
lar spiral structure, and it can be regarded as the su-
perposition of multiple spiral (or OAM) spectra. For
n=1 its spiral spectrum is focused at the /-th spiral
mode, and for n >1 the spectrum can be expanded
into multiple spiral modes. The parameters u and v
of directional phase in Eq. (5) control the strength of
the initial launch angles in the x and y directions, re-
spectively. The resulting beam can be generally
guided to positive x or y direction for u > 0 or v >0,
respectively. Otherwise, the guidance will be the op-
posite. Similarly, for the case of a; = a3 =0or a, =
a, = 0 of control parameters in Eq. (1), the other two
types of circular swallowtail beams can be obtained

by replacing swallowtail catastrophe in Eq. (2) with

SW(O, rO_r,O)orSw(O,O, ro—r) . (6)

Wo Wo

Fig. 1(a) plots the schematic illustration of the
DCS beams carrying PEP vortices generated by all-
dielectric metasurfaces, where the incident circu-
larly polarized light illuminates Si metasurface on
SiO, substrate, and the controlled autofocusing tra-

jectory is also depicted by different launch angles.

The metasurface is formed by arrays of unit cells
with different structures. Fig. 1(b) gives the struc-
ture organized by circular Si pillar on the bottom
with %, = 0.36 pm, rectangular SiO, substrate in the
middle layer with 2 = 1 pm, and elliptical Si pillar
on the top with /#; = 1.8 um, where the period of the
unit cell is P = 0.68 pm, the major and minor axis
radii of the elliptical Si pillar are »; = 0.2 um and
r, = 0.1 pum, respectively. The transmission light
generally possesses an additional geometric phase
(i.e. Pancharatnam-Berry phase) of 2660 (¢ = +1 or
—1 for left-handed or right-hand circularly polarized
light) with rotation angle 6 of elliptical pillar. In ad-
dition, an additional phase Ay introduced by cylin-
der radius R needs to be eliminated using a com-
pensation angle of 6=—Aw/2™. Figs. 1(c)-1(d)
show the optimized transmission phase and amp-
litude versus rotation angle 6 and cylinder radius R
by using the FDTD method, where the operating
wavelength is set to A = 1550 nm because silicon
nanopillars exhibit low loss in the infrared regime.
As rotation angle 6 changes from —22.5° to 157.5°
for a fixed R, the transmission phase fully covers the
range from —x to z. The transmission amplitude ra-
tio monotonically decreases from 0.7 to 0.01 with
0.17 pm < R < 0.27 pm as shown in Fig. 1(d). The
overall transmission efficiency of double-sided all-
dielectric metasurface reaches approximately 70%.
The optimized result indicates that the independent
modulation between amplitude and phase is appro-
priate to generate our proposed beams by adjusting
cylinder radius R and elliptical cylinder rotation
angle 6. The superposed optical phase of our pro-
posed beams described by Eq. (2) can be obtained
by the combination among circular swallowtail cata-
strophe, PEP vortex and directional phase, as illus-
trated in Figs. 1(e)—1(h), where (e) exhibits concent-
ric rings determined by the swallowtail catastrophe,
(f) displays an asymmetrical spiral distribution due
to the PEP vortex, and (g) shows the tilted wave-

fronts induced by directional phase.
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Fig. 1 (a) Schematic illustration of autofocusing trajectories of the DCS beams carrying PEP vortices based on the designed

metasurface; (b) Each unit structure in one period; (¢) Transmission phase and amplitude (d) of the unit cell versus rota-

tion angle 6 and cylinder radius R; (e) the phase of circular swallowtail factor in Eq. (2); (f)—(g) the power-exponent

phase and directional phase; (h) the superimposed phase profile resulted from (e)—(g).

Fig. 2 gives the metasurface-based amplitude
and phase distributions of the proposed beams by
the FDTD method, where simulation parameters are
setas Rzp=30um, r,=20um, wy=0.5um, A=1550 nm,
[=7,n=4and u =v=—1, and the other two differ-
ent swallowtail-type beams are also presented, re-
spectively. The array structures of circular Si (blue
parts) and elliptical Si (reddish-brown parts) pillars
mapped by the corresponding R and 6 at each differ-
ent position are plotted in Fig. 2(a), where the
metasurface with a size of 102 um X 102 um is dis-
cretized into 150 x 150 elements. One can find that
their amplitudes exhibit symmetric multi-ring struc-
tures derived from swallowtail catastrophe. The

strongest peak in the multiple rings can be determ-

ined by different cases of swallowtail factors, re-
spectively. For example, the amplitude described by
Sw (rg — 1/ wy, 0, 0) of Eq. (2) shows hollow profile
in Fig. 2(b), but for the other two cases of Sw (0,
ro — ¥/ wy, 0) and Sw (0, 0, ry — 7/ wy) in Fig. 2(d)
and Fig. 2(f) their amplitudes at central zones are
diffused by secondary rings rather than central dark
cores. From Figs. 2(c), 2(e) and 2(g), one can also
see that there are significant inclinations and nonca-
nonical structures in isophase surface, which are in-
duced by directional phase and PEP, respectively.
These unique amplitude profiles present their in-
trinsic catastrophe properties of the proposed beam

under different control parameters.
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Fig. 2 (a) Array structures of circular Si and elliptical Si pillars of the designed metasurface of the proposed beam expressed

by Eq. (2); (b)—(c) Metasurface-based amplitude and phase distributions expressed by Eq. (2) at the initial plane;

(d)—(g) Metasurface-based amplitude and phase distributions of the other two types of the proposed beam replaced by

Sw (0, ry— 1/ wy, 0) and Sw (0, 0, o — #/ wp) in Eq. (2), respectively.

To verify the feasibilities of our proposed
beams based on the designed all-dielectric metasur-
faces, taking the expression of Eq. (2) as an ex-
ample, we simulate their guided propagations and
autofocusing behaviors using the FDTD methods.
Fig. 3 presents the three-dimensional propagations
of the proposed beams with conventional vortex and
power-exponent phase, respectively. For conven-
tional vortex case in Fig. 3(a), one can find that its
hollow structure at z = 0 is maintained by bright

rings at the autofocusing plane at z = 122 pm, in es-

100
X/um 50 >0 Z/pm

pecial its propagation trajectory is diagonally guided
to the first quadrant for the launch angles of u > 0
and v > 0. Whereas for the power-exponent case in
Fig. 3(b) the hollow profile gradually evolves into
an Archimedean spiral structure or incomplete “ C ”
shape at its autofocusing plane at z = 118 pm, which
is a typical characteristic induced by the PEP vortex.
Furthermore, its distribution is also guided to the
third quadrant for ¥ < 0 and v < 0. Following the
Ref. [14], the field mapping in frequency domain of

(ky, k,) of our proposed beams is expressed by

Fig. 3 The guided propagations and autofocusing behaviors of the proposed beams expressed by Eq. (2) based on the de-

signed all-dielectric metasurfaces. (a): u =v =1, n =1 and the autofocusing plane at z = 122 pum; (b) u = v=—1 and the

autofocusing plane at z = 118 pm. Other parameters are the same as those in Fig. (2).
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which indicates that their frequence mapping
can be guided by the embedded directional phase
factor u and v. These results demonstrate that by set-
ting the appropriate directional angles of # and v in
x- and y-direction the proposed beams can be pre-
cisely guided along a preset direction via the de-
signed metasurface, which may be used to guide or
drive particles along predesign intensity channels in

three-dimensional space.

3 Guided propagations of DCS beams
carrying PEP vortices

Based on the paraxial approximation of Fres-
nel diffraction integrals, the free-space propagation
of the proposed beams at the z plane in the cyl-

indrical coordinate can be expressed by*¥

k
E(r,‘p$z) = @ IE(rls¢l,O)X

exp {;—]Z [ + 17 —2rr; cos(p— (,01)]} rdride,

€))
where &k is the wave number related to the
wavelength A by k= 2z/A, E(r), ¢1, 0) corresponds to
the initial field of Eq. (2). Substitution Egs. (2)—(5)
into Eq. (8), replacing directional factor u and v by

u=acoso and v=asina and using these formulas

krry
expli—cos(p—¢1)| =
z

= krr )
Z i-’J,(Tl)GXP[ij(SD—SDI)] ;
j=—c>o
expir; (ucosg, +vsing,)| =
i (10

Z ipJp (arl)exp [lp (‘10] _Q)] >

p=—0

with J; (-) the j-th Bessel function, the integral

results can be rearranged as

k ikt ~
E(r,¢,z) = ECXP(%) Z A%

Jp==00

2n n
Jexp{it2ni( £2) - jor - (j+ pro- pai} deix
0

R .

B _ k 2
fSw(rO rl,0,0)exp(i)x
0 Wo 2z

k
Jp(arl)J_j_p(ﬂ)rldrl . (1D
z

The evolution of the proposed beams can be

obtained by the expression of Refs. [35]

oo 21
aE s ¥
ImffE* (r,p,2) Mrdrd(p
00 o¢
Lorb. =h =

2n

[1E(¢.2)\rdrdg
0

o3

fi i mR,, . (12>

m=—0o

where E is the complex amplitude determined by
Eq. (11), Im is imaginary part, the asterisk denotes
the complex conjugate, 7 is reduced-Planck con-
stant and the weight R,, represents the relative power
or the purity of m-th OAM mode.

Figs. 4(a)—4(b) compare the intensity evolu-
tions of the proposed beams using FDTD method
and Fresnel diffraction integrals, respectively. For
metasurface-based propagations in the FDTD meth-
ods, one can see that the concentric multi-rings are
gradually parted into two parts: one concentrates in-
ward and the other extends outward with the
Archimede spirals. It propagates along our designed
trajectory and concentrates on the autofocusing
plane with an arc structure. As the propagation fur-
ther increases, the arc shapes gradually spread into
multi-rings and point-like structures in the form of
Archimede spirals. The results also agree well with
simulation results using Fresnel diffraction integrals
in Fig. 4(b), which also provides an alternative way
to verify the feasibility of metasurface-based
propagations for our proposed beams. Their intens-
ity profiles in the y-z longitudinal section based on
the metasurface are also given in Fig. 4(c), where

the autofocusing behavior and spiral profile in an
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asymmetrical way can be also found. This unique
spatial morphology originates from the asymmetric-

al or noncanonical power-exponent phase structures,

which breaks its symmetry and guides the energy to

flow along a specific spiral path.

10 pm
—

0

Fig. 4 Intensity evolution of the proposed beams for different propagation distances of z = 0, 67, 118, 167 and 220 um. (a)

Numerical integrals using Fresnel diffraction; (b) metasurface-based propagations by the FDTD methods; (c) asymmet-

rical intensity profile in the y-z longitudinal section using the FDTD methods. Other parameters are the same as those in

Fig. 2(b).

Fig. 5 shows the OAM evolution of the pro-
posed beams in the y-z longitudinal section and x-y
transverse section. The OAM distribution can be
seen as divided into positive and negative parts,
which are self-focused in asymmetric forms owing
to its initial directional phase. As shown in Fig. 5(b)
and 5(c), their OAMs exhibit semicircle structures
with ring sidelobes, and the pattern gradually ro-
tates and focuses into an Archimede spiral structure
at the autofocusing plane of z = 118um. As the
propagation further increases, the OAM gradually

spreads in the third quadrant along preset trajectory
for u = v =—1 < 0. In addition, the positive OAM
concenters the head of the Archimede spiral, and its
tail is diffused by the negative OAM. Although the
directional phase associated with launch angles can
change the OAM spatial positions, it cannot affect
the total OAM value at z = 0 as shown in Fig. 6. The
OAM per photon approximately equals /% at z =
0 except that the values slight decrease for the al-
lowed integral error with an increase of the direc-

tional factor.
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Fig. 5 (a) The normalized OAM evolution of the proposed beams in the y-z longitudinal section; (b)—(¢) OAM in the x-y

transverse sections at z = 10, 70, 118, and 180 pm. Other parameters are the same as those in Fig. 2(b).

6 . .
— [=5, n=4
— =3, n=3
5 L B
=
T4
~
3 L
2

Fig. 6 The OAM at z = 0 versus directional factor of  in x

direction at v=3.

Fig. 7 gives the OAM spectra of the initial and

(a) 10
= u=v=0
0.8} 699 mmu=v—11
= 067
=
)
= 04}
0.2 6.78
0 .I_JI‘-' cvucllne |

Mode number

(b) Lo
= u=v=0
0.8} e y=v=1 -
= 067
=
o
= 04}

-30 -20 -10 0 10 20 30

-10 0 10 20 30
Mode number

autofocusing planes for different directional factors.
For the initial and autofocusing planes as shown in
Fig. 7(a) and 7(b) for u = v = 0, the rule of the OAM
spectra concentrated at a single seventh mode for / =
7 is applicable for the conventional or canonical
vortex. However, their powers tend to redistribute
into more other OAM modes if the directional phase
associated with launch angle u (or v), or power or-
der n is considered, respectively, which is due to the
fact that the directional phase in Eq. (5) can be ex-

panded as the sum of spiral spectrum

-20  -10 0 10 20 30
Mode number

Fig. 7 The OAM spectra for different directional factors. (a) Initial plane and (b) autofocusing plane for / =7, n = 1 with u =

v=0and u =v=—1; (c) initial plane and (d) autofocusing plane for / =7, n =4 with u =v=0and u = v =—1, respect-

ively.
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That is, the directional factors can lead to the
OAM spread from a single mode to continuous or
multiple modes. The power order of power-expo-
nent phase also has a similar effect. It should be
noted that in Eqgs. (2) and (13) the total phase is the
product of directional and PEP phases, but their
couplings between the expanded spiral spectrum of
directional and PEP phases follow the form of non-
linear superposition. For example, their modes are
throughout covered by many different energies in
Fig. 7(c), and their peak weights are focused at m =
0, 1 and 2 rather than m = 7 if the power-exponent
phase is only considered. When the combined influ-
ences of directional and power-exponent phases on
OAM mode are considered, their modes will be-
come more dispersed as shown Fig. 7(c) foru =v =
—1 and n = 4. Moreover, the reduction of the weight
values for multiple OAM modes are smaller than
those of a single mode during propagation. For ex-
ample, the decreased values of OAM are 0.75 and
0.16 for canonical vortex with ¥ = v = 0 and —1 in
Fig. 7(a)-7(b), for the case of power-exponent
phase vortices in Fig. 7(c)—7(d) the OAM reduc-
tions are 0.49 and 0.39 with ¥ = v = 0 and —1, re-
spectively. These multiple modes are not simply en-
ergy dispersion or redistribution but the enhance-
ment of reducing OAM power attenuation during
free-space propagation. If these powers are pre-dis-
tributed widely across multiple OAM modes, the
OAM degeneration can be suppressed by multi-
mode sharing. This phenomenon can be explained
by the fact that power dissipation is shared by mul-
tiple OAM modes rather than a single dominant
mode. In other words, benefiting from its intrinsic
structure of PEP vortices, the proposed noncanonic-
al vortex may suppress the power attenuation of the
main mode via energy redistribution across mul-

tiple OAM modes. To evaluate the combined effect

of directional and power-exponent phases on OAM-
degeneration during propagation, the decline pro-
portion of OAM is defined as D =[L(z = 0) — L(z)] /
L (z=0), which can depict the propagating loss pro-
portion of the OAM. A smaller value of D gener-
ally means better performance in resisting OAM
power attenuation. One can find that the decline
proportions in directional factors are significantly
lower than those in non-directional factor in the
autofocusing plane, and its decline is only 2.36%
with directional factors and without power-expo-
nent phase, which indicates that the introduce of dir-
ectional factor on the performance of reducing
OAM power attenuation in free space is distinctly

better than that of non-directional case.

4  Conclusion

By introducing the directional phase associ-
ated with launch angles in x- and y-directions to cir-
cular swallowtail beams with PEP vortices, i.c., the
directional circular swallowtail (DCS) beams carry-
ing PEP vortices are generated by all-dielectric
metasurfaces using FDTD method. The proposed
beams can focus their intensity into any position in
the autofocusing plane along pre-designed trajector-
ies. Moreover, their guidance propagations by Fres-
nel diffraction integrals also verify the validity of
the proposed beams based on all-dielectric metasur-
faces. Furthermore, their propagating OAMs are
also explored, and they show rotation behavior with
semicircle structures and ring sidelobes and a fo-
cused Archimede spiral structure at the autofocus-
ing plane. Owing to the introduced directional phase
expanded by the superposition of spiral spectra, the
OAM spectra of the proposed beams are further ex-
tended into wider multiple modes compared with
the non-directional cases. Multi-mode sharing in
OAM is helpful in improving the abilities in redu-
cing OAM power attenuation in free space. Differ-
ent from the ring-Airy and ring-Pearcey beams with
PEP vortices in Refs. [14, 32, 36], where their atten-
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tions are focused on the lowest catastrophe, and
their metasurface-based generations are not men-
tioned. While for our attentions are paid to the
metasurface-based higher-order swallowtail cata-
strophes owing to their more tunable optical para-
meters (i.e., a;, ap, az). In comparison with Refs. [21,
26], we consider the directional phases in x- and y-

directions and find that the proposed beams can

present the controllable autofocusing at any posi-
tion. Interestingly, the OAM degeneration can be
suppressed by multi-mode for the proposed direc-
tional phase. The results obtained here may provide
potential applications in guiding microparticles
along expected trajectories and OAM-based optical
communication with multi-mode sharing owing to

the directional phase associated with launch angles.
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